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Measurements of the soft X-ray, self-seeding spectrum at the LCLS free-electron laser generally
display a pedestal-like distribution around the central seeded wavelength. This pedestal limits the
spectral purity and can negatively affect some user applications not employing a post-undulator
monochromator. In this paper, we investigate the detailed experimental characteristics of both the
amplified seed and its accompanying pedestal using data from a number of separate LCLS shifts
over the 2015-2018 time period. We find that the amplified seed shows excellent wavelength stability
and an exponential growth rate whose dependence upon energy detuning is consistent with theory.
The pedestal’s spectral distribution and integrated strength vary strongly shot by shot, independent
of electron beam energy jitter. Its shot-averaged strength relative to that of the seed grows at least
linearly with z and can approach values of 15% or more. The pedestal is comprised of two separate
components: (1) normal SASE whose total strength is nominally insensitive to energy detuning
and laser heater (LH) strength; (2) sideband-like emission whose strength positively correlates with
that of the amplified seed and negatively with energy detuning and LH strength. We believe this
latter, non-SASE component arises from comparatively long wavelength (i.e., λ ∼ 0.3 − 3µm)
amplitude and phase modulations of the main seeded radiation line. Its shot to shot variability and
LH sensitivity suggests an origin connected to growth of the longitudinal microbunching instability
on the electron beam.

I. INTRODUCTION

There is continual, serious interest in improving the
longitudinal coherence and spectral purity of X-ray
free-electron lasers (FELs) at user facilities such as
FLASH [1], LCLS [2], SACLA [3], PAL-XFEL [4] and Eu-
ropean XFEL [5] that employ high gain, self-amplified
spontaneous emission (SASE). One promising method
is so-called “self-seeding” [6–9] where the SASE radia-
tion output from upstream undulator sections well be-
fore saturation is monochromatized to a narrow band-
width (e.g., ∆λ/λ ≤ 10−4) component that is then used
to seed post-monochromator undulator sections. These
latter sections are normally sufficiently long for the now
narrow-band FEL radiation to reach full saturation and,
typically, a post-saturation taper is applied to achieve
higher powers. Figure 1 shows the particular realization
of the soft X-ray (SXR) self-seeding configuration used
at the LCLS.

However, imperfections of the electron beam and/or
of the monochromatized seed can noticeably reduce
the quality of the seeded FEL output [10–16]. Early,
multishot-averaged measurements of the output SXR
radiation spectrum at the LCLS [9] often showed a
pedestal-like contamination around the central seed.

∗ gmarcus@slac.stanford.edu
† fawley@slac.stanford.edu

This contamination limits the spectral purity and may
degrade or even prevent certain user applications when a
post-undulator monochromator cannot be used (e.g., due
to its low efficiency or to avoid radiation pulse length-
ening) for cleaning the spectral content. A post-
undulator monochromator is also not applicable for two-
color schemes where one pulse is seeded. An example
of such contamination is presented in panel (a) of Fig. 2
that plots the spectral distribution function for a typ-
ical self-seeded data set, as determined by binning the
spectra of individual shots according to their individual
electron beam energy EB . Here one can observe differ-
ent regions corresponding to the amplified seed, pedestal,
and “normal” SASE, with the latter most obvious when
EB is sufficiently removed from FEL resonance to elim-
inate seed amplification in the second undulator stage.
Similar pedestal-like spectra have also been observed in
the hard X-ray self-seeding spectrum at LCLS [8]. In that
situation, however, downstream users are less sensitive
to such contamination because a highly efficient, crystal-
based monochromator in the hard X-ray user beamline
filters out wider bandwidth pedestal components.

Following Ref. [9] further experimental studies ruled
out the possibility that the LCLS SXR pedestals orig-
inate from spectrometer noise or the monochromator op-
tics. Instead there are strong indications that in part at
least the pedestal is associated with microbunching insta-
bility (MBI) modulations of the electron beam’s longitu-
dinal phase space. MBI is mostly induced by longitudinal
space charge forces within the long-distance acceleration
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FIG. 1. Schematic of SXR self-seeding layout at LCLS (not to scale) adapted from Ref. [9]. The SXR self-seeding chicane and
monochromator are at undulator segment position U9 while the hard X-ray self-seeding chicane and crystal-based monochro-
mator (neither used in this experiment) are located at position U16.
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FIG. 2. Representative LCLS spectral distribution functions S(∆Ephoton, ∆EB) at 1-keV photon energy for both a (a) 1-keV
self-seeded and a (b) SASE (blocked seed) dataset. Both datasets were obtained at effective undulator location U15 and
correspond to 6 undulator segments of growth following the SXR self-seeding monochromator located at position U9. The false
color scales are identical and follow a (nonlinear) arcsinh (S/100.) relation. In this paper, the spectral region within the dashed
black lines (±0.74 eV) is defined as the amplified seed while that exterior out to 4.48 eV corresponds to the pedestal.

and drift sections [17, 18] prior to the FEL undulator. Re-
cently, it has been directly observed at the LCLS [19, 20].
We also note a relevant experiment carried out at the
FERMI facility that intentionally seeded microbunching
in the low energy, laser heater region of the linac and suc-
cessfully generated multicolor, extreme-ultraviolet FEL
pulses [21].

In this paper we present extensive new experimental
results from the LCLS based on data from 4 separate

TABLE I. Expt. Parameters

Parameter Value Unit

Electron beam energy EB 4.74 [4.10] GeV

Electron beam current IB 1.3 [1.4] kA

Bunch charge Q 135 [145] pC

Slice energy spread σE 1.5 MeV

Normalized emittance εN 0.6 µm

Average focusing β 11 m

Seeding photon energy ~ω0 1.0 [0.75] keV

Expt. gain length LG 1.9 m

Derived 1D FEL parameter ρ 1.1× 10−3

shifts that studied the nature and quantitative behavior
of pedestal formation in the self-seeded, SXR spectrum
at 1.0-keV and 750-eV central photon energies. Table I
summarizes the typical electron beam and FEL operat-
ing parameters; the values to the left in the middle col-
umn refer to the 1-keV shifts of June 2015, October 2016
and November 2017, while those to the right in brackets
refer to the last shift of October 2018 at 750 eV. The
last two shifts are particularly noteworthy in that the
LCLS laser heater (LH) was both carefully aligned and
varied in strength to examine its effects on the pedestal
emission. These two shifts also employed a “blocked
seed” method that allowed us to measure the growth
of SASE downstream of the self-seeding monochroma-
tor separately from that of the amplified seed; an ex-
ample is shown in Fig. 2(b). This permitted us to get
an independent, quantitative estimate of the strength
of the SASE component of the pedestal. Appendix A
gives much greater detail concerning the experimental
procedures, relevant downstream spectrometer and cam-
era characteristics, and finally crucial differences between
the four individual shifts.

The remainder of the paper is organized as follows. In
§II we examine the behavior of the amplified seed line,
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FIG. 3. Strength of the amplified self-seeded spectral line
as a function of the last active undulator segment for the
three 1-keV experimental shifts. The monochromatized seed
is inserted at the entrance to segment U10. The signal level
is derived from the post-undulator spectrometer CCD camera
image.

including its gain and spectral stability characteristics.
Delineating these characteristics are useful in our opin-
ion to understand the base seed structure which is then
modified by the pedestal emission. We then turn in §III
to the behavior of the pedestal including its stochastic
nature, its relative integrated strength as a function of
undulator length, the relative strengths of its SASE and
non-SASE components, and sensitivity to the LCLS LH
strength. §IV investigates certain spectral correlation
properties of the pedestal, drawing a contrast to what
is expected from pure SASE. In §V we conclude with a
short discussion of these results and their consequences
for improving self-seeding operations at high rep-rate fa-
cilities such as the European XFEL and LCLS-2. A sep-
arate paper [22] currently under preparation will discuss
the longitudinal mode statistical properties of both the
seed and pedestal radiation.

II. CHARACTERISTICS OF THE AMPLIFIED
SELF-SEEDED LINE

A. Amplified Seed Energy Exponential Growth

For the three shifts operated at 1.0-keV photon energy,
we explored the self-seeding performance as a function of
the number of effective undulator sections acting beyond
the self-seeding monochromator. As displayed in Fig. 3,
the strength of the main self-seeding line initially grows
exponentially with undulator number in the U11-U15 re-
gion and then shows saturation effects by approximately
undulator section U18. In order to minimize energy-
detuning effects associated with the shot-to-shot energy
jitter of the room-temperature SLAC linac, we restricted
the data used in Fig. 3 to those shots whose normalized
energy offset was ≤ 1.6×10−4. Similar energy filtering is
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FIG. 4. Experimental and computed exponential gain coef-
ficient for the amplified seed energy versus relative e-beam
energy. Statistical fit errors (RMS) are generally ≤ 0.02 m−1

for the JUN2015 and OCT2016 data. The black line labeled
“Simulation” refers to time-steady GINGER code results.

used in following plots where either photon energy or ef-
fective undulator length is the independent variable. All
three shifts have similar exponential growth rates with
the effective input power in the seed wavelength region
(as determined by extrapolation backwards to U9) being
approximately 4 to 5 orders of magnitude below the ap-
parent FEL saturation power. Typical normalized RMS
errors range from ≈ 0.4 at the earliest undulators de-
creasing to ≈ 0.15 or smaller at the most distant undu-
lators where saturation effects become important.

The shot-to-shot jitter in the output electron beam
energy EB from the LCLS linac has one useful benefit
in that it allows examination of both the effective FEL
detuning gain curve and, as will be discussed later in
III, the relative strength and spectral properties of the
pedestal as a function of EB . Figure 4 plots the com-
puted power gain coefficient of the amplified seed for each
of the 1-keV shifts determined via linear regression as a
function of EB . To minimize FEL radiation and CCD
detector saturation effects, the analysis employed data
from segments U12 through U15 for the June 2015 and
October 2016 shifts and U14-U15 for the November 2017
shifts. Each undulator segment was presumed to have
an active length of 3.36 m. The figure also includes the
predicted gain curves according to time-steady numer-
ical simulations with the GINGER code [23] using the
electron beam parameters of Table I. The empirical gain
curves of all three experimental shifts agree well with
simulation predictions, although near peak gain they are
somewhat flatter with respect to energy offset. This flat-
tening could perhaps be caused by an effective linear en-
ergy chirp in the actual electron beam and/or a mild
CCD saturation effect.
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FIG. 5. Fraction of spectral energy as a function of inte-
grated bandwidth for different effective undulator lengths for
the October 2016 shift. For this data PSF-blurring has been
removed via deconvolution. The curve labeled “Gauss. Fit”
corresponds to a Gaussian with a FWHM of 220 meV.

B. Development of the Shot-Averaged Spectrum
vs. Effective Undulator Length

Besides the exponential growth rate, one may also
study the development of the shot-averaged spectrum
with undulator length. In Fig. 5 we plot the fractional
enclosed signal as a function of integrated bandwidth for
various effective undulator lengths in the October 2016
shift; for this figure only, the data was corrected for point
spread function (PSF) blurring (see Appendix B for a
discussion of our PSF determination). Beyond location
U14 the spectral bandwidth begins to grow significantly
with increasing undulator length, as shown by its effec-
tive FWHM measure (i.e., defined as the minimum band-
width that contains 76.1% of the integrated signal) grow-
ing from 250 meV at U14 to more than 500 meV at U17.
As will be discussed in §III, we believe this increase is
predominantly driven by pedestal growth. At U13 and
U14, the inner portions of the spectrum are reasonably
well fit by a Gaussian curve with a 220 meV FWHM.
With no correction for PSF blurring, the value for the
best fit Gaussian FWHM increases to 350 meV.

C. Amplified Seed Wavelength Stability

The self-seeding scheme is presumed to have the intrin-
sic virtue of an essentially fixed output wavelength set by
central line wavelength λ0 of the monochromator-chicane
system. This is in contrast to SASE output whose center-
of-mass wavelength λ̄ can vary stochastically from shot
to shot. This presumption is verified in general as shown
in Fig. 6 where we plot the shot-averaged

〈
λ̄
〉

relative to
a fixed value for each of the three 1.0 keV experimental
shifts. We again selected shots lying in the same central
electron beam energy regions previously used in Fig. 3.
For each individual shot, we defined λ̄ as the center-of-
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FIG. 6. Relative mean wavelength normalized to the nominal
central value as a function of effective undulator # for the
1.0 keV experimental shifts. The error bars correspond to the
RMS deviations of the individual shot values from the mean λ̄
at each undulator. To improve error bar legibility, the curves
have been slightly offset both horizontally and vertically from
each other.

mass value determined over a window whose λ width was
approximately equal to the shot-averaged FWHM band-
width. Use of much larger averaging windows can make λ̄
sensitive to pedestal signals (see § IV), especially at effec-
tive undulator lengths beyond U15. From Fig. 6 one sees
that

〈
λ̄
〉

for each shift remains more or less constant with

undulator length to within ±2 × 10−5 λ0. This value is
nearly 50× smaller than the derived FEL parameter ρ, a
typical measure of SASE normalized spectral width just
before saturation. Moreover, the RMS scatter of λ̄ at a
given undulator is generally less than 3×10−5 λ0 indicat-
ing a very high degree of spectral stability from shot to
shot. There was somewhat greater wavelength stability
for the 1-keV October 2016 shift as its normalized RMS
scatter value is approximately 30-50% less than the other
two datasets.

Although λ̄ is more or less constant for a restricted sub-
set of individual shots whose e-beam energy lies within a
narrow region, when considering all shots at a given un-
dulator section, some of the experimental shifts showed
a small but definite shot-to-shot correlation between λ̄
and EB (i.e., “frequency pulling”). The magnitude of
the apparent slope between ∆

〈
λ̄
〉

and ∆ 〈EB〉 was gen-
erally less than 2% of what would be true for SASE,
again emphasizing the high stability of λ̄ exhibited by
SXR self-seeding at LCLS. Appendix C explores this is-
sue in greater detail.

III. PEDESTAL GROWTH PROPERTIES AND
SPECTRAL CONTENT

Beginning with the earliest SXR self-seeding opera-
tions at LCLS [9], there has been evidence of a generally
low relative power but broad wavelength pedestal sur-
rounding the amplified seed spectral region. In this sec-
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FIG. 7. Average and individual shot spectra at the end
of U19 for the November 2017 shift from both self-seeded
(colored lines) and blocked seed (i.e. SASE only; grey lines)
datasets; the LH energy was 12µJ . The individual shots were
randomly selected from those whose EB fell in the central
FEL resonance region. All spectra are normalized to the peak
value of the average spectrum of the EB-filtered self-seeded
dataset. There is no correction here nor in following plots
for PSF-induced “leakage” into the pedestal region from the
amplified seed.

tion we discuss various characteristics of this pedestal,
mainly concentrating upon 1-keV data taken in Octo-
ber 2016 (for which the large shot number gives excel-
lent statistics) and November 2017 (for which the inclu-
sion of “blocked-seed” SASE datasets and variation of
the laser heater power allow one to examine more quan-
titatively the strength of the non-SASE pedestal com-
ponent). For purposes of pedestal analysis and discus-
sion, we define the central, amplified seed region as those
wavelengths lying within 0.74 eV (≈ ±3σRMS) of the
shot- and intensity-averaged λ̄, and the lower and upper
pedestal regions as ± [ 0.74 4.48 ] eV from λ̄. In reality,
there is additional pedestal spectral content well within
this inner 0.74 eV boundary, but without accurate correc-
tion for PSF blurring, it is difficult to distinguish with
high confidence the pedestal emission from that of an
amplified seed whose spectral profile is somewhat non-
Gaussian.

A. Shot-to-Shot Variation of the Pedestal Spectra

In principle, a spectral pedestal might arise from a con-
stant, shot-independent instrumental optics and/or di-
agnostic effect such as PSF-induced “leakage” from the
main seeded line into adjacent pixel regions of the post-
undulator spectrometer CCD. However, inspection of in-
dividual shots for a given effective undulator length shows
that the relative pedestal power and its spectral distri-
bution are highly variable and thus cannot arise solely
from instrumental or diagnostic effects. Such variations
are apparent in Fig. 7 where spectra from both seeded
and SASE datasets normalized to the mean seed level
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FIG. 8. Pedestal region strength normalized to that of total
emission as a function of undulator position. The Nov. 2017
SASE data are normalized to the total emission of the corre-
sponding self-seeded dataset obtained at the same LH 20µJ
energy. The error bars refer to RMS values.

are shown. Although the electron beam energies for the
selected shots lie very close to that corresponding to peak
seed gain, both the pedestal emission and to a lesser ex-
tent SASE are larger on the low photon energy side of
the central seed. In fact this low energy preference for
the pedestal emission seems to be a general property of
all the different 1.0 keV experimental shifts, especially at
shorter effective undulator lengths. For the October 2016
data, at longer effective undulator lengths for which the
seed reaches fairly deep saturation and where the undu-
lator strength K is tapered, there is a reversal in which
the high energy side of the pedestal seems to be stronger.
This reversal may be due in part to shots whose post-
monochromator seed strength was statistically low and
therefore for which the taper would be stronger than op-
timum, thus moving the center of the shot-specific FEL
gain curve to somewhat higher photon energies.

B. Increase of Fractional Pedestal Power with
Effective Undulator Length

One of the most obvious features of the pedestal con-
tamination was that as the effective undulator length z
increased, so did the pedestal strength relative to the
amplified seed. As displayed in Fig. 8, linear or some-
what faster growth with z was true for all the separate
experimental shifts. The rate of fractional increase was
somewhat slower in the November 2017 data for which
the laser heater effectiveness was optimized (see the fol-
lowing subsection for further discussion of pedestal sensi-
tivity to laser heater strength). Inspection of the various
curves’s minima suggests there is a residual pedestal frac-
tion in the approximate range of 0.10 to 0.13, which we
attribute nearly entirely to a combination of SASE and
PSF leakage. As discussed in Appendix B, measurements
suggest a normalized PSF leakage value of 0.05 − 0.07;
blocked seed data of November 2017 (dot-dashed orange
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FIG. 9. (a) Oct. 2018 averaged self-seeded spectra at U15 taken at various LH energies. (b) Both self-seeded and SASE
(“blocked seed”) averaged spectra normalized to the peak value of the average amplified seed intensity corresponding to each
LH energy value.
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FIG. 10. Pedestal region strength normalized to total seed
plus pedestal emission at U15 as a function of LH energy for
the Oct. 2018 shift. The error bars refer to RMS values.

line in Fig. 8) suggests that the pure SASE contribution
is ≈ 0.07 for the LH energy of 20µJ. From U18 to U21
to U23, the relative pedestal fraction grows from 0.12
to 0.18 to 0.24, illustrating that the underlying growth
mechanism dominates the pedestal by U21 and beyond.

Regarding the October 2016 shift, CCD saturation
effects at U17 and beyond will increase the apparent
pedestal fraction, possibly by as much as a factor of 1.5 by
U19 (this is not an issue for the Nov. 2017 data in which
the post-undulator gas absorption cell was used to avoid
such saturation effects). In the Nov. 2017 data there is
an anomalous jump in both the pedestal and SASE frac-
tional strength at U17 relative to their values at U15 and
U18. Examination of Fig. 3 shows a similar drop in the
amplified seed strength at U17 relative to that predicted
by simple interpolation between U15 and U18. This sug-
gests that a possible incorrect experimental setting of the
phase shifter in the U16 drift section led to destructive
interference at λo in the U17 section, consequently raising

the relative pedestal and SASE strength.

C. Variation of the Pedestal and SASE Strength
with Laser Heater Power

Both the 1.0-keV November 2017 and 750-eV October
2018 experimental shifts explored the impact of the LH
energy upon the pedestal properties. The 2017 shift es-
tablished that at all effective undulator lengths studied
the fractional pedestal level did in fact strongly decrease
as the LH pulse energy increased stepwise from 12 to
20µJ. A further increase to 30µJ generally led to little
additional reduction of the pedestal level. The 2018 shift
confirmed these results over a wider LH energy range,
albeit with such data taken only at U15 .

Figure 9(a) shows the average spectra obtained in Oc-
tober 2018 for various LH energies. The maximum aver-
age FEL pulse energy occurs at an LH energy of 20µJ.
Below this point the pulse energy rapidly drops and, for a
LH energy of 10µJ, essentially disappears. We attribute
this behavior at very low LH energies to large MBI
growth upstream of the LCLS undulator that increases
the effective incoherent energy spread σE , strongly re-
ducing the FEL gain. When the LH pulse energy in-
creases from 20 to 30µJ, the radiation pulse energy also
drops, presumably because now the LH contribution has
increased the total σE enough to once again noticeably
degrade the gain.

Figure 9(b) displays at various LH energies both the
seeded and blocked seed (i.e., SASE only) spectra nor-
malized to the peak seed intensity. The relative SASE
levels for the 15 and 30µJ LH energies are essentially
identical; the value at 20µJ is 50% lower (wavelength-
integrated fractional strength 0.10 as compared with
0.16). This again suggests that the overall FEL gain
was greatest at 20µJ heating, thus maximizing the nar-
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FIG. 11. Average self-seeded and SASE spectra obtained in November 2017 at various laser heater energies for 3 different
undulator lengths. With the exception of (a), the spectra are normalized to the peak amplified seed intensity at each LH
energy .

rowband, monochromatized seed level at U10 relative to
the wideband SASE initiated by the post-dispersion sec-
tion shot noise microbunching (whose average level at
entrance U10 should be more or less independent of the
LH heating). The relative pedestal strength steadily de-
creases as the LH energy is increased from 12 to 20µJ,
followed by a small, statistically insignificant increase at
30µJ. Quantitatively, this behavior is confirmed by plot-
ting the normalized pedestal fraction versus LH energy
(see Fig. 10) where the minimum value of ≈ 0.12 occurs
at 20µJ heating and likely consists nearly entirely of the
SASE (≈ 0.07 according to the blocked seed dataset)
and spectrometer system PSF leakage of seed emission
into the pedestal wavelength region.

These October 2018 results suggest a Goldilocks-like
optimum for setting the LH energy in self-seeding mode:
Too hot suppresses the MBI component of the pedestal
but also both reduces the wanted narrowband, output
seed intensity and decreases its contrast ratio relative to
that of wideband SASE generated beyond the self-seeding
monochromator at position U9. Too cool permits large
MBI growth resulting in too great a total σE at undulator
entrance, possibly to the point that all FEL components

(i.e., SASE and seed) can become suppressed. Just right
an LH level sufficiently suppresses MBI to obtain a clean
FEL output spectrum, but not so much that the pulse
energy drops appreciably.

The November 2017 shift data generally confirms the
effectiveness of LH damping of pedestal contamination
over a wide range of effective undulator lengths. Fig-
ure 11(a) shows the average self-seeded spectra at U15
for three LH energy values. Here the FEL intensities
at 12 and 20µJ LH energies are nearly identical while
that at 30µJ is about 20% less, again suggesting that
the heating has reduced the exponential gain. The nor-
malized self-seeded and SASE spectra at U15 shown on
an expanded vertical scale in Fig. 11(b) indicate that the
SASE-to-seed levels in this shift are relatively insensitive
to LH energy. However, the total pedestal contamination
is much greater at 12µJ than at the two higher LH en-
ergy values and is also much greater than the apparent
SASE level. Even at the highest LH energy of 30µJ, the
non-SASE component of the pedestal appears dominant
at photon energies that are offset ≈ 1.8 eV or greater
from the central seed position at 1.0 keV.

The shapes of the seeded and SASE spectra for effec-



8

tive undulator lengths of U18 and U19 (Fig. 11(c)(d))
are qualitatively similar to those at U15 (Fig. 11(b)).
However, the relative SASE level has increased and the
overall pedestal emission shifts predominantly to the red
side of λo. These changes are likely due to FEL satura-
tion effects with the FEL-related increase in σE reducing
the amplified seed growth relative to that of SASE in the
blocked seed datasets whose σE has likely grown little
from U10 to U19. Similarly, the average e-beam energy
at U19 in the seeded shots would be somewhat lower than
that of the blocked seed shots; this should favor enhanced
pedestal emission to the red for the untapered undulator
configuration used in Nov. 2017.

D. Variation of the Relative Pedestal Power with
Energy Detuning

For all four experimental shifts studied here, the
pedestal’s integrated spectral energy and wavelength
distribution showed systematic variations with electron
beam energy EB . Figure 12 shows such behavior dur-
ing the November 2017 shift at two particular undulator
lengths for which we also have independent, λ-resolved
measures of the underlying SASE strength. In each of
the plots once the normalized energy detuning becomes
of order ρ ≈ 1 × 10−3, the seed strength becomes quite
small and the total pedestal strengths for both the low
(“LoE Ped”) and high (“HiE Ped”) photon energy re-
gions approach the corresponding SASE strengths in the
lower and upper pedestal wavelength regions as shown
by the curves labeled “LoE SASE” and “HiE SASE”.
By contrast, when the normalized energy detuning re-
mains relatively small compared to ρ, both the low en-
ergy and high energy spectral region pedestal are sig-
nificantly stronger (∼ O(0.05) or greater relative to the
maximum seed strength) than the upper/lower spectral
region SASE components.

This change in the ratio of pedestal region SASE to
total pedestal strength strongly suggests that there is a
significant component to the pedestal that is indepen-
dent of the SASE background when the electron beam
energy is close to that necessary for FEL resonance at
λ0. Furthermore, the fact that the strength of this non-
SASE pedestal component relative to that of the ampli-
fied seed maximizes for shots with negligible EB detuning
indicates that it must be driven at least in part by the
amplified seed, i.e., a sideband-like phenomenon.

IV. PEDESTAL SPECTRAL CORRELATION
PROPERTIES

Inspection of individual spectra shows that both the
integrated pedestal and details of its distribution can
vary strongly from shot to shot. These variations arise
from both the shot-to-shot electron beam energy jitter
(e.g., see Fig. 12) and, as becomes apparent when consid-

ering only a narrow EB window, the stochastic behavior
of the pedestal’s individual components such as SASE
(e.g., see Fig. 7). To further understand the pedestal’s
nature, we calculated, as a measure of the degree of lin-
ear correlation between the intensities of two spectral fre-
quency components ωj and ωk, the population Pearson
correlation coefficient rjk:

rjk =
s2jk

sjjskk
(1)

for various datasets, where

s2jk ≡

1

N − 1

N∑
i=1

[
Ii (ωj)− Ī (ωj)

] [
Ii (ωk)− Ī (ωk)

] (2)

is the sample covariance, the averages are defined in the
usual sense as

Ī (ωj) ≡
1

N

N∑
i=1

Ii (ωj) , (3)

and N refers to the number of analyzed spectra in the
sample. The values of rjk range from 0, when the two
spectral intensities exhibit no correlation, to ±1 when
they are completely correlated or anti-correlated. Not
surprisingly, this function has quite different properties
for the SASE datasets as compared to those with self-
seeding.

When considering the pre-saturation regime for pure
SASE radiation, there have been a number of theoreti-
cal and experimental papers that address properties such
as the cross-correlation function in both the time and
frequency regime. In particular, the paper by Krinsky
and Gluckstern [24] gives the expected probability distri-
bution for 〈 I(ωj) I(ωk) 〉 / 〈I(ωi)〉 〈I(ωk)〉 for an electron
beam pulse whose coarse-grained envelope properties are
both constant within the pulse and remain stationary in
time. Inspection of their Eqs. (3.14), (3.17), (3.21) and
(3.22) shows that for values of |ωj−ωk| ≤ π/τB where τB
is the pulse duration of a constant current electron beam,
I(ωk) has a significant positive correlation with I(ωj),
but for frequency separations |ωj −ωk| ≥ 10/τB the pre-
dicted correlation level drops to a percent or smaller. Nu-
merically, this separation is approximately 200 meV for
the ≈ 100 fs pulse duration corresponding to the values
in Table I; given the effective smoothing by the PSF, the
positive correlation will be extended another 200 or 300
meV but should nonetheless be quite small for frequency
separations of 750 meV or greater. Importantly, the
predicted correlation depends only upon the frequency
separation and is independent of the nominal FEL reso-
nant frequency ωR. These relationships hold true when
τB � (2π/ωR)×(LG/λu), the so-called FEL cooperation
time.

Upon applying correlation analysis to the SASE data of
Nov. 2017, the results follow the predictions of Ref. [24]
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FIG. 12. Amplified seed strength (“Int. Seed”), upper (“HiE Ped”) and lower (“LoE Ped”) pedestal wavelength region strength,
and separate upper/lower SASE (i.e., blocked seed) strength as a function of electron beam detuning ∆EB for two different
effective undulator lengths in the November 2017 shift; the LH strength was 12µJ in both cases. All curves are normalized to
the peak value of the integrated seed with respect to ∆EB .
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FIG. 13. False color representation of the Pearson correlation coefficients for intensity spectra from the November 2017 shift.
The LH strength was 12µJ in all cases and the individual shots were restricted to those both whose normalized electron beam
energies were within ±8×10−5 of the mean (twice as large for the blocked seed U17 and self-seeded U15 cases to produce better
statistics) and whose seed intensity Ii satisfied 0.8 ≤ Ii/ 〈I〉 ≤ 1.25. The latter filtering was done to minimize any PSF-induced
correlations. To improve the visual contrast, only those correlation coefficients whose statistical significance exceeds 3.3σ are
shown in a non-white color. Negative correlation coefficients are clipped to a −0.2 minimum.

so long as the data is filtered to include only shots
whose |∆EB | � ρ. If the filtering is relaxed such that
the normalized energy acceptance encompasses a span
≥ O(0.2ρ) or larger, a strong negative correlation coef-
ficient appears when ωj and ωk lie on opposite sides of
the frequency 〈ωR〉 corresponding to the mean EB . This
behavior is displayed in the far left plot of Fig. 13 (i.e.,
the purple splotches) and may be simply explained by the
observation that those individual shots that have smaller
beam energies will tend to have enhanced emission on the
low frequency side of 〈ωR〉 and correspondingly reduced
emission on the high frequency side, while the reverse is
true for those shots with higher beam energies. In both
cases this produces a negative cross-correlation coefficient
that is symmetric with respect to 〈ωR〉.

When the correlation coefficients are calculated for the
self-seeded datasets, such negative regions appear in gen-
eral only when ωj and ωk lie on opposite sides of the
monochromatized seed frequency ω0 and at least one or
the other frequency is well within the bandwidth of the
amplified seed (≈ 300 meV). This presumably is a fre-
quency pulling effect and is seen most strongly at effec-
tive undulator lengths where the seed is at or close to
saturation, as is evident in the November 2017 U17 and

U19 correlation maps shown in Fig. 13. A very different
and positive rjk appears for radiation frequencies that lie
symmetrically to either side of ω0, i.e., ωj = ω0 + ∆ω,
ωk = ω0 − ∆ω . Each of the seeded datasets in Fig. 13
including U15 display such symmetric behavior, partic-
ularly at frequency offsets in the range to 0.5 to 1.5 eV
.

This positive correlation between symmetric offset fre-
quencies appears across multiple experimental shifts, as
demonstrated in the lineouts plotted in Fig. 14. The
magnitude of the positive correlation appears to be quite
sensitive to the LH settings as it virtually disappears in
the Nov. 2017 shift for LH energies ≥ 20µJ, and the
Oct. 2018 shift at U15 for energies ≥ 15µJ. Moreover,
the positive correlation is not obvious beyond an effective
undulator length of U17 in Nov. 2017 although the shot
statistics are relatively poor compared to the earlier two
1-keV shifts.

A reasonable explanation for this symmetric
frequency-offset correlation pattern at low LH energies
is that it arises from upper and lower sideband emission
that was excited by long wavelength (i.e., 1µm), longitu-
dinal energy and/or density modulations on the electron
beam similar to those modeled by Zhang et al. [15].
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FIG. 14. Pearson correlation coefficients computed for the
symmetric pair [ω0−∆ω , ω0 +∆ω ] . as a function of relative
photon energy ~∆ω for (a) and (b) different effective undula-
tor lengths for the 1-keV October 2016 and November 2017
shifts, respectively, and also (c) the 750-eV October 2018 shift
at U15 for various LH energies. The larger dots correspond
to data whose statistical significance P-value is ≤ 10−3 or,
equivalently, ≥ 3.3σ.

That paper’s 1-D theoretical analysis predicted that
the relative strength of such sideband emission (at least
for frequency offsets ∆ω ≤ ρω0) should grow with the
effective undulator length squared. However, neither the
experimental data shown in Fig. 8, where the wideband
pedestal fraction grows only approximately linearly with
z, nor that of Fig. 14, where the correlation coefficient
generally decreases with increasing z, confirm such
rapid growth. Perhaps some of the discrepancy can

be explained by gain narrowing (which for wideband
excitation would lead to a growth scaling closer to
z3/2 than z2 dependence) and possibly various seed
saturation effects that might begin as early as U17.
Zhang et al. did predict that the lower sideband would
be favored over that of upper sideband, an effect that
would reduce the correlation coefficient (see their Fig. 2)
for longer undulator lengths.

V. CONCLUSIONS

In this paper we have reported detailed experimental
studies of soft X-ray self-seeding at the LCLS, focusing
upon the behavior of the so-called pedestal emission. We
find that the exponential growth rate of the amplified,
monochromatized SASE signal is as expected, including
detuning with respect to electron beam energy. The am-
plified seed has extremely good wavelength stability, con-
sidering both shot-to-shot electron beam energy jitter at
a given effective undulator length and the variation in

〈
λ̄
〉

as a function of increasing undulator length, typically be-
ing only a few parts in 105, as compared with electron
beam energy jitter that is ∼ 20 times larger. As a corol-
lary, frequency pulling effects on the amplified seed from
variable electron beam energy appear to be very small.

At a given undulator length, both the strength and
spectral details of the pedestal emission vary from shot
to shot, indicating it does not originate in some patho-
logical instrumental or diagnostic effect. We confirm that
the pedestal-to-seed fraction typically grows with effec-
tive undulator length and in some conditions (e.g., an
ineffective laser heater) can exceed 15% as the FEL ap-
proaches saturation. The pedestal appears to have two
distinct components. The first is “normal” SASE that we
associate with wideband microbunching on the electron
beam at very short wavelengths that fall near the reso-
nant FEL wavelength (1.2 or 1.6 nm in this study) and
which is present at shot noise levels as the electron beam
reenters the undulator immediately following the SXR
self-seeding chicane. For the experimental shifts (Nov.
2017 and Oct. 2018) with the best SASE diagnostics,
the fractional strength of the SASE pedestal component
is 0.07 or less for optimum LH energies.

The second pedestal component is sideband-like emis-
sion on either side of the amplified seed line. It ap-
pears to arise from much longer wavelength (i.e., λ ∼
0.5− 2µm), longitudinal variations of the electron beam
current and/or energy. Whereas the strength of the
SASE pedestal component neither varies significantly
with either the electron beam energy nor with the laser
heater strength (over a restricted range of 12 to 30µJ),
the sideband component essentially disappears when the
magnitude of the normalized energy detuning approaches
a value comparable to the FEL parameter ρ or greater.
Based on the results of two experimental shifts in which
special attention was paid to proper alignment of the
LCLS laser heater, this sideband pedestal component
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is also strongly damped by higher LH energies, with
fractional strength values dropping from greater than
0.2 to less than 0.05. Similar evidence for LH con-
trol of unwanted sideband emission around an amplified,
harmonic-upshifted external seed has been found by the
FERMI FEL team [25] for output wavelengths in the
range ∼ 5− 32 nm. Finally, there is some evidence from
multiple LCLS shifts for correlated, symmetric pedestal
emission corresponding to ~∆ω ∼ ±1−2 eV on both sides
of the amplified seed wavelength as would be expected
from a long wavelength modulations of the electron beam
energy. This symmetric emission has quite different spec-
tral correlation properties than those of classic SASE.

In closing, we believe that the spectral purity of self-
seeding when applied to high gain, soft X-ray FELs can
be made much more effective both by optimizing con-
trol of electron beam longitudinal phase space via means
such as a laser heater and also by maximizing the seed
strength at entrance to post-monochromator undulator.
For FELs such as the European XFEL or LCLS-2 oper-
ated at very high repetition rates, this will likely pose
some technological challenges with regards to monochro-
mator optics survivability. Nonetheless, if the integrated
pedestal emission can be limited to a reasonably small
value (e.g., less than a 5% fraction) at FEL saturation,
the LCLS data considered here verify the basic promise
of soft X-ray self-seeding, namely the production of high
power output pulses with excellent wavelength stability
and relatively narrow spectral bandwidths.
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Appendix A: Summary of Experimental Procedures
and Operating Conditions

The LCLS SXR self-seeding data discussed above were
taken over four separate experimental shifts beginning in
2015 and ending in 2018. There were many common fea-
tures to these shifts but also some important differences
which we now delineate in detail.

For all shifts we attempted to optimize the electron
beam longitudinal phase space for self-seeding, with a
goal of a more or less temporally flat current and energy
profile in the undulator that would produce high spec-
tral brightness SASE from the first 8 undulator sections,
but at integrated power levels that would be safely below
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FIG. 15. Sample longitudinal phase space (FEL off) as
measured at the CCD screen/camera system following the
LCLS X-band transverse deflector. The current was ≈ 1.3 kA
in the central ±35 fs portion of the electron beam.

the damage thresholds of the self-seeding monochroma-
tor optics positioned at the 9th undulator girder location
(U9). This optimization involved first removing the head
and tail current “horns” by reducing the nominal 250 pC
charge emitted from the cathode down to 140 pC via col-
limation in the first LCLS bunch compressor BC1 [26].
We then attempted to minimize simultaneously both the
observed SASE bandwidth on the post-undulator spec-
trometer and the electron beam phase space curvature
as measured on the diagnostic screen that follows the
X-band RF transverse deflector [27]. This minimization
was done primarily by manipulating the L1 linac sec-
tion phase upstream of BC1 while maintaining an overall
post-BC2 compressed current of ≈ 1.3 kA, a value hav-
ing been shown empirically to be a good operating point
for self-seeding LCLS at SXR energies. A characteristic
image of the longitudinal phase space is shown in Fig. 15.

Beside the grating-based monochromator, an electron
beam chicane also occupies the U9 space. This chicane
delays the electron beam to provide temporal overlap
with the monochromatized SASE X-rays that seed the
downstream radiator undulator segments beginning at
location U10. The chromatic dispersion associated with
the chicane’s ≈ 0.5 ps delay together with the incoher-
ent energy spread on the electron beam should wash out
any microbunching structures at XUV and shorter wave-
lengths created by upstream SASE and MBI processes.
Consequently, we believe SASE that develops at location
U10 and beyond should be initiated at a level close to
that expected from nominal shot noise statistics.

We operated the monochromator without the use of
an exit slit. Since the entire SASE spectrum is passed by
the monochromator in this scenario, the effective seed-
ing bandwidth is determined by the transverse overlap
at the U10 reinsertion position between the dispersed ra-
diation and the electron beam; i.e., the electron beam
acts as its own exit slit [28]. Operationally, at 1.0 keV
FEL resonance this leads to an acceptance of ≈ 200 meV
(FWHM), significantly smaller than than the ∼ 1− 2 eV
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SASE bandwidth at the end of U8. Presuming a longitu-
dinal Gaussian shape, the Fourier-limited radiation pulse
length for this acceptance is roughly 9 fs, a value much
shorter than the ≈ 100 fs duration of the electron beam
pulse. We therefore expect that the post-monochromator
undulator segments are seeded with multiple temporal
and frequency radiation spikes. As mentioned before, the
detailed shot-to-shot statistics of the seed and pedestal
radiation are currently under study [22].

The X-ray spectra were measured downstream of the
LCLS undulator hall using the single-shot spectrome-
ter system developed for the SXR materials science in-
strument. This system consists of a varied-line-spacing
(VLS) grating monochromator and a spherical focusing
mirror [29]. The spectrometer detector includes a cerium-
doped, yttrium-aluminum-garnet (Ce:YAG) crystal that
scintillates in the visible when activated by X-rays, a 45
degree mirror, and an optical camera (optical lens and
1024 × 1024 pixel CCD camera combination). The 100
lines per millimeter VLS grating used for these shifts and
an upstream spherical mirror together create a vertical
focus with a magnification setting of 37 and 17 meV per
pixel at the output CCD for 1 keV and 750 eV photon
energies, respectively. The empirically-determined point
spread function (PSF) of the overall camera system had
a FWHM of ≈ 270 meV at 1.0 keV (see Appendix B for
discussion of PSF measurements). In order to enhance
the signal-to-noise ratio of the final spectra, we numer-
ically reduced the 2D CCD spectrum to a one dimen-
sional signal S(λ) by integrating over ≈ 400 pixels in the
non-dispersive direction. The last two shifts also took
special CCD background datasets in which the electron
beam was suppressed; backgrounds for the earlier June
2015 and October 2016 shifts were estimated on a shot-
by-shot basis by presuming a simple linear relation be-
tween the far red and blue wavelength regions where the
seed, SASE, and pedestal signals should be very small.
The spectral distribution function of a typical self-seeded
data set, following binning of individual shots according
to their electron beam energy EB as determined from
measured X-plane deflection at LCLS location LTU250,
is displayed in the left plot of Fig. 2; regions correspond-
ing to the amplified seed, “normal” SASE, and pedestal
are readily apparent.

The four experimental shifts differed in some impor-
tant details. First, the November 2017 and October
2018 shifts were the only ones where the LH was care-
fully aligned, both spatially and temporally, to ensure
optimal MBI suppression. In addition, these were also
the only shifts where the LH energy and thus its con-
tribution to the upstream value of the electron beam’s
incoherent σE was systematically changed to examine
the self-seeding pedestal’s sensitivity to possible MBI-
induced longitudinal phase space structures. To do so
required special operational permission to bypass ma-
chine protection controls that safeguard against poten-
tial damage to the self-seeding monochromator optics.
There was no undulator magnetic strength K taper-

ing beyond that needed for spontaneous emission and
resistive-wall wakefield losses. Via appropriate use of
the gas absorption attenuation cell, we minimized satura-
tion effects at the post-undulator diagnostic spectrometer
CCD. Importantly, these last two shifts also obtained ad-
ditional datasets in which the seed was blocked using the
monochromator exit slit holder before its re-entry to U10.
In principle such blocked seed datasets (e.g., see panel (b)
of Fig. 2) measure the properties of “pure” SASE growth
downstream of the seeding monochromator. Typically
we took ∼ 3000 − 6000 seeded shots and ∼ 1000 SASE
shots for each LH energy. During the October 2018 shift
at 750 eV, studies of SASE and pedestal sensitivity to LH
energy were conducted only at an effective U15 undulator
length. As discussed in § III-C, the numerical ratio of the
wavelength-integrated SASE to amplified seed emission
for these two shifts ranges from ∼ 0.10 to 0.20 depending
upon undulator location and LH energy.

The earlier June 2015 and October 2016 1.0 keV shifts
appear to have been self-seeded at a power level at U10
∼ 2 − 3× greater than the last two shifts and reached
FEL saturation by ≈U18. Consequently they proved to
be particularly useful in determining amplified seed prop-
erties as spectral profiles could be determined as early as
the end of segment U11. These shifts employed undula-
tor strength tapering beyond U17 to increase the ampli-
fied seed strength. The October 2016 shift was notable in
terms of the very large number (≈ 15000) of seeded spec-
tra acquired for each effective undulator length. This al-
lowed quite narrow electron beam range filtering to exam-
ine properties such as frequency pulling and spectral cor-
relation properties. Unfortunately, the post-undulator
gas absorption cell was not used in these early shifts,
resulting in spectrometer CCD saturation effects by lo-
cation U17 and beyond at the highest amplified seed in-
tensities. Furthermore, we suspect ex post facto that the
LH focal spot was not well aligned transversely with the
electron beam orbit. No blocked seed datasets were taken
in these shifts, so there are no highly reliable quantitative
measures of the SASE contribution to pedestal emission.

Appendix B: Determination of the Effective Point
Spread Function

Without detailed knowledge of the effective point
spread function (PSF) P (λ, λ′) of the downstream spec-
trometer/camera system, there is quantitative uncer-
tainty regarding the pedestal strength on a given shot.
During the extended course of these experimental stud-
ies, we attempted to measure the PSF by two different
means.

The first was essentially direct, operating the spec-
trometer in zero order and focusing the output FEL radi-
ation beam as tightly as possible at the grating location.
In principle this produces a δ−function-like source at a
single source wavelength λ∗ and the output CCD signal
S(λ) should scale linearly with P (λ, λ∗). A previous zero
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FIG. 16. Zero-order “direct” PSF functions obtained from 3
different datasets obtained in 2015 (low and high FEL radia-
tion signals) and September 2017. The green line labelled
“Defect-Corr.” includes a subjective correction of a CCD
damage defect affecting the high radiation signal 2015 PSF
data at a pixel offset of +30.

order measurement was made during the SXR spectrom-
eter commissioning as shown in Fig. 6 of Ref. [29]; one
sees that even on a linear scale the profile contains non-
Gaussian tails stretching many FWHM distances away
from the central region. Because there is likely some mea-
surement sensitivity both to the actual focal spot size at
the spectrometer slit and to the transfer optics between
the YAG screen and CCD recording system, it would not
be surprising if the PSF can vary over time periods of
months to years.

For the current study we analyzed two more recent
sets of such zero order measurements, one obtained in
2015 that included both low and high radiation inten-
sity data, and a later one made in September 2017. The
results are plotted in Fig. 16; due to sensitivity to the
details of the procedure that removes the CCD back-
ground signal, derived values for P (λ, λ∗) below 5×10−5

should be treated with caution, especially for the 2015
low signal data. Table II gives various FWHM measures,
i.e., the “classic” 50% of peak width, the 50% width for
a numerically optimized 1D Gaussian fit, and finally the
“effective” FWHM that contains 76.1% of the integrated
signal, as would be true for a perfect Gaussian profile.
With the exception of the effective FWHM value, which
is significantly larger for the 2017 PSF measurement,
the values are relatively close to one another suggesting
that the core portion of PSF is reasonably well-modeled
by a Gaussian profile. For comparison with the 1-keV
shift pedestal strengths measured in the spectral regions
±[0.74 4.48] eV (i.e., Fig. 8), the average of the cor-
responding pixel-integrated large signal 2015 and Sept.
2017 PSF data is 0.056 with a nominal error of ±0.002.

Our second method to determine the effective PSF was
much more indirect and empirical in nature. Here we ex-
ploited the fact that the overwhelming amount of PSF-
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FIG. 17. Zero-order “direct” PSF functions after convolution
with a 2.79 pixel (RMS) Gaussian plotted together with the
indirectly determined PSF ”leakage” functions in the pedestal
wavelength region for the June 2015 and October 2016 exper-
imental shifts.

TABLE II. Zero-order PSF Widths (pixels)

Dataset FWHM FWHM FWHM

(Gauss. Fit) (Effective)

2015 Small Signal 5.0 5.8 8.0

2015 Large Signal 5.8 6.0 8.9

2017 Sept. 6.1 8.6 14.5

caused leakage into the low intensity, pedestal wavelength
regions originates from the relatively narrow bandwidth,
much stronger intensity, amplified seed signal. Conse-
quently, a good estimate of the PSF should be obtain-
able by looking at the shot-to-shot correlation between
signals in the pedestal region and the integrated seed re-
gion strength. To minimize PSF overestimation errors
due to CCD saturation effects or contamination by true
pedestal signals (whose sideband-like component is ex-
pected to be positively correlated with the amplified seed
signal), we used the following set of strategies: First, we
considered only shots in datasets corresponding to ef-
fective undulator lengths for which the peak amplified
seed signal was at least 100× greater than the apparent
noise level and for which there also appeared to be no
or very small saturation effects. Second, to determine
correlations for wavelengths λ greater(smaller) than λo,
we considered only those individual shots whose normal-
ized electron energy ∆EB/ 〈EB〉 offset from FEL reso-
nance was positive(negative) and whose absolute value
≥ ρ. This biased energy filtering strongly reduces both
SASE contamination at λ (i.e., consider the SASE con-
tribution in Figs. 11 & 12) and the relative magnitude
of any sideband-like pedestal contribution because both
will have much smaller exponential gain than that of the
seed.
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Exploiting all these strategies and assumptions, we
then did a linear regression analysis to extract a PSF-like
signal P (λ, λ̄o) where we adopt the symbol λ̄o to signify
an effective averaging over the central seed region. To
compare this empirically determined PSF with the direct,
zero-order measurements, we convolved the latter with a
2.54 pixel-wide (RMS) Gaussian profile seed (equivalent
to a FWHM of 221 meV for the applicable grating setting
at 1.0 keV). This particular value, following convolution
with an average of the large signal 2017 and 2017 zero-
order PSF’s, was the best match to the amplified seed’s
apparent FWHM as shown in Fig. 5. Figure 17 shows
the resulting curves; one sees reasonable but obviously
not exact agreement between the empirical and the con-
volved zero-order determinations. The leakage fractions
calculated for the June 2015 and Oct. 2016 shifts into
the pedestal spectral regions used in § IV are 0.064 and
0.083, respectively. These values are approximately 0.015
larger than the Gaussian-convolved, zero-order PSF sig-
nals discussed above, suggesting a possibly incomplete
removal of all pedestal signal during the empirical PSF
determination.

Despite the reasonable agreement between the direct
and indirect PSF estimates, in the end we decided to be
highly cautious and not apply any PSF corrections to the
data shown in the main body of this paper with the ex-
ception of the enclosed spectral energy fraction plotted
in Fig. 5. This caution arose from multiple concerns: the
time separation between the date of the zero-order mea-
surements and the 2016-2018 experimental data shifts
during which the true PSF might change, the inexact-
ness of the empirical determination method and its sen-
sitivity to true pedestal contamination and, most impor-
tantly, the fact that the apparent, non-PSF-corrected,
wavelength integrated pedestal fraction beyond 0.74 eV
often exceeds 0.2, especially for datasets where the LH
is not highly effective, a value dominating the apparent
PSF leakage effects.

Nonetheless, the magnitude of the directly-measured
PSF, even when considering a spectral region separated
by greater than 3σλ from the central seed wavelength λo,
suggests that one must apply appropriate caution when
attempting to measure quantitatively a true pedestal
whose integrated strength is 10% or less of an amplified
seed. Accurate measurements become even more diffi-
cult for wavelength regions even closer than 3σλ because
errors in PSF-deconvolution can lead to serious over- or
underestimates of a pedestal, especially one that has a
component that positively correlates with seed strength.

Appendix C: Frequency-Pulling Effects

As mentioned in § III-C, the mean wavelength λ̄ of the
central line position at a given effective undulator length
is more or less constant when considering a restricted
subset of individual shots whose e-beam energy EB lies
within a narrow region centered on the FEL resonance.
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FIG. 18. False color distribution functions for the relative
mean wavelength at effective undulator location U15 for the
central amplified seed line as a function of relative electron
beam energy, as determined from (a) 11463 individual shots
of the October 2016 shift (b) 8680 shots of the June 2015
shift.

However, when considering all shots obtained irrespective
of EB , some of the experimental shifts showed a small
but definite shot-to-shot correlation between λ̄ and EB ,
i.e., a “frequency pulling” effect. For a warm tempera-
ture linac such as LCLS that has non-negligible energy
jitter, serious frequency pulling could limit the average
FEL spectral brightness.

A relatively strong example of this is shown in
Fig. 18 (a) that plots the distribution function (∆EB/Eo,
∆λ̄/λo) for the U15 datasets from the October 2016 shift.
Here a change of ≈ +2× 10−3 in ∆EB/Eo, results in a
shift of ≈ −9× 10−5 in ∆λ̄/λo . The equivalent slope
is ≈ 45 times less in magnitude than would be true for
SASE radiation, again displaying how self-seeding op-
eration strongly reduces shot-to-shot wavelength jitter.
However, equivalent data taken in June 2015 also at U15
shown in Fig. 18(b) does not show such an obvious cor-
relation.

Interestingly, the correlation slope in the October 2016
data appears to increase as a function of effective undula-
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tor length, especially for shots with more positive ∆EB .
There are several possible explanations for this increase:
(1) An increase of SASE strength relative to the am-
plified seed at wavelengths λ < λ0 for individual shots
whose EB(z) > 〈EB(z) 〉; this effect becomes stronger as
the amplified seed begins to saturate. The taper in undu-
lator strength K used in this shift might also have pulled
the centroid of any underlying SASE emission bluewards.
(2) The shift of the peak of the gain curve in λ for off-
energy shots leads to preferential amplification of seed
spectral power to one side of λ0. (3) Possible linear and
higher order chirps on the electron beam energy together
with slippage between the radiation and electron pulse
could also pull the temporal average of amplified seed

emission toward one or the other side of λ0.
We attribute the observed changes from one experi-

mental shift to another in the correlation properties be-
tween λ̄ and EB to variations in the details of the longi-
tudinal phase space distribution of the electron beam, in
particular the magnitude of linear and higher order en-
ergy chirps. There might also be some sensitivity to the
taper profile, but this was not explored in any detail. We
note that similar observations of self-seeding wavelength
stability and the lack of significant frequency pulling can
be inferred from the LCLS hard X-ray results previously
reported by Welch et al. [30]. Finally, the presence and
sensitivity of such frequency pulling could in principle be
useful as a linac tuning diagnostic while optimizing the
average spectral brightness.
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