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With a wide wavelength tuning range, free-electron lasers (FELs) are well-suited for producing
simultaneous lasing at multiple wavelengths. We present the first experimental results of a novel
two-color storage ring FEL. With three undulators and a pair of dual-band mirrors, the two-color
FEL can lase simultaneously in infrared (IR) around 720 nm and in ultraviolet (UV) around 360
nm. We have demonstrated independent wavelength tuning in a wide range (60 nm in IR and 24
nm in UV). We have also realized two-color harmonic operation with the UV lasing tuned to the
second harmonic of the IR lasing. Furthermore, we have demonstrated good power stability with
two-color lasing, and good control of the power sharing between the two colors.

In many research applications, it is highly desirable to
operate a single laser system with several wavelengths
simultaneously, especially if the laser beams of differ-
ent colors can be produced with nearly perfect colin-
earity and collimation to achieve good spatial overlap
when focused. Other desirable properties include inde-
pendent adjustment of lasing wavelengths and full con-
trol of the lasing power for each color. A multi-color laser
has a wide range of applications in a variety of research
areas, including two-color pump-probe experiments [1-
3], two-photon spectroscopy [4-6|, excited-state spec-
troscopy |7, 8], coherent anti-Stokes Raman spectroscopy
[9, 10], and for the generation of tunable laser beams us-
ing nonlinear crystals in the terahertz (THz) [11, 12],
infrared (IR) [13, 14], and ultraviolet (UV) or extreme
UV regions [15, 16]. Since the 1970s, two-color laser
operation has been realized using several types of con-
ventional lasers including dye lasers [17-20], Ti:sapphire
lasers [21-24], diode lasers [25, 26], and fiber lasers [27-
29] by exploring their respective wavelength tunability
typically in the visible or IR spectral region.

Unlike conventional lasers with lasing wavelengths lim-
ited by the energy states of the gain medium, a free-
electron laser (FEL) [30], employing the electron beam
as a broadband gain medium, can operate in a wide wave-
length range by changing either the electron beam energy
or magnetic field strength of the FEL undulator. The
wavelength tunability makes the FEL a unique class of
lasers well-suited for multi-color lasing operation. Multi-
color FEL operation was first observed with an optical
klystron [31] storage ring FEL with two adjacent simul-
taneous lasing wavelengths in the visible spectrum (typ-

ically separated by a few nm) [32]. Two-color FEL op-
eration was further explored using a linear accelerator
based FEL in the infrared region using a single electron
beam, a common broadband IR resonator, and two inde-
pendent undulators with different magnetic field settings
[33-35]. More recently, with single-pass linac FELSs, two-
color lasing has been demonstrated in the x-ray region
using undulators with slightly different settings [36-38],
and in the extreme UV region using two seeding laser
pulses of slightly different wavelengths [3].

In this Letter, we report the first experimental demon-
stration of widely tunable two-color lasing with a storage
ring FEL oscillator. Unlike the situation in a linear ac-
celerator, the electron beam circulating in the storage
ring participates in the FEL interaction during each pass
through the FEL undulators. Therefore, the lasing pro-
cesses at two different wavelengths not only share the
same gain medium (electron beam), but also have to
build up their respective optical intensities in multiple
passes to reach saturation. For this two-color FEL, the
main challenges include how to match the gains of two
lasing processes, how to tune lasing wavelengths, and how
to control the lasing power of each color in steady state
operation.

The Duke FEL system [39] can be configured in mul-
tiple ways to produce lasing inside the 53.7 meter long,
near-concentric, two-mirror FEL optical cavity which has
a 358 ns round-trip time. It uses one or more of the
four available electromagnetic undulators: two planar
OK-4 undulators (33 periods each) in the middle of the
straight section and two helical OK-5 undulators (30 pe-
riods each) outboard (Fig. 1). By changing either the



electron beam energy or undulator field strength, the
FEL lasing wavelength can be tuned around the center
wavelength of the undulator radiation, Acen,
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where ), is the undulator period, v = E/(mc?) is the
Lorentz parameter for an electron with energy E and
rest mass m, K = eBo)\,/(2mmc?) describes the undu-
lator strength, and the polarization parameter p =1 (or
2) for a planar (or helical) undulator, respectively. In
this two-color FEL, three undulators are energized using
two independent power supplies to allow lasing at two
wavelengths—the upstream helical OK-5A undulator at
A1 and an optical klystron consisting of planar OK-4B
and OK-4C undulators at A2, while the downstream OK-
5D undulator is switched off. The two lasing wavelengths
can be tuned by changing the strength of the OK-5 and
OK-4 undulators, respectively. Two bunchers, Bl be-
tween OK-5A and OK-4B undulators and B2 between
two OK-4 undulators, are used to provide control and

fine-tuning of two-color lasing.
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FIG. 1. (color online). The schematic layout of the FEL un-
dulators for two-color lasing. The upstream helical OK-5A
undulator is tuned to lase around 720 nm, while the down-
stream two-undulator OK-4 optical klystron is tuned to lase
around 360 nm. Two bunchers B1 and B2 are used to control
the two-color lasing.
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To enable lasing in two distinct wavelength regions, a
set of dual-band, multilayer dielectric FEL mirrors were
specially developed with two highly reflective wavelength
bands centered around 720 nm and 360 nm [40]. After
conditioning new mirrors using undulator radiation, the
FEL cavity round-trip loss was measured. In the IR re-
gion, the relatively flat wavelength band useful for robust
FEL lasing is from 670 to 739 nm with the measured
round trip loss between 0.15% and 0.30%. In contrast,
the high reflectivity band in UV is narrower, from 350 to
374 nm, with the measured round trip loss between 1.2%
and 3.0%. Due to synchrotron radiation induced mirror
degradation, the cavity loss is dominated by absorption
in the dielectric coating, with a small contribution from
transmission which is estimated to be 1 x 1074 in IR and
4 x 107% in UV per mirror.

Since the electron beam is used as the shared gain
medium, it is imperative to keep the net FEL gains at
two wavelengths close to each other during the lasing

process. The challenge of matching FEL gains of the
planar and helical undulators is realized by using the fol-
lowing three methods. First, the lasing wavelengths of
two sets of undulators are properly matched to mirror’s
high-reflectivity bands. For a given electron beam cur-
rent, OK-5A undulator has a relatively low gain due to
poor transverse overlap between the electron and FEL
beams in this undulator which is located about 10 me-
ters upstream from the center of the optical cavity. The
lower gain of OK-5A is partly compensated by operating
it at an infrared wavelength (A1) around 720 nm where
the optical cavity loss is lower. With a much higher gain,
the optical klystron OK-4 is chosen to lase at an ultravio-
let wavelength (A2) around 360 nm where the cavity loss
is higher. Second, the gain of the OK-4 optical klystron
is further reduced by adjusting buncher B2 (Fig. 1) to
move the FEL lasing wavelength to the edge of the op-
tical klystron’s gain spectrum so that the radiation from
the downstream OK-4C provides destructive interference
to the radiation from upstream OK-4B for electrons of
certain energy [41]. Third, the FEL cavity detune, i.e.
the time synchronization between the electron and FEL
beams, can be adjusted by changing the electron beam
revolution frequency. The cavity detune changes the FEL
gain by different amounts for two lasing processes. Using
these techniques, reasonably good matching of the net
gains of OK-4 and OK-5 undulators can be realized for
two-color lasing.

All FEL measurements reported in this Letter were
conducted using a single-bunch, 500 MeV electron beam
in the Duke storage ring. The FEL was operated in the
quasi continuous-wave mode with a small RF detune.
The FEL spectra were measured using two spectrome-
ters with wavelength ranges 477-1146 nm and 220-447
nm, respectively. Using band-pass filters, the extracted
FEL power in each color was measured using a photodi-
ode, while the total extracted power was measured using
a thermal powermeter. For two-color lasing with a 16 mA
beam (Fig. 4), the electron bunch length was about 70 ps
(rms) (peak current 33 A) before lasing, and about 150
ps (rms) (peak current 15 A) in steady lasing. For each
mirror, the maximum total extracted power was about
7 mW and the maximum outcoupled UV power is about
0.3 mW.

For this two-color FEL, wavelength tuning and power
control can be realized using a set of tuning knobs with
some of them having multiple functions. The main wave-
length tuning knobs are undulator strengths Kok.5 for
IR lasing (A1) and Kok.4 for UV lasing (A2). As an
optical klystron, the OK-4 lasing wavelength can be fine-
tuned using B2 buncher by adjusting the optical phase
slippage Npo. For a pair of given lasing wavelengths,
the FEL gain, and therefore the power, can be controlled
using three main knobs: (1) Np2 (a shared wavelength
knob) to manipulate the OK-4 lasing power; (2) Np1, the
optical phase slippage provided by buncher B1 to control



the OK-5 lasing power; and (3) the cavity detune knob
to effectively regulate the power distribution between the
two lasing beams. In addition, the lasing wavelength and
power are also sensitive to optical cavity alignment and
electron beam orbits in the undulators, which is kept un-
changed whenever possible in our studies.

For many important research applications using a two-
color laser, it is essential to have the flexibility to indepen-
dently adjust the lasing wavelength of one color without
changing the other lasing wavelength. Experiments were
carried out to tune either A\; or Ay in a relatively large
range. As shown in Fig. 2, while fixing the UV lasing
wavelength (360.05 + 0.04 nm), the IR lasing wavelength
A1 is tuned from 734.88 to 674.92 nm with a step size of
about 5 nm by decreasing Koxk._s5, realizing a wavelength
tuning range AX\; = 60.0 nm. During the tuning, bunch-
ers Bl and B2 and cavity detune are used to maintain
simultaneous two-color lasing and to provide fine adjust-
ments of lasing wavelengths. Fixing the IR wavelength
(720.00 £ 0.09 nm), the UV lasing wavelength Ay can be
tuned from 374.09 to 349.98 nm by varying Kok-4. The
resultant tuning range of UV lasing is AXg = 24.1 nm.
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FIG. 2. (color online). Measured spectra with IR lasing wave-
length A\; tuned from 734.88 to 674.92 nm by varying the
OK-5A undulator setting. In the meantime, the UV lasing
wavelength A2 is held steady with the centers of the mea-
sured spectra kept in a small range, 360.05 + 0.04 nm. A
total of 13 pairs of spectra were measured while the electron
beam current was kept between 15.8 and 16.5 mA.

This two-color FEL can also produce simultaneous las-
ing with two harmonically related wavelengths, A\; = 2X,.
Wavelength tuning of harmonic lasing is accomplished
by simultaneously adjusting Kok.4 and Koxk.5 according
to Eq. (1), with fine tuning of Ay provided by buncher
B2. Buncher Bl and cavity detune are used to main-
tain simultaneous lasing with reasonable intensity in both
colors. In Fig. 3, the OK-5 lasing wavelength is in-
creased from 704 to 740 nm by increasing Kok.5 from
3.179 to 3.279. For each wavelength, Kok_4 is increased

accordingly (from 3.325 to 3.430) to shift the OK-4 las-
ing wavelength from 352 to 370 nm. Compared to in-
dependent wavelength adjustments, the harmonic lasing
tuning ranges (AX\; = 36 nm and AXy = 18 nm) are
narrower. This is caused by two main factors: (1) the
dual-band mirror has a narrower high-reflectivity band
in UV than in IR, and (2) these high-reflectivity bands
are not perfectly matched with a second harmonic re-
lationship. In Fig. 3, ten selected pairs of measured
lasing spectra are shown to demonstrate the second har-
monic relationship—the measured frequency difference,
O0A = A1/2 — Ao, varied from —0.09 to 0.08 nm, is much
smaller than the average rms spectral widths oy, = 1.34
nm and oy, = 0.31 nm. These measurements demon-
strate that this two-color FEL is capable of producing
harmonic lasing in a wide wavelength range, limited by
the overlap of the high-reflectivity bands of the FEL mir-
rors.
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FIG. 3. (color online). Wavelength tuning of harmonic two-
color lasing (A2 & A1/2). The center wavelengths (circles) and
rms widths (horizontal bars) of ten pairs of measured spectra
are shown as a function of the undulator strength Kok.5 or
Koxk-4. These spectra with substantial lasing intensities in
both colors are selected from 72 pairs of lasing spectra mea-
sured while keeping the electron beam current between 19.59
and 20.75 mA. The measured spectra with their maximum
intensity scaled to unity (the odd ones in the solid curves and
even ones in dashed curves) are displayed in the upper and
lower insets for IR (A1) and UV ()2) lasing.

The storage ring FEL power is limited by the growth of
electron beam energy spread due to FEL induced diffu-
sion [42-46]. The maximum power radiated by the elec-
tron beam directly in FEL interaction can be expressed

as
2 2
ag — 0,
~ FEL 0
PSRFEL ~ Psyn (2)
OFEL

where Py, is the total synchrotron radation power emit-
ted by the electron beam in the entire storage ring, orgL
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FIG. 4. (color online). Controlling two-color FEL power using
Npi1. The beam current was maintained between 15.6 and
16.4 mA with top-off injection and buncher B2 setting was
fixed (N2 = 0.60 for 360 nm). (a) The measured spectra
linearly scaled for a 16 mA beam. (b) The FEL power emitted
directly by the electron beam for IR lasing (red solid), UV
lasing power (blue dashed), and the sum of the two powers
(black). In the insets, the Np; values at the minimum IR
power is plotted as a function of the count of the minimums,
and a linear fit is used to determine the periodicity of power
tuning.

and oy are the electron beam’s relative energy spread
with FEL turned on and off, respectively, and « is a
numerical factor of order unity which depends on the un-
dulator configuration and FEL operation conditions. In
steady state operation, this FEL power balances against
the total cavity loss to sustain a much larger intracav-
ity power inside a high-finesse cavity. It is interesting
to investigate whether the total FEL power is subject to
the same power limitation in two-color operation, and
whether the FEL power distribution in two colors can be
controlled.

In the two-color FEL power study, Np; was chosen
as the only tuning knob while keeping other operation
parameters unchanged. As Np; was varied, the lasing

spectrum and the extracted FEL power of both colors
were recorded simultaneously, while the electron beam
current was kept steady using top-off injection. Two pho-
todiodes used to measure the extracted power were cross-
calibrated using Eq. (2) and the measured FEL-induced
electron beam energy spread with single-color lasing, so
that the measured extracted FEL power could be scaled
to represent the FEL radiation power Psrpgr, in Eq. (2).

Figure 4 shows the measured FEL spectra in both col-
ors as Np; is varied from 0 to 11.3 (normalized using the
central wavelength of IR lasing at 718 nm). In this pro-
cess, lasing of each color is observed to be turned on/off
about eleven times (see Fig. 4(a)). The FEL power emit-
ted by the electron beam shows close to 100% modula-
tion in Fig. 4(b), which indicates lasing at either color
can completely dominate the FEL gain process, resulting
in turning off the lasing of the other color. The values of
Np; for the minimal power of either color can be deter-
mined and fitted with the count of the minimums. The
fit slope of 0.990 (with the IR power data) indicates that
the FEL power for each color is periodically turned on/off
as Npj is advanced by unity. The total FEL power of the
two-color lasing (rms variation of 4.5%) is roughly at the
same level as the IR or UV lasing alone, indicating the
two-color lasing is as efficient as and is subject to the
same power limitation as the single-color lasing (see Eq.
(2)). With two-color lasing, Np; can be used to control
the power partition among the two colors. With manual
tuning of either Np; or Nps in a small range and occa-
sional adjustment of the RF detune, the FEL power in
each color can be well maintained. For example, when
the UV power is about three times that of IR, the power
stability is 5.2% (rms) for UV and 11% (rms) for IR in a
30-minute measurement.

In this Letter, we have reported the first operation of
a two-color storage ring FEL using three undulators, a
shared recirculating electron beam, and a common laser
cavity. In this work, independent wavelength tuning of
each color has been realized in a wide wavelength range
limited by the FEL mirror’s high-reflectivity bands. In
particular, this two-color FEL can be operated at two
harmonically related wavelengths (A; = 2\3), which are
also tunable. Two-color lasing has a similar efficiency to
single-color lasing as demonstrated by having a similar
total power. Full control of the FEL power in each color
has been demonstrated using a single optical phase delay
knob (Np1), and good power stability can be realized
with active tuning.

Due to certain specific quasilinear mechanisms of sat-
uration in storage ring FELs, microbunching in the
electron beam for each FEL wavelength is very small.
Therefore, like a linear system, the superposition of mi-
crobunching at different wavelengths is possible, which
can lead to simultaneous multiple-color lasing by prop-
erly balancing the FEL gains of the different colors. In
principle, with adequate numbers of undulators, the stor-



age ring FEL is a versatile laser which can produce lasing
at more than two wavelengths as supported by the high-
reflectivity wavelength bands of the optical cavity.

Using Compton backscattering [47, 48] to up-shift the
photon energy, the two-color FEL can be used to drive
a gamma-ray beam with two distinct energies. This
research is ongoing after the first production of two-
color gamma-ray beams in the few MeV region. Another
direction of future research is to extend the two-color
FEL lasing continuously across the entire visible spec-
tral range from near IR to near UV using mirrors with
ultra-broadband dielectric coatings.
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