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The feasibility of generating X-ray pulses in the 4–8 keV fundamental photon

energy range with 0.65 TW peak power, 15 fs pulse duration and 9 � 10�5

bandwidth using the LCLS-II copper linac and hard X-ray (HXR) undulator

is shown. In addition, third-harmonic pulses with 8–12 GW peak power and

narrow bandwidth are also generated. High-power and small-bandwidth X-rays

are obtained using two electron bunches separated by about 1 ns, one to

generate a high-power seed signal, the other to amplify it through the process of

the HXR undulator tapering. The bunch delay is compensated by delaying the

seed pulse with a four-crystal monochromator. The high-power seed leads to

higher output power and better spectral properties, with more than 94% of

the X-ray power within the near-transform-limited bandwidth. Some of the

experiments made possible by X-ray pulses with these characteristics are

discussed, such as single-particle imaging and high-field physics.

1. Introduction

In this paper, we consider using the LCLS-II copper linac and

the variable-gap hard X-ray (HXR) undulator to implement

the double-bunch free-electron laser (DBFEL) concept (Ding

et al., 2010a; Geloni et al., 2010; Emma et al., 2017a). In the

paper by Emma et al. (2017a) the DBFEL was mainly studied

for the generation of high-power harmonics. In this paper we

study its use to increase the fundamental peak power and

X-ray brightness. We also compare the results with those of

other self-seeding methods, such as single-bunch (Amann et

al., 2012) and fresh-slice self-seeding (Lutman et al., 2016,

2018; Emma et al., 2017b), showing that the DBFEL gives the

highest peak power and brightness at LCLS-II.

The DBFEL is equivalent of having two FELs, the first to

generate a high-power, small-bandwidth, seeding signal and

the second to amplify it. The main advantage with respect

to other LCLS self-seeding schemes using a single bunch is

to have large seed power and pulse energy within a small

bandwidth, leading, as we will show in Section 6, to larger

output power and better spectral properties, and thus a large

improvement in the X-ray peak brightness of LCLS-II.

Comparing with fresh-slice self-seeding, DBFEL has the

advantage of using for the same pulse duration electron

bunches with a smaller charge and hence a smaller emittance.

This concept can be implemented in LCLS-II using two

bunches from the copper linac, separated in time by about

1 ns, and a four-crystal monochromator to delay the seed pulse

by the same amount of time. Using this scheme the seed signal

for the amplifier is an order of magnitude or more larger than

in other single-bunch self-seeding systems, an important

advantage leading to increased output power and improved
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longitudinal coherence, as we will show in this paper. The

HXR variable-gap undulator allows strong tapering and high

efficiency of energy transfer from the electron beam to the

radiation field. The acceleration of multiple bunches in the

linac, with variable time separation, needed for the double-

bunch system has already been achieved on the SLAC copper

linac (Decker et al., 2010).

In this paper, we first show the results of time-dependent

GENESIS (Reiche, 1999) simulations of the double-bunch

FEL using standard LCLS operating electron beam para-

meters. We compare, for the same beam parameters, the X-ray

pulse characteristics for the proposed DBFEL with those of

the single-bunch, single-crystal self-seeding system presently

in operation (Amann et al., 2012). The paper is organized as

follows. In Section 2 we consider in detail the DBFEL system

and the generation of the seed signal. In Section 3 we discuss

the amplifier section tapering strategy, in Section 4 the

monochromator design and properties, and in Section 5 the

system to generate the two bunches and control their relative

timing and energy. In Section 6 we present and discuss our

main results on the radiation generated in the range 4–8 keV.

In Section 6.3 we provide a quantitative comparison of

DBFEL with the existing fresh-slice technique, based on

experimental LCLS performance. Finally, in Section 7 we

discuss some of the applications made possible by the avail-

ability of near-TW X-ray pulses such as single-particle imaging

(Aquila et al., 2015; Sun et al., 2018b; Geloni et al., 2012). We

also consider the possibility of focusing the photons to a spot

size of 10 nm, smaller than the present value of 100 nm, for

high-field science. We notice that the power density obtained

with a 10 nm spot size is about 2 � 1023 W cm�2, and the

corresponding peak electric field value is 1015 V m�1.

This value is larger or comparable with that obtainable with

PW lasers becoming available in a few laboratories. Thus a

DBFEL would open the possibility of exploring high-field

science in the X-ray wavelength region, complimentary to PW

lasers in the micrometre wavelength region.

2. High-power double-bunch FEL

A schematic of a double-bunch FEL is shown in Fig. 1. In the

first undulator section we let the first bunch lase, generating a

large power, possibly reaching saturation. In the process the

bunch energy spread grows to the order of the FEL para-

meter, about 10�3, precluding its use in the amplifier section.

The second bunch goes through the first undulator section

with a large oscillation around the axis, produced by a trans-

verse electric field cavity, and does not lase, accumulating

negligible increase in its energy spread (Baxevanis et al., 2017).

At the exit of the first undulator section the first bunch is

kicked out, and the second bunch receives a counter kick to

move on axis in the following undulator. The radiation field

is filtered through a monochromator and delayed by a time

equal to the separation between the two bunches. The chicane

is then used for the electron beam to bypass the mono-

chromator crystals. At the entrance of the tapered undulator

section, the second bunch is seeded and amplified.

The two undulators, soft X-ray (SXR) and hard X-ray

(HXR), will be available for LCLS-II and are shown in Fig. 2.

Their main properties are given elsewhere (Nuhn, 2011; Stohr,

2011; Lauer et al., 2018) and summar-

ized in Tables 1 and 2. We consider only

the HXR undulator, with 32 sections,

undulator period 2.6 cm, section length

340 cm, variable gap with an undulator

parameter in the range of 2.4 to less

than 1. The gap height can be adjusted

longitudinally, giving a magnetic field

change of up to 1% from the entrance

to the exit and allowing for a smooth

tapering profile (Nuhn, 2011). The

separation between undulator sections

is 60 cm, and two sections, 24 and 32,
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Figure 1
Schematic of a double-bunch LCLS-II undulator operation.

Figure 2
Schematic of LCLS-II variable-gap undulators. We propose to use the hard X-ray (HXR) undulator in the double-bunch configuration, inserting a four-
crystal monochromator in section U24 (Nuhn, 2011).



have a chicane for the electron beam and can be used to insert

a single-crystal or a multiple-crystals monochromator. To

minimize changes in the LCLS-II layout, we assume a four-

crystal monochromator to be placed in section 24, use the first

seven sections to generate the seed signal in a SASE mode and

the remaining sections, U25 to U50, to amplify the seed. The

general characteristics of the copper linac, based on the

operational experience of LCLS, are given in Table 1.

We assume that the linac generates a flat current profile

bunch (Ding et al., 2016) to optimize the FEL performance.

This is done by starting with a larger charge and bunch length

and cutting its central part with collimators in the linac bunch

compressor. In the case of Table 3 one starts with an 80 pC

charge, reduced to 60 pC after collimation. The emittance,

which depends on the charge, is evaluated at 80 pC to be

0.35 mm (Ding et al., 2010b) and we increase this value to

0.4 mm in Table 3, to be on the conservative side. Note that for

a later comparison with the double-slice FEL we use a bunch

charge of 180 pC, corresponding to an initial charge of 240 pC

and a normalized emittance of 0.6 mm.

We consider first the SASE undulator and evaluate the

power gain length and peak power for two different energies

and undulator parameter varying between 1 and 2.4. The

results, obtained using Ming Xie’s code (Xie, 1995, 2000)

and for the electron beam parameters of Table 3, are shown in

Figs. 3 and 4.

Using the first seven undulator sections to generate the

seed, the useful undulator length is 23.8 m. It is possible to

extend the photon energy range where SASE saturation is

reached by moving the monochromator to section U27 or

later; see Figs. 3 and 4. However, in this paper, we first discuss

the LCLS-II performance without making any hardware

changes and considering initially lasing in the range 4–8 keV,

without reaching saturation in the initial SASE undulator

section. The peak power profile, bunching and energy spread,

in the first seven SASE undulator sections, U17 to U23, is

obtained by running GENESIS in the time-dependent mode;

see Figs. 5 and 6.

The peak power at the SASE undulator exit, which was

used to evaluate the seed signal, is 6 GW at 4 keVand 350 MW

at 8 keV, as shown in Figs. 5 and 6. An alternative setup where

the monochromator is located at the U32 section, as shown

in Fig. 2, can be used to increase the SASE power at satura-

tion, and therefore provide a much larger seed signal. In this

paper, we mainly discuss the first case, which requires the

fewest modifications to the present LCLS-II design.

3. Undulator tapering strategy

In this section, we discuss how to optimize the tapering of the

magnetic field in the amplifier section of the undulator, in

research papers

J. Synchrotron Rad. (2019). 26, 635–646 Aliaksei Halavanau et al. � LCLS-II hard X-ray pulses 637

Table 3
Beam parameters for the double-bunch FEL performance evaluation
at 4–8 keV.

Parameter Value

Electron beam energy, E 6.5–9.25 GeV
Peak current, Ipk 4 kA
Normalized transverse emittance, �"? 0.4 mm
Energy spread, �E 2 MeV
Average undulator beta, �? 10 m
Bunch charge, Q 60 pC
Bunch duration, � 15 fs

Figure 3
Power gain length as a function of photon energy for two different
electron beam energies, in MeV, and for an undulator parameter varying
between 1 and 2.4.

Figure 4
Saturation power as a function of photon energy for two different
electron beam energies, in MeV, and for an undulator parameter varying
between 1 and 2.4.

Table 1
Beam parameters of the LCLS copper linac.

Parameter Value

Electron beam energy, E 2.5–15 GeV
Electron bunch charge, Qb 0.02–0.3 nC
Final r.m.s. bunch length, �z 0.5–52 mm
Peak current, Ipk 0.5–4.5 kA
Normalized transverse emittance, �"? 0.2–0.7 mm
Energy spread, �E 2 MeV
Slice energy spread (r.m.s.), �Es

500–2000 keV

Table 2
LCLS-II undulator parameters.

Parameter SXR values HXR values

Undulator period, �u 39 mm 26 mm
Segment length 3.4 m 3.4 m
Number of effective periods per segment, Np 87 130
Minimum operating gap 7.2 mm 7.2 mm
Maximum Keff 5.48 2.44
Maximum operating gap 22 mm 20 mm
Minimum Keff 1.24 0.44



order to obtain a large energy transfer from the electron beam

to the X-ray pulse. We note that it has been the subject of

many studies since the seminal work of Kroll et al. (1981).

The magnetic field and the resonant phase  r are adjusted

in sections U25 to U50 to extract the maximum power using

a local step-by-step optimization method. The resonant phase

 r, undulator parameter K and beam

energy �mc2 are related by

mc2 d�

dz
¼ �

eEK

�
sin r; ð1Þ

where E is the electric field acting on the

electron. The beam energy and undu-

lator parameter are also related by the

synchronism condition

� ¼
�U 1þ K 2=2ð Þ

2�2
; ð2Þ

where � is the photon wavelength and

�U is the undulator period. The

approach described here focuses on an

a priori selection of the resonant phase

profile along the tapered section of

the undulator. With a pre-determined

variation of the resonant phase, the

change in the magnetic field can be

calculated at each z-location in the

undulator using the relationship (Pelle-

grini et al., 2016)

dK

dz
¼ �

e

mc2

2�

�U

JJðzÞEðzÞ sin r; ð3Þ

where JJ(z) is the difference of zeroth-

and first-order Bessel functions,

JJðzÞ ¼ J0

a2
w

2ð1þ a2
wÞ

� �
� J1

a2
w

2ð1þ a2
wÞ

� �
;

ð4Þ

and aw = K=
ffiffiffi
2
p

is a function of z in the

tapered section of the undulator. Here

we assume that the average phase and

energy of the electrons is the resonant

energy and phase. The algorithm we use

consists of computing the approximate

numerical solution of equation (3) with

the value of the electric field obtained

from the GENESIS simulation at each

z location. For the nth integration step,

we have

Knþ1 ¼ Kn þ �n En sin r;n ð5Þ

where

�n ¼ �
e

mc2

2�

�U

JJnðzÞ�z:

Since the electrons are distributed

across the bunch with non-zero radial

extent, the amplitude of the electric field E is approximated as

the field amplitude on-axis. Note that this approach is similar

to the approach adopted in GINGER’s code self-design taper

algorithm, which calculates the taper profile at each integra-

tion step for a pre-defined constant resonant phase (Fawley,

1995). Our method instead allows arbitrary variation of the

research papers

638 Aliaksei Halavanau et al. � LCLS-II hard X-ray pulses J. Synchrotron Rad. (2019). 26, 635–646

Figure 5
SASE section peak power, bunching, spectrum and energy spread for 4 keV photon energy. The
peak output power at the exit of U23 is 6 GW. The red curves are average values over many initial
noise distributions.

Figure 6
SASE section peak power, bunching, spectrum and energy spread for 8 keV photon energy. The
peak output power at the exit of U23 is 350 MW. The red curves are average values over many initial
noise distributions.



resonant phase along the undulator. This is similar to the

approach discussed by Mak et al. (2017), Sudar et al. (2016)

and Duris et al. (2015), but is not limited to expressing the

resonant phase in the form of a polynomial function, as they

assume in their papers.

The motivation for allowing arbitrary variation of  r along

the undulator is due to the fact that output power depends on

the trade-off between the energy loss due to the FEL inter-

action (d�/dz/ sin r) and the fraction of electrons trapped ft.

In the simplified 1D limit this can be expressed as PðzÞ /

ð ft sin rÞ
2. This scaling suggests that in the 1D approximation

the main trade-off when designing a tapered FEL is between

the number of electrons trapped in the stable decelerating

bucket and the speed at which the trapped electrons lose

energy to the radiation field (Schneidmiller & Yurkov, 2015).

This occurs in general because the trapping fraction decreases

as the resonant phase and the deceleration gradient increase.

The optimal performance is obtained by balancing these two

effects.

For the simple case of a constant resonant phase, the

optimal value of the resonant phase can be determined

analytically and found to be  r = 40� for a cold electron beam

and 20� for a warm beam (Brau & Cooper, 1979; Emma et al.,

2017c). Furthermore, for undulators much longer than the

Rayleigh length, the growth of the radiation spot-size during

the post-saturation region decreases the effective bucket area

in which electrons are trapped and continues to lose energy to

the radiation field. These considerations must be taken into

account when choosing a particular profile for the resonant

phase.

In general, the resonant phase is chosen to initially follow

an almost linear increase, followed by a slow growth around

the location of exponential saturation in an undulator.

Towards the end of the undulator the resonant phase can be

increased more rapidly to extract as much energy as possible

from the electrons. Although the trapping fraction decreases,

there is no interest in keeping electrons trapped beyond the

end of the undulator. An example of the magnetic field change

along the undulator and corresponding bunching factor of the

second bunch is shown in Fig. 7.

4. The four-crystal monochromator

A discussion about the four-crystal monochromator follows

that of Emma et al. (2017a) but instead considers photon

energies between 4 and 8 keV. The geometry is shown in Fig. 8.

The X-ray photons’ additional path length is given by

c�t ¼ 2h tan �; ð6Þ

where � is the Bragg angle and h is the lateral displacement.

For our monochromator crystals we choose diamond

(1, 1, 1) crystals. At 4 keV the Bragg angle is � = 48.8� and the

Darwin angle is 14.3 arcsec or about 71.5 mrad. This gives a

bandwidth of ��=� = tan�1 � d� ’ 7.1 � 10�5. The evaluation

of the X-ray additional path length as a function of the lateral

displacement h (see Fig. 8) is shown in Fig. 9. The reflectivity

curves are shown in Fig. 10.

Alternative choices of crystal material are silicon, which

has a bandwidth that is twice as large as that of diamond,

or germanium, which is charaterized by very wide reflectivity

window comparable with the SASE width. Both choices will

result in multiple SASE modes passed to the amplifier and

generate broader final spectral content (Lutman et al., 2017).

The SASE signal bandwidth is about 2 � 10�3 (see Fig. 5)

with 95% reflectivity and 7 � 10�5 bandwidth. The seed

power, starting from 6 GW peak power at the exit of the first

seven undulator sections, is reduced to 150 MW (efficiency of

2.5%). The seed power reduction at 8 keV is similar.

As shown in Table 4 and Fig. 10, the four-crystal mono-

chromator based on diamond (1, 1, 1) crystals covers the full

energy range from 4 to 8 keV with about the same photon

energy acceptance. It provides continued tunability of the

X-ray pulse in this energy range by rotating the crystals and
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Figure 8
Geometry of the four-crystal monochromator.

Figure 7
An example of an undulator K parameter profile along the undulator
length (top panel) and corresponding evolution of the bunching factor
(bottom panel) for 4 keV photons. The undulator parameter changes in
the range between 1.7 and 1.57. The resonant phase  r profile is plotted
with a solid line and changes between 0 and 60�.



simultaneously changing the lateral displacement h. Lower

photon energies would require a different choice of crystals.

5. Present double-bunch LCLS linac operation

The SLAC copper linac driving LCLS normally operates with

a single electron bunch per macropulse. It has been shown by

Decker et al. (2010) that multiple bunches can be generated

within the linac macro-pulse. The bunches are separated in

time by a multiple of the linac RF frequency, with small

variations useful to control their relative energy. In our study,

we consider two bunches separated by three RF cycles, or

1.05 ns. The bunches are created by sending two light pulses

from two independent lasers on the LCLS photo-injector

cathode. Their relative charge difference can be controlled to

about the 1% level and their individual time separation can be

adjusted with a precision of 0.07 ps. Longitudinal and trans-

verse wakefields generated by the first bunch act on the

successive bunch. The beam loading (or longitudinal wake-

field) is 70 V pC�1 m�1. For a 1 km-long RF linac and 60 pC

bunch charge, we expect the second bunch to be 4 MeV lower

in energy, or 0.07% at 6 GeV beam energy. This can be

compensated by having a 0.08� phase difference between the

two bunches in the second section, L2, of the linac [6 GeV �

(cos35� � cos35.08�) = 4 MeV]. The difference of 0.08% is

also compensated by timing the global RF pulse, since 0.08%

is about the ratio of the 1.05 ns separation divided by the

825 ns RF fill time. The transverse wakefield could be used to

give the second bunch a kick to oscillate around the axis, as

needed in the DBFEL scheme. However, for now we assume

for simplicity to use a separate transverse RF cavity to give the

transverse kick to the second bunch and to compensate the

linac wakefield if needed. The transverse effects are strong

and can reach orbit differences of 100 mm in the undulator,

which would inhibit lasing of the second bunch if not corrected

[see Fig. 3 of Decker et al. (2018)]. This separation due to

wakefields can be used to adjust it to the desired transverse

separation. Successful experiments have been carried out

using two bunches, such as the ‘probe–probe’ method [see

Table 1 of Decker et al. (2015)], where the photon energy is

exactly the same going through a monochromator.

6. DBFEL performance characteristics

In this section we discuss the characteristics of the X-ray pulse

at the seeded amplifier exit, for different photon energies, as a

function of the seed power. Our study is based on numerical

simulations using the 3D time-dependent code GENESIS.

Here we considered the LCLS-II HXR undulator with a step

of five undulator periods, evaluating K using equation (5). The

X-ray seeded amplifier power output and spectrum are eval-

uated for the cases of an initial seed signal equivalent to the

SASE noise, 10 kW, the case of a single electron bunch,

and using a DBFEL. The SASE noise signal of about 10 kW

represents the case when no monochromator is inserted, and

hence provides a baseline of X-ray power for the selected

tapering scheme.
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Table 4
Bragg angle, Darwin width and photon energy acceptance for diamond
(1, 1, 1) at 4 and 8 keV fundamental X-ray photon energy.

Eph

(keV)
Bragg
angle

Darwin
width
(mrad) �!/!

Efficiency
(%)

4 48.8 71 7.1 � 10�5 2.5
8 22.1 25 6.2 � 10�5 2.5

Figure 9
X-ray pulse delay in the four-crystal monochromator as a function of the
lateral crystal displacement, h. For 1 ns we obtain h = 13 cm at 4 keV (red
curve) and h = 37 cm at 8 keV (green curve).

Figure 10
Diamond (1, 1, 1) reflectivity curves at 4 keV (top panel) and 8 keV
(bottom panel) photon energy obtained using the XOP code (Sanchez del
Rio & Dejus, 2011).



We evaluated the DBFEL performance for 4 keV and

8 keV photon production, the two extremes of our range of

interest. For our studies, we selected the resonance phase

profile shown in Fig. 7, which can be analytically approximated

by  r(z) = 1.3538z � 0.0231z2 + 0.00017z3. Other ways to

optimize the resonant phase profile have been discussed by

Wu et al. (2017, 2018) and Tsai et al. (2018). Deep multi-

objective optimization of the DBFEL scheme will be the main

focus of a separate study. Hereafter we discuss the power

output of the DBFEL based on our tapering strategy.

Additionally, we also compare the power output with that

of an FEL operating in the 1D regime, driven by an electron

beam with negligible energy spread, the most favorable case,

given by (Yu & Wu, 2002)

PcohðzÞ ¼
Z0K2JJðzÞ

2
I 2

pkb2z2

32
ffiffiffi
2
p
	�2�2

; ð7Þ

where Ipk is the peak current and b is the bunching factor. In

this equation one assumes the peak current to be dependent

on z as Ipk = I0 ft(z), where ft(z) is the trapping fraction.

6.1. 4 keV photon case

Using the results of Sections 2 and 4 the seed power can be

as high as 150 MW when using two bunches and the four-

crystal monochromator. When we consider a single bunch the

seed power is limited to 5 MW to avoid an additional energy

spread increase.

The performance of the DBFEL for 4 keV photon

production is presented in Fig. 11. For the case of DBFEL we

obtain 650 GW peak power downstream of the amplifier,

which for the flat-top bunch with a duration of 15 fs yields

about 10 mJ peak energy. For the single-bunch case the power

is two times smaller, 320 GW. The power spectra for the two

cases and the power temporal profile along the bunch are

given in Fig. 12. Note that we have a flat profile along the

bunch, following our assumption, discussed in Section 2, that

the bunch current profile that we generate is flat. The noise

present in the power distribution along the bunch is due to the

growth of the SASE signal along the undulator due to the

intrinsic beam noise.

One can see that the four-crystal monochromator yields a

cleaner spectrum with relatively the same bandwidth. The

amount of power stored in the fundamental harmonic for the

DBFEL case is 92%, while for the single-bunch case it is about

82%. Correspondingly the temporal profile also improves for

the DBFEL case. In summary, the DBFEL provides X-ray

pulses with higher output peak power and more power stored

in the main harmonic.

The third and fifth harmonics of the spectra obtained from

non-linear harmonic generation are displayed in Fig. 13,

showing again the advantage of the DBFEL.
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Figure 11
Amplifier undulator peak power output at 4 keV as a function of z
compared with different seed power signals: 10 kW corresponds to the
SASE noise case, 5 MW is the single-bunch seed power, and 150 MW is
the maximum seed power for the two bunches case. The dashed line
corresponds to the coherent power value given by equation (7) for the
beam parameters provided in Table 3.

Figure 12
Power spectrum of 4 keV photons for the case of a single bunch (top
panel) and the DBFEL (middle panel). X-ray power profile in the time
domain (bottom panel).



6.2. 8 keV photon case

To establish the upper operating range of the DBFEL we

consider the case of 8 keV photon production. Placing the four

crystals at the U24 location the power output at the SASE

section is 350 MW, as shown in Fig. 6, and the seed signal at the

amplifier entrance is 5 MW. Moving the monochromator to

section U27 increases the seed signal to 150 MW. We note

that in this case for 4 keV photons we reach saturation and

generate a 30 GW SASE signal, corresponding to 750 MW

after the monochromator. We evaluated the DBFEL perfor-

mance under these conditions and found that it remains

essentially unchanged with respect to the case considered in

the previous section.

The results of the simulations for the 8 keV case are shown

in Figs. 14 and 15. For the 5 MW input seed case we obtain an

output power of 135 GW, and for the 150 MW seed we obtain

about 400 GW output power. When we account for

the amplifier being three sections shorter, we obtain about

350 GW of power; see Fig. 14. The spectral harmonics are

displayed in Fig. 15. For the case of a 150 MW input seed we

have about 6 GW of power stored in the third harmonic at

24 keV, after reducing the amplifier length by three undulator

sections. Finally, the power spectrum is presented in Fig. 16.

The amount of power stored in the fundamental harmonic for

the first case is 88% and for the latter case is 96%.

For the 8 keV case we have also evaluated the dependence

of the output power on the seed power, as shown in Fig. 17.

For the given beam parameters the output power starts to

saturate at around 50 MW, corresponding to a peak SASE

power of 2 GW, obtainable by moving the four-crystal

monochromator by only two undulator sections.

6.3. Comparison with double-slice self-seeding: energy
spread and emittance effects

To evaluate the effects of the energy spread and emittance

on the output power, we performed parametric scans for the

cases of 4 keV and 8 keV photons; see Fig. 18. The results, as
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Figure 13
Third and fifth harmonics of 4 keV photons power as a function of z in the
amplifier undulator for 5 MW (top panel) and 150 MW (bottom panel)
input seed power.

Figure 14
Amplifier undulator peak power output at 8 keV as a function of distance
z compared with different seed power signals: 10 kW corresponds to the
SASE case, 5 MW is the seed power for the four-crystal monochromator
at U24 and 150 MW for the four-crystal monochromator at U27. The
yellow arrow indicates the end of the HXR undulator in the latter case.
The dashed line corresponds to the coherent power value given by
equation (7) for the beam parameters provided in Table 3.

Figure 15
Third and fifth harmonics of the 8 keV photons power as a function of
distance z in the amplifier undulator for 5 MW (top panel) and 150 MW
(bottom panel) input seed power.



expected, are strongly dependent on these two parameters. We

notice that by decreasing the energy spread to 1.5 MeV or less

the output power becomes equal to the coherent power in

Figs. 11 and 14, proving this parameter to be of critical

importance in determining the DBFEL performance. Fig. 18

also provides a comparison of the proposed DBFEL scheme

with the existing double-slice single-bunch FEL (Emma et al.,

2017a), which already carries the brightness increase over

the single-bunch case. In the double-slice configuration, only

about one-third of the bunch is used to generate the SASE

signal and another one-third for the amplification process. The

remaining third of the bunch mostly contributes to the spectral

background by increasing the overall beam emittance and the

energy spread of the lasing slice (Craievich & Lutman, 2017).

To compare this case with the DBFEL we must triple the

charge from 60 pC to 180 pC, thus increasing the beam emit-

tance from 0.4 mm to 0.6 mm (Ding et al., 2010b). It can be seen

from Fig. 18 that such an increase significantly lowers the

X-ray output power, with respect to the DBFEL. Thus, with a

minor change in the HXR beamline at higher photon energies,

DBFEL far exceeds the double-slice FEL scheme. Alter-

natively, any possible enhancement in beam quality leads to

even better performance of the DBFEL.

6.4. Shot-to-shot power fluctuations

To estimate shot-to-shot power fluctuations of 8 keV X-rays

in our DBFEL setup we used the spectrum provided in Fig. 6

and the diamond (1,1,1) reflectivity curve shown in Fig. 10. To

convert the reflectivity curve into the frequency domain we

utilized the following relation, similar to Sun et al. (2018a),

�! ¼ �! cot �B��; ð8Þ
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Figure 16
Power spectrum of 8 keV photons for the case of 5 MW input seed (top
panel) and 150 MW input seed (middle panel) for the 8 keV photons.
X-ray power profile in the time domain (bottom panel).

Figure 17
Output X-ray power as a function of input seed power for 8 keV photons.

Figure 18
Output power as a function of transverse beam emittance (top panel) and
energy spread of the second bunch (bottom panel).



where �B is the Bragg angle. For the cases of 4 and 8 keV

photons we found the reflectivity window width to be similar

to the single SASE spike width. Thus, we also note that the

input seed signal can be assumed to be pseudo-Gaussian in

time. To perform our calculations, we convoluted the SASE

spectra and the crystal reflectivity curve directly for multiple

realizations of SASE. The simulation results are presented

in Fig. 19. As an effect of the tapering, the amplifier section is

a very high gain system and saturates quickly, as displayed in

Fig. 17. One can notice the significant fluctuations of the

resulting X-ray power, corresponding to the very narrow

bandwidth of the monochromator crystals.

The methods to reduce these fluctuations will be the topic of

our future studies.

6.5. AGU undulator

For comparison and to better understand the effects of the

undulator design, we also consider the possible use of the

Advanced Gradient Undulator (AGU) (Emma et al., 2016) as

a second stage in our DBFEL system with the same beam

parameters. In brief, the AGU is a proposed helical undulator

based on a superconductor magnet technology and specifically

designed for high X-ray power outputs. It is designed to have

short drifts between undulator sections and provide strong

electron beam focusing. We confine our studies to 8 keV

fundamental photon energy. In this regime, we also consider

two input seeds of 5 MW and 150 MW corresponding to

the aforementioned cases of self-seeding. We confirm, via

numerical simulations, that AGU, embedded in the LCLS-II

beamline, provides excellent X-ray output power in the multi-

TW region using the DBFEL scheme, even at the low input

power level, as one can see in Fig. 20. Note that the resonant

phase profile was similar to that displayed in Fig. 7.

7. Applications of tapered DBFEL

In this section we consider a few applications of the high-

power X-ray pulses generated in DBFEL. The applications

are of course not limited to the ones discussed below. More

applications will likely be developed once the system is in

operation.

7.1. Single-particle imaging

An X-ray pulse of 4 keV photons with 650 GW output

power and 15 fs pulse duration contains about 10 mJ of energy.

This value corresponds to about 1.5 � 1013 coherent photons

per pulse, a substantial increase with respect to what is

achievable today and large enough for single-particle imaging

(Aquila et al., 2015). At 8 keV, and assuming an output power

of 50 GW or larger, this number is reduced by a factor of three

to 5 � 1012 coherent photons per pulse. We want to remember

that our assumption on the beam characteristics are rather

conservative and any operational improvement would lead

to an even larger number of photons. It is also interesting

to remark that this number would be largely increased in

an AGU undulator. Lastly, we note that DBFEL can provide

enough coherent photons for potential inelastic X-ray scat-

tering experiments (Chubar et al., 2016).

7.2. Strong field electrodynamics

The development of very high power lasers at about 1 mm

wavelength, reaching the PW power region, has opened new

capabilities for high-field science. These opportunities have

been recently reviewed in a National Academy of Science
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Figure 19
Shot-to-shot power fluctuations of 8 keV fundamental energy photons
due to the SASE seed signal (top) and histogram of the power
fluctuations (bottom).

Figure 20
AGU undulator peak power output at 8 keV as a function of distance z
compared with different seed power signals: 5 MW is the resulting four-
crystal monochromator seed power at U24 and 150 MW signal for the
four-crystal monochromator at U27. The dashed line corresponds to the
coherent power value given by equation (7) for the beam parameters
provided in Table 3.



decadal report (Bucksbaum, 2018). X-ray FELs cannot reach

the PW power level. However, the X-ray pulse can be focused

to a much smaller spot size than the PW laser, tens of nano-

metres against a few to ten micrometres, yielding similar

power density and peak electric field. The electric field

gradient of P0 = 1 TW X-rays focused to �0 = 10 nm spot is

E0 = 1.2 � 1015 V m�1 and the power density is W0 = 3.2 �

1023 W cm�2. The power density in W cm�2 scales as

W ¼
P

	�2
¼ 3:2� 1023 P=P0

�=�0ð Þ
2 ; ð9Þ

while the electric field gradient in V m�1 scales as

E ¼
PZ0

	�2

� �1=2

¼ 1:2� 1015 P=P0ð Þ
1=2

ð�=�0Þ
; ð10Þ

where P0 = 1 TW and �0 = 10 nm. We may view these numbers

as reference and estimate the peak parameters of the tapered

DBFEL. For the maximum of 650 GW of 4 keV photon peak

power focused to a 100 nm spot size, a typical value presently

obtainable, one obtains 2.1 � 1021 W cm�2 of power density

and 9.6 � 1013 V m�1 field gradient. If possibly focused to a

10 nm spot size, a value recently achieved in a delicate state-

of-the-art experiment at the SACLA XFEL facility in Japan

(Mimura et al., 2010; Yamauchi et al., 2011), the 4 keV pulse

obtained in a DBFEL gives a power density of 2 �

1023 W cm�2 and a peak electric field of 1015 V m�1, values

similar to those obtainable in a PW laser, as shown in Fig. 21

and by Pellegrini & Reis (2018). One can also consider

backscattered HXR pulses that are additionally focused and

collided head on with the electron beam, as was done in the

E144 experiment at SLAC (Burke et al., 1997).

In the electron rest frame the X-ray field gradient is

multiplied by � and the power density by �2, yielding for a

6 GeV electron beam and 100 mm X-ray spot size W 0 = 3 �

1029 W cm�2 and E 0 = 1.2 � 1018 V m�1. If one recalls the

Schwinger critical field gradient Ecr = �mc2/ere ’ 1.3 �

1018 V m�1 and Wcr ’ 4 � 1029 W cm�2, a DBFEL-generated

X-ray signal backscattered with the electron beam can reach

the regime where E 0/Ecr � 
 ’ 1. In addition, with an

improvement in X-ray focusing to a 10 nm spot size, if possible

in the TW regime, one can reach W 0 = 3 � 1031 W cm�2, E 0 =

1.2 � 1019 V m�1 and 
 ’ 10, presenting an opportunity to

probe perturbative and non-perturbative strong-field QED

effects, currently unavailable at modern XFEL facilities. We

note that for PW lasers the normalized vector potential a0 is

of the order of 1, while for X-rays it is smaller than 1, opening

new and complimentary areas of exploration (Ritus, 1985; Di

Piazza et al., 2012; Mackenroth & Di Piazza, 2013). Hence,

LCLS-II offers the possibility of exploring at X-ray wave-

length most of the science that can be carried out with PW

lasers, like laser–plasma interactions, high-energy-density

science, planetary physics and astrophysics, and QED at

extreme fields above the Schwinger limit.

8. Conclusions

In conclusion, the presented DBFEL setup provides signifi-

cant advantages over single-bunch and fresh-slice self-seeding

schemes. We have demonstrated, via numerical simulations,

that DBFEL can provide sub-TW X-ray pulses in the range of

4–8 keV with a nearly transform-limited spectrum bandwidth.

Improvements in the beam quality and increase in the peak

current make it possible to reach near 1 TW peak power level,

which enables many new high-field physics experiments.
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