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Microbunching instability (MBI) driven by beam collective effects is known to be detrimental to
high-brightness storage rings, linacs, and free electron lasers (FELs). One known way to suppress
this instability is to induce a small amount of energy spread to an electron beam by a laser heater
(LH). The distribution of the induced energy spread greatly affects MBI suppression and can be
controlled by shaping the transverse profile of the heater laser. Here, we present the first experimen-
tal demonstration of effective MBI suppression using a LG01 transverse laser mode and compare the
improved results with respect to traditional Gaussian transverse laser mode at LCLS. The effects on
MBI suppression are characterized by multiple downstream measurements, including longitudinal
phase space analysis and coherent radiation spectroscopy. We also discuss the role of LG01 shaping
in soft X-ray self-seeded (SXRSS) FEL emission, one of the most advanced operation modes of a
FEL for which controlled suppression of MBI is critical.

INTRODUCTION

Free electron lasers provide ultrashort, extremely
bright coherent radiation at wavelengths down to the
Å level and have been demonstrated to be powerful ex-
perimental tools in condensed matter physics, chemistry
and structural biology [1–6]. FELs require relativistic
electron beams with high brightness and high current,
which are generally achieved by magnetic compression
along the accelerator [7]. During such process, the elec-
tron beam (e-beam) quality can be degraded due to mi-
crobunching instability (MBI) caused by collective effects
like longitudinal space charge (LSC) [8, 9] and coherent
synchrotron radiation (CSR) [10–14], which are exten-
sively studied both in theory and in experiment [15–19].
This instability amplifies the e-beam energy and density
modulation and increases its energy spread up to a level
that can be detrimental to not only to FEL gain pro-
cess [9, 20], but also to the beam brightness in storage
rings and linacs [21, 22] .

MBI can be suppressed by a laser heater (LH) [8],
which was first installed at the Linac Coherent Light
Source (LCLS) and has been widely used in other FEL fa-
cilities [9, 15, 20, 23]. The heater consists essentially of a
short undulator within a chicane and a co-propagating in-
frared (IR) laser that modulates and increases the energy
spread of the e-beam by about one order of magnitude
and without exceeding FEL tolerances. This increase in
energy spread suppresses downstream MBI accumulation
via Landau damping and has shown to result in a greater
FEL intensity by factor of three [15].

The effectiveness of MBI suppression greatly depends
not only on the amount of LH-induced energy spread
but also on its distribution [9, 24]. Each electron ob-

tains a certain amplitude of energy modulation accord-
ing to its relative location on the laser transverse distri-
bution. Therefore, the induced energy spread distribu-
tion can be controlled by transversely shaping the LH
pulse. The current LH at LCLS uses a simple trans-
verse Gaussian shaped laser matched to transverse e-
beam shape. In the optimal condition when the spot
size of the laser and e-beam are comparable, the induced
energy distribution is of parabolic shape. In practice to
fight the transverse jitter, the spot size of the laser is
bigger than e-beam and as a result double-horn energy
distribution is induced. It is not most efficient in MBI
suppression since the double horns can be regarded as
two separate unheated cold beams [9, 15]. Recent theo-
retical studies have investigated cylindrically symmetric
and other non-conventional laser beam shapes to pro-
vide better suppression of microbunching [24, 25]. Espe-
cially, a transverse Laguerre-Gaussian 01 (LG01) mode
provides Gaussian-shaped energy distribution and thus
results in an exponential suppression in microbunching
gain [24, 25].

In this paper, we investigate the use of a LG01 mode
laser at the LCLS and its influence in MBI suppres-
sion and FEL performance. As our primary result, we
demonstrate experimentally that a Gaussian-shaped en-
ergy distribution is induced by LG01 mode LH and fi-
nal microbunching gain is better suppressed. We finally
discuss the role of LH spatial shaping in soft X-ray self-
seeded (SXRSS) FEL emission and demonstrate that this
LH configuration is capable of generating clean, high
spectral-brightness FEL pulses, which is particularly crit-
ical for photon-hungry spectroscopies requiring careful
selection of various elementary excitations [26].

SLAC-PUB-17518

This material is based upon work supported by the U.S. Department of Energy, Office of Science, 
under Contract No. DE-AC02-76SF00515.



2

FIG. 1. Simplified schematic of start-to-end experimental configuration, from the photoinjector to the SXRSS diagnostic
end-station (not drawn to scale).

METHODS

The layout of optical mode conversion and downstream
measurements are shown in Fig. 1. The LH transverse
profile, originally Gaussian at LCLS, was converted to a
LG01 distribution using a spiral phase plate (SPP)(inset
1 of Fig. 1). The SPP writes an increasing spiral phase
onto the beam for a total phase change of 2π and gen-
erates a null in the field amplitude at the center of the
laser, as shown in Fig. 1 inset 2 [27].

For a LG01 mode laser heater, the e-beam should be
located in the center of laser, where it experiences a linear
electric field that maps the Gaussian transverse distribu-
tion of the e-beam to its longitudinal plane. As a result,
only a very small fraction of the laser power is effectively
utilized. This entails that the power of LG01 laser needs
to be high enough to induce sufficient energy spread. In
our experiments, The SPP enables over 95% transmis-
sion efficiency and achieves laser energy of LG01 mode
up to 1.8 mJ, which is sufficient to induce energy spreads
at the optimal level and higher. Table. I lists the main
parameters of the system.

TABLE I. Laser heater parameters

Parameter Symbol Value

Electron Energy at LH γ0mc
2 135MeV

LH Undulator strength parameter K 1.56

LH Undulator length Lu 0.5m

Initial Peak Current I0 30A

Transverse Electron Beam Size σx 50µm

Transverse Gaussian mode laser size σrG 100µm

Transverse LG01 mode laser size σr 325µm

RESULTS

To characterize the LG01 mode laser induced energy
spread, the first diagnostic is directly downstream of the
LH with a 135MeV spectrometer in Dogleg DL1 [15]
(Fig.1 inset 3). The dispersion in the spectrometer is
0.88m corresponding to a resolution of 2.9keV/pixel. The
slice energy distribution is extracted from the central
time slice of the streaked electron beam. For either trans-
verse shape, the width of the energy distribution can
be tuned by varying the IR laser energy. Fig. 2 shows
the e-beam heated up to about 65 keV energy spread at
maximum laser energy. Since optimal MBI suppression
typically requires 20-30keV induced energy spread, this
constitutes enough range to study the effects of under-
and over-heating in FEL performance. The induced en-
ergy spread is well fitted by a root curve relative to the
laser energy and trickle heating effects at low energy is
observed [15].

Fig. 2(a-d) show typical structures of the induced en-
ergy spread distributions in circles and their correspond-
ing Gaussian fitting in lines. The LG01 mode laser heater
preserves the Gaussian-shaped distribution as the laser
power increased, which is in good agreement with the the-
ory [27]. For comparison, Fig. 3(a-d) shows the measured
Gaussian mode laser heater induced energy distribution
at different induced energy spread. As energy spread in-
creases, the distributions clearly display a double-horn
structure, which is also consistent with previous analyses
and measurements [15]. At low laser energy, the e-beam
energy distribution looks Gaussian (Fig. 3(a)) due to the
small induced energy spread and the limited resolution
of the spectrometer.

To quantify the LG01 to Gaussian comparison, we com-
pare the Gaussian R2 fitting coefficient of both modes,
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FIG. 2. Slice energy spread of the e-beam after the laser
heater as a function of LG01 laser energy. Total energy spread
measured at 135 MeV spectrometer is fitted by the black line.
The initial energy spread (with laser heater off) is removed
in quadrature to obtain the red dashed line and the circles;
and (a-d) four examples of energy distributions with 25.1 (a),
30.3 (b), 36.8 (c), and 55.7 (d) keV rms energy spread and
their corresponding Gaussian fits.

averaged over 10 shots with highest R2 at each laser en-
ergy, as shown in Fig. 3. It verifies that LG01 mode laser
consistently induces more Gaussian-shaped energy dis-
tribution. As its energy increases, average R2 of LG01

mode decreases about 1% due to laser transverse jitter,
which will be discussed later. We would like to note that
when the e-beam is heated to 20-30keV, resembling op-
timal LCLS operation conditions, the Gaussian energy
distribution is the first indicator of its potential for bet-
ter microbunching suppression and improved FEL per-
formance.

The second primary diagnostic (inset 4 of Fig. 1), fur-
ther downstream of the linac where the e-beam reaches its
final energy of 4 GeV, is a mid-infrared (MIR) spectrome-
ter [29], which enables characterization of microbunching
at high longitudinal-space frequency from coherent sec-
ondary emission of the e-beam. MIR measures the co-
herent transient radiation from a thin film inserted into
the e-beam and the radiation profile I(κ) is proportional
to the bunching factor of the e-beam [29].

I(κ) ∝ |f(κ)|2 (1)

20 30 40 50 60

Induced Energy Spread(keV)

0.93

0.94

0.95

0.96

0.97

0.98

0.99

1

G
a

u
s
s
ia

n
 F

it
ti
n

g
 R

2
 (a)

(b)

(c)

(d)

Gaussian Mode

LG01 Mode

-200 -100 0 100 200
0

0.5

1 a)

-200 -100 0 100 200
0

0.5

1 b)

-200 -100 0 100 200

Relative Energy/keV

0

0.5

1 c)

-200 -100 0 100 200

Relative Energy/keV

0

0.5

1 d)

FIG. 3. Gaussian Fitting coefficient of determination R2 as a
function of induced energy spread at laser heater for LG01 and
Gaussian modes; (a-d) four examples of energy distributions
from transverse Gaussian mode laser heater with 20.5 (a),
26.7 (b), 30.1 (d), and 37.2 (d) keV rms energy spread and
their corresponding Gaussian fits.

where κ is the spatial frequency κ = 1/λ and f(κ) is
Fourier transform of longitudinal e-beam charge distribu-
tion. A 2D-MIR spectrograph as a function of induced
energy spread is shown in Fig. 4(a). The strength of
differing MIR frequencies map longitudinal charge den-
sity. That is, the lower MIR frequency range components
represent the e-beam as a whole, whereas the higher fre-
quency components correspond to shorter longitudinal
density modulations. The coherent spectral signal in-
tegrated along k ∈ (3000, 5000)cm−1 (2-3.3 µm wave-
length) is shown in red in Fig. 4(b) (Gaussian mode LH
in blue for comparison). Here, a lower spectral signal
contribution signifies reduction of MBI. In the range of
15-20 keV energy spread, the LG01 shows better MBI
suppression compared to its Gaussian equivalent.

While effective MBI suppression can significantly im-
prove a vast number of FEL operational modes, one of
its major applications resides in increasing seeding and
harmonic lasing spectral monochromaticity and bright-
ness [3, 30–32]. Theoretical and experimental analy-
ses indicate that MBI is a primary contributor to the
pedestal structure in SXRSS spectrum [31, 33, 34], more
so than self-amplified spontaneous emission, which col-
lectively reduce the achievable resolution in a number of
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FIG. 4. (a) 2D-MIR spectrograph as a function of induced
energy spread by LG01 transverse mode LH and (b) integrated
MIR spectral intensity for k ∈ (3000, 5000)cm−1as a function
of induced energy spread by both the LG01 and Gaussian
mode LHs.
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FIG. 5. (a),(b) SXRSS experiment results with LG01 mode
LH. (a) Averaged (blue) and single shot (red) SXRSS spec-
tra centered at 750 eV photon energy and (b) fraction of
SXRSS spectral power as a function of bandwidth for varying
LG01 mode energy in the LH. (c) Start-to-end simulation of
SXRSS spectral bandwidth with Gaussian and LG01 mode
laser heater at undulator length 23.1m.

ultrafast X-ray spectroscopic techniques. In our study,
the interaction of e-beam and LG01 laser in LH is sim-
ulated with a manually modified element LSRMDLTR
in ELEGANT [35] and SXRSS spectrum is compared
using GENESIS [27, 36]. Our start-to-end simulations
have shown that LG01 mode LH could lead to 20% bet-
ter monochromaticity within 1eV in the SXRSS spec-
trum(Fig. 5(c,d)). However, a direct comparison between
the two modes is not possible as the SXRSS performance
changes from day to day and the machine is optimized
differently each time. In our experiment, SXRSS is set at
750 eV photon energy employing the LG01 LH, where nu-
merous shots show high sideband suppression. Fig. 5(a)
exemplifies averaged (blue line) and a single shot spec-
trum(red line) in the undulator downstream of the soft X-
ray seeding chicane. Fig. 5(b) shows the fraction of FEL
energy within certain integrated bandwidth, where the
improved monochromaticity with optimal laser energy in-
dicates that new transverse mode laser heater works in
reducing the sidebands and suppressing the microbunch-
ing.
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FIG. 6. Influence of transverse laser jittering for LG01 mode
laser heater. (a) Positions of laser center on the camera of dif-
ferent shots with color representing R2 of the corresponding
laser-induced e-beam energy distribution; (b) correlation be-
tween the Gaussian fitting R2 of the energy distribution and
radial distance laser jittering away from the optimal position.

DISCUSSION: TRANSVERSE JITTER EFFECTS

While transverse laser jitter can have a significant im-
pact on the induced energy distribution for most modes,
it is particularly detrimental for the LG01 mode [25].
Acoustic and thermal noise can cause both pointing and
transverse offset jitter in the LH pointing, thus compro-
mising LH and e-beam spatial overlap from shot to shot,
especially for high-energy mode. Due to this jitter, the
e-beam may occasionally overlap with the intensity min-
imum in the center of the laser, and other times lie along
the intensity maximum at the ring. In the latter cases,
the e-beam can experience a nearly flat-top transverse
laser distribution, which inevitably results in the afore-
mentioned double-horn energy distribution.

To verify the theory and quantify the transverse jitter
effects, we utilize an online camera imaging the interac-
tion point in the LH [15] in order to non-intrusively deter-
mine the transverse position fluctuations due to pointing
noise. The data is collected simultaneously with the lon-
gitudinal phase space spectrometer such that the induced
energy spread can be correlated with the laser transverse
jitter. We would like to note that the e-beam transverse
jitter is negligible compared to that of the laser. Fig. 6(a)
is representative of the transverse jitter with 1.7mJ laser
energy, which amounts to 100 µm rms, and shows a num-
ber of consecutive central position of the laser beam in
the LH undulator. For each shot, the induced energy
distribution is recorded by spectrometer. The shots of
different distribution shapes are segregated in the trans-
verse plane which indicates that correlation exists. We
define the optimum position of the laser by averaging the
positions of shots with R2 > 0.98 and plot Gaussian fit-
ting R2 as a function of radial distance the laser jitters
away from this optimum position. As shown in Fig. 6(b),
correlation between the distribution structure and the jit-
tering distance verifies our previous analyses and signifies
that large transverse jittering can deteriorate the LG01

mode laser heater performance.
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CONCLUSION

We experimentally demonstrate that a LG01 trans-
verse mode LH induces a Gaussian energy distribution
of the e-beam over a large dynamic range and show evi-
dence of improvement on MBI suppression compared to
routine operations (i.e. Gaussian mode LH). We achieved
high-efficiency optical mode conversion from a Gaussian
to LG01 mode laser beam to induce adequate e-beam en-
ergy spread. We have also studied the impact of the LG01

LH on SXRSS performance and its monochromaticity or
spectral brightness. These results will fuel the next gen-
eration of engineered laser heater designs for existing and
future augmented brightness linacs and X-ray FELs.
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