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Hard-x-ray self-seeded (HXRSS) free-electron lasers (FELs) can provide nearly fully coherent radiation

pulses in the hard-x-ray domain with extremely high spectral density, which opens up new possibilities

for a wide range of scientific applications such as resonant inelastic x-ray scattering, nuclear resonance

scattering, and x-ray Raman spectroscopy. Spectral bandwidth and signal-to-noise ratio (SNR) are two

important parameters for seeded FELs. Our theoretical and experimental studies demonstrate that the

bandwidth and SNR of HXRSS FELs are closely tied to the electron beam energy profile and current

profile, respectively. Nearly Fourier-transform-limited bandwidth can be realized by flattening the energy

profile. For beams with asymmetric current profiles, a higher SNR can be obtained by tuning the current

peak towards the head. With proper manipulation of the longitudinal phase space of the beam, decreased

bandwidth and improved SNR may further enable more demanding applications requiring higher spectral

resolution.
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I. INTRODUCTION

X-ray free-electron lasers (FELs) provide femtosecond

radiation pulses with extremely high intensity and nearly

full transverse coherence, making them highly valuable

for applications in material science, molecular dynam-

ics, and structural biology [1–3]. The standard operation

mode for hard-x-ray FELs relies on the self-amplified

spontaneous emission (SASE) mechanism, where the las-

ing process is initiated by electron shot noise, leading to

limited longitudinal coherence.

Narrow-bandwidth x-rays with high spectral density are

essential for applications such as nuclear resonance scat-

tering, x-ray Raman spectroscopy, and coherent control
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experiments [4–7]. Externally seeded FELs are proposed

to generate coherent pulses with significantly increased

spectral density, where external lasers are employed to

trigger the FEL frequency up-conversion [8,9]. However,

these techniques are currently not applicable in the hard-

x-ray region below the nanometer range. Self-seeding

schemes can expand the photon energy to the hard-x-

ray regime [10–14]. In a typical hard-x-ray self-seeded

(HXRSS) FEL system, the undulator is split into two parts.

The first part is used to generate SASE, which is then

filtered by a monochromator by Bragg reflection or for-

ward Bragg diffraction [15,16] to obtain a coherent seeding

wake. The electron beam is delayed by the bypass chi-

cane to overlap with the seeding wake at the entrance of

the final undulator section to enable seeding amplification

to produce nearly fully coherent radiation pulses. Adopt-

ing a compact monochromator section utilizing a crystal

with Bragg forward diffraction is an efficient method for

HXRSS FEL, where the filtered SASE has a long trail-

ing monochromatic wake that can be used as a seed with

a small delay for the electron beam [10]. Compared with

current synchrotron facilities, the unique combination of

HXRSS FEL and high-repetition-rate operation enables

the average brightness of the radiation to be more than 2
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orders of magnitude higher [14,17,18], opening up new

possibilities for photon-hungry experiments like resonant

x-ray excitation [19].

Further enhancing the spectral resolution of HXRSS

FELs is crucial for applications such as Mössbauer spec-

troscopy [20,21] and inelastic x-ray scattering [22,23].

Achieving higher spectral density and purity necessitates

low spectral bandwidth and a high signal-to-noise ratio

(SNR) from HXRSS FELs. Here, SNR is defined as the

ratio between the pulse energy of the seeding signal [cen-

tered at the target photon energy and with a total bandwidth

of around 2 times the seeding full width at half maximum

(FWHM) bandwidth] and the noise (total pulse energy

minus the seeding signal energy). Achieving low spectral

bandwidth and higher SNR still faces challenges and is

under active study [13,24]. Although the HXRSS FEL uti-

lizes a coherent seed actively filtered by a monochromator

with a narrow bandwidth, the amplified FEL is experi-

mentally observed with a larger bandwidth than the seed

bandwidth, which hinders further improvements in realiz-

ing a Fourier-transform-limited bandwidth with a longer

lasing part (a longer beam lasing window) in the final

amplification stage. For higher purity realization, although

the laser heater is optimized to mitigate microbunching

instabilities to get rid of the spectral pedestal [13,25–27],

the chosen seeding wake may also contain SASE com-

ponents that degrade the purity of the amplified seed.

The monotrailing wake is generated from the convolution

between the impinging SASE pulse and the crystal impulse

response, and it has high spectral purity with a large delay

from the main SASE pulse at the expense of a quickly

reducing intensity. For a small delay with a relatively high

intensity, the spectrum contains SASE components that

can finally contribute as noise.

In this paper, we explore the impact of longitudinal

phase space (LPS) on spectral bandwidth and SNR for

HXRSS FELs. It is found that the electron beam energy

profile has an important impact on the central wavelength

and bandwidth of the amplified HXRSS FEL due to the

undulator longitudinal dispersion. Spectral SNR is mainly

affected by the trade-off between seeding wake purity,

where a large delay is preferred, and the seeding wake

strength, where a small delay is desired. Electron beams

with peak currents towards the head for beams with asym-

metric current profiles are found to be beneficial for higher

SNR. With proper beam LPS manipulation, the decreased

bandwidth and improved SNR can bring an increase in

spectral brightness and purity.

This paper is organized as follows. In Sec. II we

present a general theoretical analysis for the HXRSS

FEL bandwidth and SNR study with FEL simulations

carried out with ideal electron beams. In Sec. III we

present start-to-end simulations for the European XFEL.

We show experimental results in Sec. IV and summarize

in Sec. V.

II. THEORETICAL ANALYSIS AND SIMULATION

WITH IDEAL CASES

In this section, we study the spectral bandwidth and the

SNR of HXRSS FEL pulses from ideal electron beams.

FEL simulations in this paper are carried out with GENESIS

1.3 [28]. Spectral bandwidth is closely related to the elec-

tron energy profile: linear energy chirps will mainly cause

the central wavelength to shift, while nonlinear chirps will

broaden the bandwidth. A flat electron beam energy profile

is desired for the realization of a nearly Fourier-transform-

limited bandwidth in HXRSS FELs. SNR is found to be

related to the beam current profile with an optimized delay,

and when the peak current is located at the head, the SNR

tends to be larger for HXRSS FELs.

A. Electron beam energy profile impact on HXRSS

FEL bandwidth

The free-electron lasing process can be initiated in dif-

ferent ways, such as, by electron shot noise (SASE), an

incident seeding light wave, a periodic charge density

modulation, or energy modulation of the electron beam.

During continuous interaction with the electron beam

along the undulator, radiation is amplified in the high-gain

lasing process, where the resonant central wavelength λr is

λr =
λu

2γ 2

(

1 +
K2

2

)

, (1)

with λu the undulator period, K the undulator parameter,

and γ the electron Lorentz factor. For an FEL operated

in SASE mode, the relative spectral bandwidth near sat-

uration is on the order of �λ/λr ∼ ρ, with ρ the FEL

parameter (Pierce parameter), which is typically on the

order of 10−3 for the hard-x-ray case. For seeded FELs,

the bandwidth can be decreased by at least one order of

magnitude due to the improved longitudinal coherence of

the seed signal, resulting in high spectral density radiation.

The energy detuning tolerance for seeded FELs is esti-

mated to be �γ/γ ∼ ρ/2. The longitudinal dispersion of

the undulator is

R56,undu(z) = −
z

γ 2

(

1 +
K2

2

)

, (2)

with z the propagation distance in the undulator. At the

beginning of the final seeding amplification stage, the elec-

tron beam develops microbunching with a period that is

the same as the seed wavelength λr. However, if there is

a correlated electron beam energy chirp, the bunching dis-

tance can be modulated during the lasing process due to

the undulator longitudinal dispersion. Given a linear chirp

of α = dδ/ds, where δ = (γ − γ0)/γ0 is the electron frac-

tional energy offset, γ0 is the reference Lorentz factor, and

s the longitudinal coordinate along the electron beam (the
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(a) (b)

(c) (d)

(e) (f)

FIG. 1. Simulation results for ideal beams with different

energy profiles. Beam head is assumed to be towards the right in

this paper. (a),(b) Initial (solid curves) and final (dashed curves)

beam slice energy distribution. (c),(d) Radiation power profile.

(e),(f) The corresponding normalized spectra.

beam head is assumed to have a larger positive s value

than the beam tail in this paper), the modulated bunching

distance can be expressed as

λM = λr(1 − αR56,undu), (3)

which is also the modified radiation wavelength. The mod-

ulation in Eq. (3) corresponds to a frequency shift, which

will increase (with α < 0) or decrease (with α > 0) the

original target photon energy Eph by an amount around

�Eph = αR56,unduEph. When the correlated electron beam

energy chirp is nonlinear, different lasing parts will cause

different photon energy shifts, which can finally result in a

broadening of the seeded FEL spectrum.

Figures 1 and 2 show the FEL simulation results for

seeded FEL with a target central photon energy of Ec =

9 keV using an ideal beam and ideal seeding radiation

with a flat power profile for different electron energy pro-

file configurations. All ideal beams have a central beam

energy of Ee = 16.3 GeV, and a 5-kA flat-top current pro-

file with a length of 28 µm. The spectra are shown at the

position near saturation without undulator tapering.

For different linear chirps of 0, 2, and 4 MeV/µm,

namely, δ = αi(s − s0) with s0 = 14 µm, α0 = 0 m−1,

α1 = 125.4 m−1, α2 = 250.8 m−1 (indicated by Chirp0,

Chirp1, Chirp2, respectively), the lasing windows and the

(a) (b)

(c) (d)

FIG. 2. Wigner distributions for seeded free-electron lasers

with different electron beam energy profiles.

spectra are different. With a larger linear chirp, the las-

ing window is shorter due to the constraint on energy

detuning. The lasing window is directly shown by the radi-

ation power profile in Fig. 1(c) and indicated by the beam

slice energy loss shown by the dashed curves in Fig. 1(a).

When there is no energy chirp, the seeded FEL spectrum

has the same central photon energy as the seed. However,

with a linear energy chirp, the central photon energy of

the amplified seeded spectrum shifts. A positive chirp will

cause the microbunching period to stretch, resulting in a

lower photon energy. The spectral shifts at z = 55 m for

Chirp1 and Chirp2 are about −0.21 and −0.41 eV from

the simulation. The undulator dispersion is estimated to be

R56,undu = 0.32 µm from Eq. (2) and we get �Eph = −0.37

and −0.74 eV for these two chirp values according to

Eq. (3). During the photon energy modulation, the gen-

erated radiation will lag the shift process; therefore, the

obtained central photon energy deviation from simulation

is less than that obtained from Eq. (3). This phenomenon

is similar to that found in a soft-x-ray seeded FEL study

that found the effective undulator dispersion to be only

two-thirds of R56,undu [26]. Here, the effective undulator

dispersion is about one-half of R56,undu. The shifted seed-

ing spectra also have a broadened bandwidth, as shown

in Fig. 1(e). The spectrum FWHM bandwidth increases

from 0.04 eV for Chirp0 to 0.08 eV for Chirp1 and to

0.17 eV for Chirp2. This is mainly caused by the lasing

window being shrunk due to detuning effects. Addition-

ally, the beam energy loss during the lasing can modify

the correlated energy chirp, as shown by the dashed curves

in Fig. 1(a), which may slow down or speed up the shift

for different lasing parts, explaining the small spikes in

Fig. 1(e). The modified correlated energy chirp also results

in an asymmetry for the power profile with a longer lasing

window in the tail in Fig. 1(c).
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For an energy profile with a nonlinear chirp, parabolic

shapes with δ = αi(s − s0)
2, α3 = 1.25 × 107 m−2, α4 =

5.02 × 107 m−2 (indicated by Chirp3 and Chirp4), are

considered in the simulations, as shown in Figs. 1(b),

1(d), and 1(f). Since these parabolic energy profiles have

symmetric lasing parts with continuously changing chirp

values within the lasing window, the resulting power pro-

files and spectra are symmetric. The spectral bandwidth

increases from 0.04 eV for Chirp0 to 0.3 eV for Chirp3

and to 0.6 eV for Chirp4.

In contrast with Chirp1 and Chirp2, the bandwidth

increases for Chirp3 and Chirp4 are quite large and this is

caused mainly by the frequency chirp within the radiation

pulse, where the shortening of the radiation pulse due to

the shrunk lasing window plays only a minor role. Detailed

seeded FEL radiation analysis is shown in Fig. 2 from the

Wigner distribution [29,30]

W(t, ω) =

∫

∞

−∞

E(t + τ/2)E∗(t − τ/2)e−iωτ dτ , (4)

which is widely used in the FEL community for time-

frequency analysis of electric field E(t) [31–34]. We can

see clearly from this time-frequency analysis how the

photon energy is modulated along the beam slices. The

corresponding power profile and spectra (shown in Fig. 1)

are projections of the Wigner distribution on the time axis

and frequency axis, respectively. For the case with no

chirp [Fig. 2(a)], the radiation has a stable amplified signal

with the same wavelength as the seed over the whole of

the beam’s longitudinal axis; when projected onto the fre-

quency axis, the spectrum shows a narrow bandwidth and

no shift for Eph. For case with a linear chirp α1 [Fig. 2(c)],

the Wigner distribution shifts along the frequency axis

towards lower Eph values with a shrunk lasing window.

For an electron beam with a parabolic energy profile, the

Wigner distribution [Figs. 2(b) and 2(d)] presents a linear

tilt, since the photon energy shift (�Eph) is proportional to

the chirp value, which changes linearly along the beam’s

longitudinal axis. When projected onto the frequency axis,

the spectral bandwidth is broadened considerably.

The linear electron beam energy chirp will mainly cause

a frequency shift for the seeded FEL and the nonlinear

energy profile will usually induce a spectral bandwidth

increase, both of which can introduce a reduction in the las-

ing window, causing less efficient FEL performance with

lower pulse energy. Electron beam energy chirps should

be avoided for the realization of seeded FELs with stable

central photon energy and high spectral density. Multi-

ple spectral spikes may appear if the nonlinear energy

profile has an abrupt chirp change rather than a smooth

change for different beam parts. An extreme example is a

V-shaped energy profile, which may cause the spectrum to

split into two spikes. Spike number analysis can therefore

serve as an indication of the energy profile smoothness and

(a) (b)

FIG. 3. Different current profiles used for ideal beam simula-

tions.

we will adopt this method for spectral data analysis later.

Fine-tuning the electron LPS for the main lasing part is

important for seeded FELs and a flat energy profile is a

prerequisite for a Fourier-limited seeded FEL realization.

B. Electron beam current profile impact on HXRSS

FEL SNR

Another important parameter for seeded FELs is the

SNR value. The seed signal in many HXRSS FELs is

generated by filtering SASE radiation through a diamond

crystal in transmission geometry. This leads to a seeding

wake following the main SASE pulse with a decreasing

intensity. The delay is fine-tuned to get a good overlap

between the seeding wake and the electron bunch in the

final amplification stage. If the delay is too small, there is

a high chance that a non-negligible part of the beam will

overlap with the leading SASE. If the delay is too large,

the seeding wake may be too weak to lead to efficient

amplification. One cannot increase the impinging SASE

pulse energy too much to get a higher seeding wake, since

this may spoil the beam during the SASE stage and even

cause a heat load issue in the crystal. Therefore, there is

a trade-off between seeding strength and seeding purity.

A cascaded HXRSS FEL configuration is one solution to

improve the SNR while controlling the heat load [17,18].

Here we study the control of the SNR for HXRSS FELs

via beam current profile manipulation, and we find a higher

SNR is obtained when the peak current is located towards

the head for asymmetric current profiles.

We consider different current profiles, as shown in

Fig. 3: a Gaussian profile, a flat-top profile, and half-

Gaussian profiles with the current peak located at the head

and tail (indicated by Center, Flat, Head, and Tail, respec-

tively). All current profiles have a peak current of 5 kA,

bunch charge of 250 pC, and an ideal flat electron beam

energy profile with central beam energy of Ee = 16.3 GeV.

The SASE pulse generated in the first stage has a pulse

energy around 30–40 µJ for all cases. A 100-µm-thick

diamond crystal with (110) cut and (004) reflection plane

is used for monochromatization at a target photon energy

of 9 keV. The delay is optimized separately to achieve

the highest peak spectral intensity at a location near the

saturation position in the final seeding amplification stage.
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(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

(m) (n) (o) (p)

FIG. 4. Time-frequency anlysis for a self-amplified spontaneous emission pulse with trailing wake just after the monochromator

for cases with different current profiles. (a)–(d) Power profile. (e)–(h) Wigner distribution with similar colormap as in Fig. 2. (i)–(l)

Continuous wavelet transform. (m)–(p) Short-time Fourier transform. The brighter regions show higher values in (i)–(p).

Time-frequency analyses are carried out to find the opti-

mal delay considering the trade-off between seeding signal

strength and purity. We empirically find that the Wigner

distribution is suitable for pulses with a relatively homo-

geneous power distribution. However, for pulses with a

drastically changing power profile, like the filtered SASE

pulse trailed by a long weak wake, the time-frequency

description from the Wigner distribution can suffer from

the interference [35] between the weak wake and strong

leading SASE pulse. In addition to the Wigner distribution,

we carry out two other time-frequency analyses, contin-

uous wavelet transform [35–37] and short-time Fourier

transform, for the filtered pulses with different current pro-

files, as shown in Fig. 4. Here, the continuous wavelet

transform is obtained using the analytic Morse wavelet

with the symmetry parameter of 9, the time-bandwidth

product value of 360, and 40 voices per octave. The short-

time Fourier transform is obtained using a square window

with a window length of 3 µm. The time-frequency con-

tents are visually blurred near both ends of the wake

for the Wigner distribution, as shown by Figs. 4(e)–4(h),

while continuous wavelet transform [Figs. 4(i)–4(l)] and

short-time Fourier transform [Figs. 4(m)–4(p)] are unaf-

fected and can present where the seeding dominates over

the SASE background.

For these ideal beams (Center, Head, Tail, and Flat

cases), the SASE generated from the first stage inherits the

current profile, and the seeding wake comes from convolu-

tion between the SASE pulse and crystal impulse response.

When the peak current is at the head and the seeding signal

from the strong SASE at the head dominates over the weak

SASE close to the tail, the beam slice will have a seed-

inglike spectrum, as shown by Figs. 4(b), 4(j), and 4(n).

Therefore, in this case, the delay does not need to be as

large as the SASE pulse length (30 µm here) to guar-

antee both satisfactory seeding wake strength and purity.

When the peak current is at the tail, the SASE is strong at

the tail and the seeding wake from the front SASE slices

is weaker, hence a clean seeding signal is only observed

totally out of the SASE pulse range, as shown by Figs. 4(c),

4(k), and 4(o). In this case, if one wants the whole elec-

tron beam to overlap with the seeding wake with high

purity, the delay should be at least as large as the SASE

pulse length (30 µm here). When the delay is smaller than
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(a) (b)

FIG. 5. Hard-x-ray self-seeded free-electron laser perfor-

mance at the final seeding amplification stage before saturation

for ideal beams with different current profiles. Data sets are aver-

aged over 50 simulation runs. (a) Peak spectral density evolution

along the undulator. (b) Signal-to-noise ratio (SNR) evolution

along the undulator.

the SASE pulse length, there will be overlap between the

strong SASE part and the low current beam part, present-

ing a severe trade-off between the seeding wake strength

and purity. When the beam has a Gaussian profile, the

seeding signal will dominate over the SASE at the SASE

tail [Center case, Figs. 4(a), 4(i), and 4(m)], similar to the

case of the Head, but with a position further down towards

the tail. When the current profile has an ideal flat top, the

seeding signal purity is similar to the case with the peak

current at the tail, but here the SASE pulse is much shorter

(15 µm here), as shown by Figs. 4(d), 4(l), and 4(p), and

with this relatively small delay, both strength and purity

requirements can be met for the seeding wake.

The delay is optimized to achieve the highest spectral

density in FEL simulations for individual cases with differ-

ent current profiles: 17.5 µm for Center, 20 µm for Head,

25 µm for Tail, and 15 µm for Flat. The seeding ampli-

fication process before saturation is shown in Fig. 5. It

can be seen that Flat case has the highest peak spectral

density and the highest SNR. The Tail and Center cases

have the lowest peak spectral density, while the Center

case has a higher SNR in the later stage than the Head

case. For asymmetric current profiles, the Head case dom-

inates over the Tail case for both peak spectral density and

SNR.

III. START-TO-END SIMULATION

In reality, it is challenging or even impossible to obtain

a perfectly symmetric flat current profile with a flattened

energy profile. Collective effects, such as space-charge

effects, coherent synchrotron radiation, and wakefield

effects will have a large impact on the beam quality dur-

ing beam acceleration and compression along the transport

system. Here we show start-to-end simulation studies for

HXRSS FELs at the European XFEL. The European XFEL

is an x-ray FEL facility based on a superconducting lin-

ear accelerator [38,39]. A HXRSS system is installed in

the SASE2 beamline with the possibility of a cascaded

HXRSS FEL setting to mitigate heat load issues for low

photon energy and high-repetition-rate operation [14,17,

18,40,41]. A schematic layout for the European XFEL with

the SASE2 beamline is shown in Fig. 6. The gun is fol-

lowed by the energy booster (A1), linearizer (AH1), laser

heater (LH), dogleg (DL), three bunch compressors (BC0,

BC1, BC2) with three interleaved acceleration sections

(L1, L2, L3), the collimation section (CL), and the beam

switchyard arc to transport selected electron bunches to

the SASE2 beamline, where a cascaded HXRSS FEL sys-

tem is installed. There is also a passive streaker system for

the longitudinal phase space measurement downstream of

SASE2 [42].

Here we follow the start-to-end simulation studies from

Refs. [43–46]. We denote the electron energy offset at the

gun exit as δ0 = (E − E0)/E0 = δ′

0s + δ′′

0 s2/2 + δ′′′

0 s3/6,

with particle energy E, reference particle position s = 0,

and reference energy E0. With a nominal setting for the

bunch compressors, we tune the voltage (VA1, VAH1, VL1,

VL2) and phase (φA1, φAH1, φL1, φL2) of A1, AH1, L1,

and L2 to control the electron beam LPS evolution. There

are other parameter sets describing the acceleration and

compression process that are equivalent to these eight rf

parameters. The first parameter set is (E1, E2, E3, Z1, Z2,

Z3, Z ′

3, Z ′′

3 ) [43,46], where (E1, E2, E3) are the reference

electron energies at bunch compressor entrances, (Z1, Z2,

Z3) are global inverse compressions (Zi = ∂si/∂s with si

the particle longitudinal position within the beam at the

ith compressor exit, s the initial position at the gun exit),

Z ′

3 = ∂Z3/∂s and Z ′′

3 = ∂2Z3/∂s2 are first- and second-

order derivatives of the inverse global compression Z3.

Another equivalent set is (E1, E2, E3, α1, α2, α3, Z2, Z3)

[44,45], where (α1, α2, α3) are the first (chirp), second

(curvature), and third (skewness) derivatives of the frac-

tional energy offset at the exit of AH1, namely, δAH1 =

(E − E1)/E1 = α1s + α2s2/2 + α3s3/6. (E1, α1, α2, α3)

are equivalent to (VA1, φA1, VAH1, φAH1). The last accel-

eration section L3 is tuned to a crest and the final electron

energy is set to 16.5 GeV here.

FIG. 6. Schematic layout for the European XFEL with SASE2 beamline.
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We use all three sets of parameters here for the LPS

manipulation study. It has been shown [43–46] that the

final electron beam energy profile can be controlled

effectively by tuning (α1, α2, α3) to modify the local lin-

ear and nonlinear chirps, and the current profile is closely

related to (Z3, Z ′

3, Z ′′

3 ), where Z3 is related to the peak cur-

rent value, and Z ′

3 and Z ′′

3 correspond to the current profile

symmetry. Theoretically, by optimizing α2 and α3 we may

flatten the energy profile, by tuning Z′

3 to a positive value

we may get the peak current located at the tail, and by tun-

ing Z ′

3 to a negative value we may get the peak current

located at the head. However, due to the collective effects,

the energy profile and current profile are closely correlated

with each other and it is quite challenging to optimize them

separately. We empirically find it is relatively easier to use

these two different parameter sets for energy profile tuning

and current profile tuning, respectively.

Start-to-end simulations are carried out with the multi-

physics software package OCELOT [47] in an iterative way,

and the optimized parameters are listed in Table I for four

cases (Case1–Case4) with different LPS distributions. LPS

and corresponding HXRSS FEL simulations each aver-

aged over 50 runs (with optimized delay and undulator

tapering) are shown in Fig. 7. Case1 and Case2 are cho-

sen to present the impact of different energy profiles on

the HXRSS bandwidth, while Case3 and Case4 are cho-

sen to present the impact of different current profiles on

the HXRSS SNR. Key parameters from the HXRSS FEL

simulations are listed in Table II. It is worth mentioning

that, in all these cases, the peak current is kept at around

the nominal value of 5 kA, which constrains the variation

range of different parameters.

For Case1 and Case2, as shown in the first two columns

in Fig. 7, we tune the curvature (330 m−2 for Case1 and

300 m−2 for Case2) and fine-tune the cubic coefficients

to get different energy chirps within the main lasing win-

dow. For Case1, the energy profile has a chirp with a value

range of −6.7 to 6.3 MeV/µm within the lasing win-

dow and the spectral bandwidth is 0.32 eV at z = 58 m

and 0.36 eV at z = 114 m. For Case2, the energy pro-

file is optimized to have a smaller chirp with a value

range of −3.9 to 5.9 MeV/µm and the spectral band-

width is 0.24 eV at z = 58 m and 0.28 eV at z = 114 m,

as shown in Figs. 7(m) and 7(n). The spectral bandwidth

in Case2 is smaller than in Case1 due to a smaller chirp,

which qualitatively agrees with the theoretical analysis

from Sec. II A.

By tuning the inverse global compression parameters

(Z3, Z ′

3, Z ′′

3 ) we get different distributions with the peak

current at the tail (Case3, Z′

3 = 1.92 m−1) and at the

head (Case4, Z′

3 = −2.93 m−1), as shown in the last two

columns in Fig. 7. We can see that having the peak cur-

rent at the head is better than at the tail for both SNR and

peak spectral density Imax: for Case3, the SNR is 2.22 and

Imax = 0.41 mJ/eV at z = 58 m and the SNR is 1.42 and

TABLE I. Start-to-end simulation parameters.

Parameter Case1 Case2 Case3 Case4 Unit

Electron beam

Charge 250 pC

E0 6.65 MeV

δ′

0 2.04 m−1

δ′′

0 −815 m−2

δ′′′

0 −150453 m−3

E1 130 MeV

α1 −7.91 −7.91 −7.91 −7.91 m−1

α2 330 300 420 270 m−2

α3 200108 150107 175105 175104 m−3

E2 700 MeV

E3 2400 MeV

Z1 0.3385 0.3354 0.3367 0.3370

Z2 0.0482 0.0478 0.0480 0.0480

Z3 0.0019 0.0025 0.0028 0.0028

Z ′

3 −0.86 −1.91 1.92 −2.93 m−1

Z ′′

3 4946 3666 3037 5025 m−2

E4 16500 MeV

Bunch compressor

R56,LH+DL+BC0 −85.78 mm

R56,BC1 −50.04 mm

R56,BC2 −29.91 mm

rf

VA1 203.08 176.91 191.11 188.60 MV

φA1 −44.23 −34.87 −39.41 −40.06 deg

VAH1 63.74 51.28 58.38 57.08 MV

φAH1 110.30 151.10 114.56 111.54 deg

VL1 658.22 658.15 658.28 658.14 MV

φL1 29.98 29.97 29.99 29.96 deg

VL2 1703.91 1706.78 1704.10 1708.72 MV

φL2 −1.90 −3.35 −2.75 −4.38 deg

Imax = 1.20 mJ/eV at z = 114 m; for Case4, the SNR is

3.46 and Imax = 1.39 mJ/eV at z = 58 m and the SNR is

2.09 and Imax = 4.58 mJ/eV at z = 114 m. Here we note

that when the peak current is at the tail, an extra large chirp

(with a chirp value range of −10.8 to 6.2 MeV/µm) is

introduced during the transport in the beam switchyard arc

due to the collective effects [48–51], resulting in a larger

spectral bandwidth. Beam transport through the arc intro-

duces additional transverse kicks, which are particularly

pronounced in Case3. This results in a reduced lasing win-

dow and, consequently, lower pulse energy, as illustrated

in Figs. 7(g) and 7(o).

We list detailed parameters for these four cases in

Tables I and II for comparison. These parameters also con-

firm the complexity of the close relationship between the

electron beam energy profile and current profile, which

together have a complicated impact on the HXRSS FEL

performance. In Sec. II, we use ideal beam distributions

to show how the energy and current profiles separately

affect spectral bandwidth and SNR. However, start-to-

end simulations show how these factors are correlated,
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(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

(m) (n) (o) (p)

FIG. 7. Longitudinal phase space (LPS) and hard-x-ray self-seeded free-electron laser simulation results (averaged over 50 runs

each) for four different cases (Case1 to Case4, corresponding to the four columns, respectively). (a)–(d) Initial LPS distributions

(current profiles and relative electron beam slice center energy profiles) at the SASE2 undulator entrance. (e)–(h) Beam slice energy

spread change after lasing, which indicates the lasing window, and the electron beam energy chirp calculated from the derivative of

the initial energy profile from the first row. (i)–(l) Signal-to-noise ratio (SNR) and peak spectral density evolution along the undulator

in the final seeding amplification stage with optimized taper setting. (m)–(p) Spectral density at the position where the SNR has a

maximum value (the black dashed curves) and at the undulator exit where the peak spectral density reaches maximum values (the solid

red curves), here Ec = 9 keV.

simultaneously influencing both the bandwidth and SNR.

This correlation is particularly evident in Case3 and Case4,

as shown in Fig. 7, where the energy chirp and current

TABLE II. HXRSS FEL simulation results (averaged over 50

runs for each case). Here, the C(004) reflection plane is cho-

sen for the monochromator crystal, the impinging energy is the

averaged SASE pulse energy impinging on the crystal, z1 is the

approximated longitudinal position along the undulator in the last

seeding amplification stage where the SNR has its largest value,

z2 corresponds to the undulator exit.

Parameter Case1 Case2 Case3 Case4 Unit

Impinging energy 38 37 26 32 µJ

Delay 10 10 12.5 10 µm

z1 58 m

Pulse energy 0.52 0.79 0.32 0.61 mJ

Imax 0.71 1.84 0.41 1.39 mJ/eV

SNR 1.77 3.84 2.22 3.46

Bandwidth 0.32 0.24 0.40 0.28 eV

z2 114 m

Pulse energy 2.55 3.25 1.32 2.77 mJ

Imax 2.14 5.71 1.20 4.58 mJ/eV

SNR 0.97 2.36 1.42 2.09

Bandwidth 0.36 0.28 0.44 0.28 eV

profile collectively impact the HXRSS FEL spectrum’s

bandwidth and SNR. Although the current profile in

Fig. 7(a) is flat, the seeded lasing performance is not the

best. The relatively wide bandwidth is due to the large elec-

tron beam energy chirp, while the small SNR suffers from

the limited delay in order to have sufficient amplification

to get a high peak spectral density. Case2 and Case4 both

have their peak current at the head and they have similar

HXRSS FEL performances, which are better than in the

other two cases, either with the peak current at the tail or

with a flat current profile.

In this section, we show from start-to-end simulations

for the European XFEL SASE2 beamline that it is advan-

tageous to have a relative flat energy profile with a peak

current located at the head for HXRSS FEL applications.

Cases with a peak current located at the head may give

us seeding wake with a higher strength and higher purity.

In addition, with the peak current at the head, there is

less of a kick from the beam switchyard arc, hence the

lasing window can be longer compared with cases that

have the peak current at the tail. With these optimiza-

tions, the amplified HXRSS FEL spectra can have a higher

spectral density with narrower bandwidth and improved

SNR.
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(a) (b) (c)

FIG. 8. Electron beam analysis from passive streaker measurements. (a),(b) Current profile and beam slice center energy for Curva-

ture1 and Curvature2, respectively. (c) Beam energy chirp calculated from (a),(b); the maximum chirps are denoted by dot and star,

respectively.

IV. EXPERIMENTAL RESULTS

A HXRSS FEL system was installed at the SASE2

beamline at the European XFEL in 2019 and the user deliv-

ery of the HXRSS FEL started in 2021. Our experiments

are carried out at this setup.

Experimental results for controlling the HXRSS FEL

bandwidth via manipulation of the electron beam energy

chirp by tuning the curvature of the injector section are

shown in Figs. 8 and 9. The LPS is measured with the pas-

sive streaker installed downstream of the SASE2 undulator

[42]. HXRSS spectral bandwidth is closely related to the

electron beam energy chirp within the lasing window. As

shown by Fig. 8, in the case with the unoptimized injector

curvature of 180 m−2 (indicated by Curvature1), the non-

linear chirp has a maximum value of 13.0 MeV/µm. After

tuning the injector curvature by decreasing it by 26 m−2

down to 154 m−2 (indicated by Curvature2), the maximum

chirp value decreases to 9.3 MeV/µm. The undulator lon-

gitudinal dispersion for the final seeding amplification part

is estimated to be R56,undu = 0.48 µm and the reference

electron beam energy is 16.5 GeV; therefore, the maxi-

mum local photon energy shift is estimated to be �Eph =

−4.16 eV for Curvature1 and −2.98 eV for Curvature2

according to Eq. (3).

(a) (b) (c)

(d) (e) (f)

FIG. 9. Hard-x-ray self-seeded free-electron laser spectrum analysis for Curvature1 (first row) and Curvature2 (second row). The

central photon energy is Ec = 10 872 eV for both cases. (a),(d) Consecutive 1000 spectra (colored by normalized spectral intensity).

(b),(e) Averaged (red curves) and single-pulse (gray curves) spectra. (c),(f) Spectral spike statistics analysis for the 1000 pulses.
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Spectrum analyses for these two cases are shown in

Fig. 9. We see that with the injector curvature optimized,

the averaged spectral bandwidth decreases from 3.0 eV for

Curvature1 down to 1.9 eV for Curvature2, and the peak

spectral intensity increases accordingly (36 µJ/eV for Cur-

vature1 with a pulse energy of 248 µJ, and 66 µJ/eV for

Curvature2 with a pulse energy of 318 µJ). It should be

noted here that the spectrometer resolution is rather low

(0.6 eV/pixel) for this experimental study and the seed-

ing performance is not fully optimized due to limited beam

time. For reference, the typical spectrometer resolution is

0.2–0.3 eV/pixel, and the spectral density can be optimized

up to 1 mJ/eV with a bandwidth of around 0.8 eV [14].

If the beam energy profile has some abrupt change with

two or more dominating parts having different linear chirps

within the lasing window, multiple spikes due to differ-

ent photon energy shifts may appear in the spectrum, as

shown by some gray curves in Fig. 9(b), so the spectrum

spike number statistics, in addition to the averaged spec-

tral bandwidth, can give us hints about the nonlinearity of

the correlated energy chirp. We can see from Figs. 9(c)

and 9(f) that the single spike events ratio increases from

46% in the case of Curvature1 to 88% in the case of Cur-

vature2. Central photon energy shifts for the single pulses

in Fig. 9(b) are larger than those in Fig. 9(e), qualitatively

agreeing with theoretical analyses using chirp values from

Fig. 8.

Examples of SNR control can be found from two con-

secutive user delivery weeks, where we experimentally

observed seeding performance with different SNRs due to

the different current profiles. The examples are shown in

(a) (b)

(c) (d)

FIG. 10. (a),(b) Electron beam current profile and mean beam

slice center energy reconstructed from the passive streaker mea-

surements for two experiments. The shaded area shows the lasing

window derived from the slice energy spread difference between

seeded lasing on and free-electron laser (FEL) disabled. (c),(d)

Averaged (over 1000 pulses) hard-x-ray self-seeded FEL spectra

corresponding to (a),(b), respectively. The central photon energy

is Ec = 8573 eV (c) and Ec = 10 605 eV (d).

Fig. 10, where the shaded area is derived from the pas-

sive streaker measurement showing the lasing window. We

see that the electron beam has the peak current at the tail

within the lasing window in Fig. 10(a) and the correspond-

ing averaged spectrum in Fig. 10(c) has a small SNR of

2.83. The electron beam with a peak current at the head

within the lasing window is shown in Fig. 10(b) and the

corresponding averaged spectrum in Fig. 10(d) has a larger

SNR of 4.79. Meanwhile, one can also see that the SASE

background in Fig. 10(c) is located on the higher photon

energy side, which agrees with the start-to-end simulation

in Fig. 7(o). This is due to the fact that, in the case with

the peak current at the tail within the lasing window, even

with a relatively large delay [delay values are optimized

to maximize the peak spectral density and it is 38 fs for

the case shown in Fig. 10(a) compared with 16 fs for the

case shown in Fig. 10(b)], the head part with a slightly

higher energy is still overlapping with the SASE gener-

ated upstream of the chicane and continues to amplify it in

the final seeding amplification stage. These experimental

results confirm our theoretical analysis.

V. SUMMARY AND OUTLOOK

The increasing user demands for bandwidth and SNR

control in HXRSS FELs have driven the need for a com-

prehensive understanding of the impact of electron beam

current and energy profiles on the seeding properties. In

this paper, we investigate these two aspects both theoreti-

cally and experimentally. Our findings reveal a significant

dependence of HXRSS spectral bandwidth on the elec-

tron beam energy profile. Specifically, we observe shifts

in the central photon energy with a linear energy chirp and

broadened bandwidth with a nonlinear energy chirp during

the seeding amplification process. For HXRSS SNR con-

trol, we discuss a trade-off between seeding signal strength

and purity, which can be easily visualized by the time-

frequency analyses adopting continuous wavelet transform

and short-time Fourier transform. Moreover, we demon-

strate the benefits of a beam with its peak current located

at the head for asymmetric current profiles both in simula-

tions and in experiments. By optimizing the chirp, curva-

ture, skewness, and first- and second-order derivatives of

the inverse global compression, one can produce a desir-

able beam profile with the peak current favorably located

at the head, minimizing the energy chirp within the lasing

window and thereby achieving a narrower bandwidth and

larger SNR.

To achieve an even narrower nearly Fourier-transform-

limited spectral bandwidth, a longer lasing window for

seeded FELs can be adopted, such as with a high charge

operation mode, provided that a flat energy profile can

be maintained. Here it should be noted that this method

can work only with a relatively flat electron beam energy

profile and that the bandwidth decrease due to the longer
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lasing window will dominate over the bandwidth increase

due to the nonlinear energy chirp. It is worth mentioning

that the potential for further SNR enhancement through

proper tapering remains a subject for future exploration

and is outside the scope of this study. In addition, fur-

ther simulation studies incorporating additional param-

eters, such as the transverse slice center offset derived

from upgraded measurements, could help enhance the

performance of the HXRSS FEL.

Together with the properly tuned beam current profile

with its peak current located at the head, the increased peak

spectral density and purity may further promote the unique

advantage of HXRSS FELs and enable more demanding

applications requiring higher resolution. The methods for

HXRSS FEL bandwidth and SNR control presented in this

paper can not only help with tuning for existing HXRSS

FEL facilities to satisfy different user requests, but also

serve as a tool box for the design and development of

HXRSS FELs for future FEL facilities.
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