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Abstract

With an eye toward extending optical wave-mixing techniques to the x-ray

regime, we present the first experimental demonstration of a two-color x-ray

free-electron laser at the Linac Coherent Light Source (LCLS). We combine the

emittance-spoiler technique with a magnetic chicane in the undulator section to

control the pulse duration and relative delay between two intense x-ray pulses

and we use differently tuned canted pole undulators such that the two pulses

have different wavelengths as well. Two schemes are shown to produce two-color

soft x-ray pulses with a wavelength separation up to ∼1.9% and a controllable

relative delay up to 40 femtoseconds.
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The rapid development of x-ray free electron laser (FEL) techniques is fueling a revolution

in chemical and materials dynamics. The recent advent of sub-10 femtoseconds (fs) x-

ray pulses raises the possibility for pump-probe techniques as are common in the optical

regime that often use two different color excitations. The prospect of multi-wave mixing in

the x-ray regime has therefore motivated us to pursue two-color double x-ray pulses with

controllable relative delay and color separation. With this two-color feature in the x-ray

regime one can follow both chemical reactions and electronic evolution in materials on their

natural time scales. Further, ultrafast chemical and materials dynamics are driven largely by

valence and inter-band transient excitations on the order of a few eV. Based on the current

hardware configuration of the LCLS we demonstrated a controllable delay of 0− 40 fs and

a color separation of up to ∼30 eV at 1500 eV. This result fits perfectly into the material

and chemical natural time and energy scales and is sure to enable numerous experimental

techniques in the years to come.

Time-domain spectroscopy capitalizes on the interplay between the conjugate variables of

frequency and time. Measuring the temporal evolution of, e. g., optical absorption, one can

discover the coupling between different modes of internal molecular motion [1]. A similar

approach in the x-ray regime has recently been proposed as a spectroscopic technique for

measuring ultrafast charge transfer in molecules [2]. The time scale for such dynamics can

be as fast as 10 fs as in dissociative ionization [3] or in the 25–50 fs regime for less energetic

chemical mechanisms such as hydrogen elimination from ethylene [4, 5]. Photochemistry in

the visible to ultraviolet regime could then be explored with color separations within 10 eV

and inter-pulse delays in the 10–50 fs range.

In condensed phase, typical final exciton energies associated with carrier-carrier scattering

are on the order of the 5–10 eV. One might imagine stimulated resonant inelastic x-ray

scattering techniques as a probe of the occupancy of these transient excitonic states. As an

example, recent calculations point to an anisotropy in the optical carrier-hole excitation in

graphene that quench with ∼ 10 fs-scale dynamics [6]. Rapid bulk thermalization of coherent

excitation is sure to continue occupying the scientific landscape into the foreseeable future.

This could be another avenue enabled by the time and energy separations accessible in the

two-color schemes presented here.

Two-color FEL operation was first reported in 1994 for a low-gain, infrared oscillator

FEL configuration [7], where a single electron beam and two undulator sections were used.
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FIG. 1. Two-color FEL schemes tested at the LCLS. A single-slot (in scheme-I) or double-slot (in

scheme-II) emittance spoiling foil was used to generate ultrashort single or double electron bunches.

The emittance-spoiling foil is located in the second bunch compressor.

A magnetic chicane, designed for hard x-ray selfseeding purpose, was adopted here to control the

temporal delay between the two-color pulses.

Another two-color FEL experiment, also in the low-gain, long wavelength regime, was based

on a pulse switching method at a superconducting accelerator [8]. Recently, rapid progress

in high-gain FEL motivated several proposals to create two-color FELs in the x-ray wave-

length regime [9–15]. To the best of our knowledge, two-color x-ray FELs have not been

demonstrated anywhere in the past. This paper reports the first experimental demonstra-

tion of two-color x-ray FEL operation based on two different schemes to be described in the

following.

At the LCLS, one can tune the final x-ray wavelength by adjusting either the electron

beam energy or the undulator strength; a flexibility that has enabled our demonstration of

fully tunable two-color operation. In an FEL, it produces a high intensity, narrow bandwidth

radiation around the resonant wavelength λr,

λr =
λu

2γ2

(

1 +
K2

2

)

, (1)

where γ is the Lorentz factor, λu is the undulator period and K is the dimensionless undula-

tor strength parameter. The LCLS is based on planar, permanent-magnet undulators with

a fixed gap but the magnet poles have canted angles [16]. This feature allows for tuning K

in a range between roughly 3.47 to 3.51. Used routinely to taper the undulator strength, the

canted poles were adjusted in this study to produce FEL lasing at two distinct soft x-ray

wavelengths. In addition, the 16th of the 33 undulator sections was recently replaced with



a 3.2 m-long magnetic chicane for the hard x-ray self-seeding program [17]. In self-seeding

this magnetic chicane delays the electron bunch relative to the x-rays and washes out the

microbunching generated in the first undulator section. Our two-color FEL scheme uses

this same function to produce the delay-tunable two-colors, but in SASE mode rather than

seeded.

For this study, we combined the canted pole undulators, the seeding chicane, and the

emittance-spoiling foil to demonstrate full control of the pulse duration, relative delay, and

spectral separation as the first experimental study of two schemes for two-color soft x-

ray FEL operation at LCLS. The two schemes are depicted in Fig. 1. Simulation studies

were reported previously for similar schemes in Ref. [15]. Both two-color schemes used the

LCLS in the soft x-ray regime at 1.5 keV with an emittance-spoiling foil [18] to control

the electron bunch duration (Scheme I) or to produce two bunches with a variable delay

(Scheme II) [19]. The emittance-spoiling foil is located in the second bunch compressor.

The undulator period was 3 cm and the electron beam energy was set to 5.8 GeV. Each

undulator’s magnetic length was 3.3 m and a linear taper in K for each section compensated

for electron beam energy loss due to spontaneous emission and wakefields. For each machine

setting, a series of roughly 25,000 single-shot spectra were recorded with the single-shot soft

x-ray spectrometer described in Ref. [20] using the 100 lines/mm gratings.

Under scheme I, Fig. 1a, the electron bunch passed through a single-slot emittance spoiler.

In our test, the spoiler was set to pass a single unspoiled electron bunch that corresponded

to about 18 fs FWHM in duration. The expected x-ray pulse duration is similar or shorter

[19, 21]. The pulse duration can be controlled by choosing the slot width (a triangularly

shaped slot) to satisfy different experimental requirements. The peak current was set to

1.6 kA. An x-ray pulse was generated at wavelength λ1 in the first undulator section, U1,

that was tuned to a strength parameter K1 = 3.481. The 9 undulators that comprised U1

were chosen to yield an intense FEL pulse while avoiding saturation. The energy spread

developed by the electron beam in U1 was therefore small enough to preserve the electron

beam for effective lasing in the subsequent section. The magnetic chicane between the two

undulator sections delayed the electron beam relative to the photon beam and also washed

out the microbunching that developed in U1. Set to zero deflection, the chicane (it is a drift

actually) produced a minimal delay between the two pulses, τmin. = l/vdrift − l/c, where

c is the speed of light, l ∼ 4 m is the length between undulator sections, and vdrift is the
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FIG. 2. Fifteen consecutive x-ray spectra produced under scheme I with chicane delay set to the

nominal 0 fs.

drift velocity of the electron bunch. This drift mismatch is typically in the range of tens

of attoseconds and so we refer to this minimal delay as 0 fs. Although the maximum delay

could be as long as 40 fs, the chicane was used to produce a maximum of 25 fs of delay for

this study. The second 10 undulator long section, U2, was tuned to a strength parameter

K2 = 3.504, to produce a second x-ray pulse at the wavelength λ2.

A sequence of 15 consecutive shots, displayed in Fig. 2 show that the majority of the shots



produce two spectrally separated pulses. Common to the SASE process, the individual pulses

show multi-mode spectral structure that is a bit too fine for the spectrometer resolution.

The shot-to-shot energy jitter does not affect the energy separation and so the electron

beam energy fluctuations can be sorted in post-analysis to yield the linear dependence of

photon energy on electron beam energy. This linear dependence is evident in Fig. 3a and

b where the results have been averaged, peak-normalized for each electron beam energy,

and sorted accordingly for 0 fs and 25 fs delays, respectively. We note that plotted this

way, we can identify only very slight systematic variation of the relative peak shapes versus

photon energy. The spectra are subsequently realigned based on the correlation, averaged,

and shown in Fig. 3c and d.

The energy-aligned spectra show an average energy difference between the two pulses of

20 eV or 1.3% of the mean photon energy with the earlier described undulator configuration.

In the case of the nominal 0 fs chicane delay (Fig. 3a & c), the mean for the total x-ray

pulse energy is 100 µJ with the higher photon energy produced in U1 containing about 40 µJ

of the total energy in 5.5 eV FWHM bandwidth and the remaining 60 µJ of energy within

8.2 eV FWHM bandwidth from U2. In the case of 25 fs chicane delay (Fig. 3c & d), the

peak current was changed to 1.4 kA in order to balance the intensities of the two colors

and the mean total energy was 45 µJ, less than half of the 0 fs case. The higher frequency

pulse contained about 20 µJ in a 6.5 eV FWHM bandwidth and the lower frequency pulse

contained about 25 µJ in a 7.7 eV FWHM bandwidth. To study the correlation between the

two colors, each collected spectrum was fit with a sum of two Gaussians, and the energy of

each color measured as proportional to the area of its Gaussian fit. Figures 5a and b show

the shot-to-shot correlation between the two colors for the scheme I. The fluctuations for

the first color, calculated as the ratio between the standard deviation and the average of the

energy, are of 60% for the first color and 27% for the second color in the 0 fs delay case, and

65% of and 32% for the 25 fs delay case.

We achieved the maximum color separation of ∼1.9% when we maximized the difference

of the two strengths (K1 and K2) in the undulator setup, within the present LCLS undulator

strength range.

Scheme II, shown in Fig. 1b, uses three undulator sections and is closely related to that

proposed in Ref. [10]. The parent electron bunch was passed through a double-slotted,

emittance-spoiling foil. The two ∼10 fs-long unspoiled bunches contained nearly equal cur-
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FIG. 3. Results for two-color beams with scheme I. (a,b) Average spectral intensity as function

of the electron beam energy and photon energy. For each electron beam energy, the maximum

intensity has been normalized to 1. (a) 0 fs delay. (b) 25 fs delay. (c,d) Average realigned spectra

as a function of the photon energy offset from 1.5 keV. (c) 0 fs delay. (d) 25 fs delay.

rent and electron beam energy. Two longitudinal separations were chosen to give 21 fs

and 26 fs inter-pulse separations in our study. The peak current was set to 1.5 kA. Ten

undulators were used for U1 in order to keep the FEL intensity for each bunch well below

saturation. The section U1 was tuned to K1 = 3.483 to produce a wavelength λ1. After

exiting U1, the magnetic chicane established temporal overlap between the trailing x-ray

pulse and the unspoiled part of the leading electron bunch. This overlap was achieved by a

cross-correlation measurement as reported separately in [19]. This chicane also washed out

the microbunching that was produced in the U1 section. The second undulator section U2

was tuned also to K1 and consisted of 5 undulators. In U2 the trailing x-ray pulse overlapped



a fresh portion of the leading electron bunch, thus seeding the bunch in order to reach satu-

ration at λ1 . The 12 undulator-long section U3 was tuned to K2 = 3.501. In U3 the trailing

bunch reached saturation at the wavelength λ2 but the lasing of the leading electron bunch

was suppressed since it had developed too large of an energy spread in U2 to lase well in U3.

Figure 4a and b show the spectral intensity as a function of the photon energy and electron

beam energy for the 21 fs and 26 fs delay cases, respectively. As in scheme I, the two colors

are well separated, this time by about 15 eV, and exhibit the usual linear correlation between

photon energy to electron beam energy. Realigning the spectra as before (not shown), the

average pulse energies (FWHM bandwidths) were measured for the 21 fs case to be 10.5 µJ

(4.5 eV) and 7.1 µJ (7.6 eV) for the higher and lower frequency photon beams, respectively.

In the 26 fs case, the average energies (bandwidths) were 11.1 µJ (4.5 eV) and 7.6 µJ (8.0 eV)

for the higher and lower frequency pulses respectively. Figures 5c and d show the shot-to-

shot correlation between the two color energies; for both sets, the fluctuations for the first

color are of ∼ 75%, while the fluctuations for the second color are of ∼ 55%. Numerical

simulations predict that both pulses should reach saturation when the setup for scheme II is

tuned properly[15], in our experiment the fluctuations for the second scheme were still large

indicating that a better tuning was needed to reach saturation for both colors.

Comparing the two schemes, we can identify specific merits and disadvantages for each

two-color technique. The second scheme requires a delicate balance of three undulator

sections and the double-slotted foil. From Figs. 3 and 4 there seems to be a stronger

systematic variation of the relative peak shapes versus photon energy for scheme II compared

to scheme I, although scheme II may be further optimized. Scheme II is unable to achieve

the temporal overlap and on the other hand it can only produce delays over the central flat

length of the parent electron bunch. Unlike scheme II, however, scheme I cannot achieve

saturation in the first x-ray pulse and therefore will exhibit a stronger shot-to-shot relative

intensity fluctuation for the two colors. Nevertheless, scheme I can achieve a partial temporal

overlap between the pulses, within the delay due to the difference between the electron bunch

velocity and the group velocity of the FEL pulse. The delay is about Nλr/c, being N the

number of undulator periods in a single undulator section and is estimated about 3 fs based

on the FEL parameters presented here. The presented schemes have been demonstrated in

the soft x-rays but are applicable also for the hard x-rays. The described delay between

the pulses is proportional to the wavelength, thus the use of hard x-rays would improve the
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FIG. 4. Results for two-color beams with scheme II. (a,b) Average spectral intensity as a function

of the electron beam energy and photon energy. For each electron beam energy, the maximum

intensity has been normalized to 1. (a) 21 fs delay. (b) 26 fs delay.

achievable overlap between the pulses. Since we use the same electron bunch to generate

two-color pulses, the timing jitter between them is only introduced in the chicane by the

electron beam energy jitter and the chicane dipole magnetic field jitter. Each contribution

is less than 0.2% of the delay imposed by the chicane. This timing jitter is negligible, even

compared with an extremely short 1-2 femotosecond pulse. Scheme I can also be used in

conjunction with either spoiler control of the pulse duration or with the low-charge operation

mode [22] to generate short pulses.

We have shown two schemes that produce delay-controllable x-ray pulses with relative

delays of up to 40 fs and energy separations that are also controllable up to ∼1.9% of

the central energy at LCLS. Note that once a variable-gap undulator is used, the energy

separation of the two colors can be largely increased. And the present maximum delay of

40 fs in our study is determined by the small chicane which was designed for LCLS self-

seeding purpose. A specific chicane to provide a much larger delay can be designed for

future facilities. Also an optical delay line for the first color x-rays can be added so that

it provides a flexible control of the delay between the two colors, realizing a full overlap

or even cross-over. This ability to operate an x-ray FEL with two pulses with controllable
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FIG. 5. Shot-to-shot intensity correlation between first and second color generated in the Two-

Color schemes. Each spectrum has been fit with a sum of two Gaussians, and the energy is

considered proportional to the fit area. (a) Scheme I with 0 fs delay, (b) Scheme I with 25 fs delay,

(c) Scheme II with 21 fs delay, (d) Scheme II with 26 fs delay.

wavelength separation that can be delayed from coincidence to ∼ 40 fs is of extreme value

to the future of time-domain x-ray spectroscopy.
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