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We report a systematic experimental study of a storage ring two-color free-electron laser (FEL) operating
simultaneously in the infrared (IR) and ultraviolet (UV) wavelength regions. The two-color FEL lasing has
been realized using a pair of dual-band high-reflectivity FEL mirrors with two different undulator
configurations. We have demonstrated independent wavelength tuning in a wide range for each lasing
color, as well as harmonically locked wavelength tuning when the UV lasing occurs at the second harmonic
of the IR lasing. Precise power control of two-color lasing with good power stability has also been
achieved. In addition, the impact of the degradation of FEL mirrors on the two-color FEL operation is
reported. Furthermore, we have investigated the temporal structures of the two-color FEL beams, showing
simultaneous two-color micropulses with their intensity modulations displayed as FEL macropulses.
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I. INTRODUCTION

Lasers operated with multiple colors have been developed
over the last half century with a number of applications in
physics research. For example, two optical pulses with
different wavelengths but controllable time delay can be
used in pump-probe spectroscopy to measure the fast
dynamics of the system under investigation [1–3]. Two
spatially and temporally overlapped laser beams with two
colors can be employed in coherent anti-Stokes Raman
spectroscopy to study molecular vibrations through non-
linear interactions with samples [4,5]. Some other applica-
tions of multicolor lasers include excited-state spectroscopy
[6,7] and photomixing processes for terahertz radiation
generation [8,9]. Themulticolor laserswith good collinearity
are particularly important in research since the laser beams of
different colors can be copropagated over a long distance,
collimated and focused simultaneously. The typical approach
to realize simultaneousmulticolor lasing is using a dispersive
or diffractive wavelength filter such as a prism or grating,
either intracavity or in an external feedback cavity.
Such a technology has been implemented in conventional
lasers with different gain media such as dye [10–13],

solid-state [14–17], semiconductor [18,19], and fiber
[20–22]. However, the wavelength tunability of these lasers
is limited by the bandwidth of the gain medium.
Since the theoretical prediction [23] and the first

experimental demonstration [24] by Madey in the 1970s,
free-electron lasers (FELs) have seen great development
over the past few decades, and have become increasingly
attractive light sources in a number of research areas. A
common low-gain oscillator FEL uses an optical cavity to
trap and amplify electron beam radiation. The oscillator
FEL can be driven either by an electron storage ring or a
linac. Oscillator FELs mainly operate in the spectral region
from IR to vacuum UV. Another FEL configuration, the
high-gain single-pass FEL, is mainly driven by linacs and
does not use an optical cavity. In these FELs, the ampli-
fication of the FEL beam is realized in a single pass via the
interaction between the electron beam and its radiation
in a long undulator array [25,26] or with an external
laser [27,28]. Single-pass FELs are now used as high-
performance coherent light sources in the extreme UV and
x-ray regimes. The natural advantages of an FEL such as
its broadband gain medium (an electron beam) and the
copropagation of electron and light beams make an FEL an
excellent device for multicolor lasing with good wave-
length tunability and collinearity. The first multicolor FEL
lasing was observed experimentally on an oscillator FEL
with the optical klystron configuration on the VEPP-3
storage ring [29,30]. Later on some other storage ring based
FELs such as super ACO FEL [31] also reported successful
multicolor FEL operations with the use of optical klystrons.
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With this FEL configuration, the wavelength separations
between the multiple wavelengths are limited by the
bandwidth of undulator spontaneous radiation. In the last
two decades, multicolor FEL operations have been widely
developed and realized with several linac based FELs. In a
typical linac based single-pass two-color FEL, a shared
electron beam is employed to drive FEL lasing at two
different wavelengths using two sets of undulators with
different magnetic field strengths [32–34]. In a linac based
oscillator FEL, two-color lasing also requires the FEL
mirrors to have high reflectivity at these lasing wave-
lengths. For example, an IR oscillator FEL [35–37] with a
relatively high gain can take advantage of the availability of
broadband mirrors in the mid-infrared region.
Two-color lasing is more challenging for a storage ring

FEL with a relatively low gain in the spectral region from
near IR to vacuum UV. This difficulty can be overcome by
using mirrors with very high reflectivity in multiple wave-
length bands. In addition, unlike in a linac, the electron
beam in a storage ring is recycled so that it participates
in the FEL interaction repeatedly over a large number of
passes. Therefore, the physics challenges for the two-color
operation of a storage-ring FEL include the control and
management of two competing lasing processes and
maintenance of simultaneous lasing at two wavelengths
in multiple passes. In this paper, we report a systematic
experimental study of a storage ring two-color FEL at the
Duke FEL facility. Simultaneous lasing of two FEL wave-
lengths (IR and UV) has been realized with the use of a pair
of dual-band high-reflectivity mirrors developed using a
new coating technology. The research has been conducted
with two different undulator configurations, showing
good performance of the two-color operations in terms
of wavelength tunability, power control and power stability.
The degradation of FEL mirrors has also been studied in
terms of its impact on the wavelength tuning and power
stability. In addition, we have confirmed the simultaneous-
ness of two-color lasing at the time scale of FEL micro-
pulses with power modulation at a larger time scale,
displaying a temporal structure of macropulses in the
two-color laser beams.

II. FEL CONFIGURATIONS AND
DUAL-BAND MIRRORS

TheDuke storage ring FEL system [38] is comprised of an
optical cavity and four FEL undulators [see Fig. 1(a)]. The
FEL cavity is a two-mirror, near-concentric optical resonator.
The cavity length is 53.7m, which allows the round-trip time
of the trapped optical beam to be matched to the revolution
timeof the relativistic electron beamcirculating in the storage
ring (at 2.79 MHz). Typically, four electromagnetic undu-
lators are installed in the 34.21 m long FEL straight section.
To provide user researchwith choices of photon polarization,
undulators with different polarizations are used, including
two planar OK-4 undulators (OK-4B andOK-4C, 33 periods

each) in the middle of the straight section and two helical
OK-5 undulators outboard (OK-5A and OK-5D, 30 periods
each). For this research, two undulator configurations have
been used, with either three or four undulators. In the three-
undulator configuration [see Fig. 1(a)], three upstream
undulators are energized using two independent power
supplies with the helical OK-5A undulator tuned to produce
radiation at the first wavelength λ1 and the planar OK-4
optical klystron (undulators OK-4B and OK-4C) at the
second wavelength λ2, while the downstream OK-5D undu-
lator is turned off. In the four-undulator configuration [see
Fig. 1(b)], all four undulators are energized using three power
supplies so that theOK-5A andOK-5D undulators (with two
power supplies to provide the same current) can be tuned to
radiate at λ1 and OK-4 optical klystron at λ2.
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, λcen,

λcen ¼
λu
2γ2
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FIG. 1. Two different undulator configurations for the two-
color operation. (a) Three-undulator configuration with the
helical OK-5A undulator lasing in IR and the OK-4 optical
klystron lasing in UV; (b) Four-undulator configuration with two
OK-5 undulators (OK-5A and OK-5D) working as an optical
klystron to replace the single OK-5A undulator in (a); (c) A
schematic layout of a set of typical optical diagnostics for the
two-color FEL operation.
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where λu is the undulator period, γ ¼ E=ðmc2Þ is the
Lorentz parameter for an electron with energy E and rest
mass m, K ¼ eB0λu=ð2πmc2Þ describes the undulator
strength with B0 as the amplitude of the fundamental
harmonic of undulator magnetic field, and the polarization
parameter p ¼ 1 (or 2) for a planar (or helical) undulator,
respectively. The primary wavelength control is realized by
changing the OK-4 and OK-5 currents.
The FEL mirrors are produced using oxide-based multi-

layer dielectric coatings to achieve very high reflectivity in
a particular wavelength band. Recent development in
coating technology allows production of mirrors with more
than one high-reflectivity band in the wavelength range
from near IR to near UV. A set of dual-band FEL mirrors
were specially developed for the two-color FEL research
with one high-reflectivity band in the IR region around
720 nm and the other in the UV region around 360 nm [39].
These wavelength bands were chosen to explore harmonic
FEL lasing with λ1 ¼ 2λ2.
The reflectivity performance of the FEL mirrors

degrades when they are subjected to synchrotron radiation
[40,41]. For the storage ring based FEL, the mirrors suffer
from a number of degradation mechanisms, including two
most important ones: (1) radiation induced color center
formation in the coating layers [42], and (2) carbon
deposition onto the top coating layer [43,44]. A specific
set of conditioning procedures have been developed to
“season” new mirrors by conditioning the mirror surface
using visible undulator radiation, gradually increasing the
intensity over a period of several hours. This practice helps
to remove surface contaminants while reducing creation of
defects in the top coating layers. Consequently, it improves
mirror durability and extends useful mirror lifetime.
Figure 2 shows the measured round-trip losses in the IR

and UV bands for the pair of FEL mirrors used in the study
after they were subjected to different amounts of radiation
exposure over a period of 25 months. The round-trip cavity
loss was measured using a pass-by-pass optical cavity ring-
down technique [45,46]. After the initial conditioning, the
minimum round-trip cavity loss [loss curves L1 in Fig. 2,
where 2(a) and 2(b) show two separated segments in IR and
UV] was 0.15% around 704 nm in the IR region and 1.2%
around 365 nm in the UV region. This set of mirrors was
used occasionally for a short duration in the two-color
experiments during a 24-month period, followed by the
second set of cavity loss measurements (loss curves L2).
These measurements showed that the minimum IR loss was
increased to 0.25% and blueshifted to 695 nm while the
minimum UV loss was decreased slightly to 0.98% and
redshifted to 368 nm. The widths of high-reflectivity
regions in both IR and UV were narrowed as the result
of radiation exposure. This trend continued as the mirrors
were used for further study. After some additional exposure
in the lastmonth of the study, the location of theminimum IR
loss was further blueshifted to 689 nm with the round-trip

loss increased to 0.32%, and the location of the minimum
UV loss was redshifted to 370 nm with a loss of 1.2%. In all
cases, the cavity loss was dominated by radiation absorption
in the dielectric coating layers, with carbon deposition onto
the top layer being the major cause. The mirror transmission
was very low, estimated to be 1 × 10−4 around 720 nm and
4 × 10−5 around 360 nm per mirror when the mirrors were
relatively new, corresponding to loss curves L1 in Fig. 2.
In the experiments, the lasing processes of two colors

were found to compete with each other due to the sharing of
the gain medium, a single electron beam. Therefore, to
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FIG. 2. Measured round-trip cavity losses around the high-
reflectivity bands in the (a) IR and (b) UV regions of the FEL
mirrors over a 25-month period. Loss curves L1 present the cavity
losses after initial conditioning of the FELmirrors. Loss curves L2
and L3 show the continued degradation of the mirrors’ reflectivity
after they have been exposed to substantial accumulated radiation,
estimated to be 9.1 and 11.2 ampere-hours respectively with
electron beam energy between 280 and 560 MeV. The ranges
enclosed by the dashed lines represent the ranges of single
wavelength tuning, and the shaded regions on the curves represent
the tuning ranges of the harmonic lasing. (see Sec. III).
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obtain simultaneous lasing of two colors, it is critical to pair
a set of undulators with a high (or low) FEL gain with a
large (or small) loss band of the FEL mirrors. In our study
of two-color lasing, the OK-5 system with either one or two
undulators has a relatively low gain because its undulators
are located either upstream or downstream of the optical
cavity with a poor transverse overlap between optical and
electron beams in the undulators. The lower gain of OK-5 is
compensated by operating OK-5 at λ1 in the IR region
where the optical cavity has smaller losses (see Fig. 2).
Located in the middle of the FEL cavity, two OK-4
undulators with an optical klystron configuration have a
higher gain and thus they are chosen to be operated at λ2
in the UV region where the cavity losses are also larger. To
provide a better gain matching, the OK-4 gain at λ2 needs
to be further reduced by tuning buncher B2 [see Fig. 1(a)]
to force OK-4 to lase in the low-gain region of its gain
spectrum. With the four-undulator configuration, the OK-5
gain at λ1 can be increased by tuning up the OK-5 optical
klystron [see Fig. 1(b)]. In addition, for both undulator
configurations the relative gain at the two wavelengths
can be further controlled by tuning bunchers (B1 and B2 for
the three-undulator configuration; all the three bunchers for
the four-undulator configuration) with small phase slip-
pages (a few lasing wavelengths), by adjusting the FEL
cavity detune i.e. the time synchronization between electron
and optical beams, by changing the electron orbit in the
respective undulators, and/or by tilting the cavity optical axis.
All the two-color FEL experiments reported in this paper

were conducted with a single-bunch, 500 MeV electron
beam in the Duke storage ring. For the dc power measure-
ments, the FEL was operated in the quasicontinuous-wave
mode with a small rf detune. The FEL spectra at two
wavelengths were measured using two spectrometers from
Ocean Optics, a USB4000 spectrometer with a wavelength
range of 477–1146 nm, and a HR4000 spectrometer with a
wavelength range of 220–447nm.The relative extractedFEL
power of each color was measured using a photodiode after
filtering out the signal of the other color. The absolute power,
such as the total extracted FEL power from one mirror, was
measured using a thermal power meter. The thermal power
meter was also used to calibrate the two photodiodes so that
the extracted power of each color could be determined
absolutely (in mW). Several versions of the FEL diagnostics
were developed with incremental improvements over the
course of this research. Figure 1(c) shows the most com-
monly used version, a compact FEL diagnostic system with
both spectrum measurements and power measurements
installed on a common optical bench.
Two-color lasing has been studied using either three-

undulator or four-undulator configuration with different
levels of cavity loss. The time-consuming measurements of
cavity loss were only carried out occasionally (Fig. 2),
typically just before or after a major experimental run.
Therefore, each run can only be matched roughly with a

particular set of loss curves. Table I summarizes five main
experimental runs, showing the undulator configurations
used and the corresponding cavity loss curves around the
time of the study. The earlier results of two-color FEL
lasing using the three-undulator configuration have been
published in Ref. [47]. In this paper, we mainly report the
new experimental results in either three- or four-undulator
configuration. When appropriate, these results are com-
pared with those reported in Ref. [47].

III. WAVELENGTH TUNING FOR
TWO-COLOR LASING

With this two-color FEL, the lasing wavelengths can be
tuned inmultipleways. For example, tuning onewavelength
while keeping the other fixed can be achieved by varying the
current(s) of the respective undulator(s) and simultaneously
tuning bunchers for wavelength fine adjustments. Also, the
two harmonically related high-reflectivity bands of the FEL
mirrors allow the wavelength tuning of harmonic lasing
where the two wavelengths are tuned simultaneously with
the UV lasing locked to the second harmonic of the IR
lasing (λ1 ≃ 2λ2). During the tuning process, the FEL gains
of both colors have to be large enough to overcome their
respective cavity losses and to keep the net gains (FEL gains
minus losses) reasonably matched at two lasing wave-
lengths. Consequently, the wavelength tuning ranges of
two-color lasing are determined by twomain factors: (1) the
available FEL gains and (2) the high-reflectivity bands of
the FELmirrors. The FEL gain of each color depends on the
number of undulators used, the level of the electron beam
current and the tuning of various knobs for gain control. For
a given FEL gain, the wavelength tuning range for each
color is limited by the width of the high-reflectivity spectral
region around the minimum round-trip cavity loss.
Especially for the harmonic two-color lasing, the tuning
range is determined by the amount of overlap of the two
high-reflectivity wavelength bands.
Figure 3 shows the results of single wavelength tuning

using the four-undulator configuration with loss curves L2.

TABLE I. The study of two-color FEL lasing is conducted
using five experimental runs (Exp. Run) with various undulator
configurations (Undulator Config.) and different levels of cavity
loss in a period of 25 months.

Exp.
Run

Loss
Curve

Undulator
Config. Comment

Run 0 L1 3-undulator Two-color FEL exploration.
Run 1 L1 3-undulator Results reported in Ref. [47].
Run 2 L1 3-undulator dc power stability and

temporal structure.
Run 3 L2 4-undulator Wavelength tuning.

3-undulator
Run 4 L3 4-undulator Power control and dc

power stability.3-undulator
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In Fig. 3(a), λ1 is tuned by varying the magnetic field of the
OK-5 undulators and the settings of bunchers B1 and B3,
while λ2 is kept nearly constant by slightly tuning the
magnetic field of the OK-4 undulators and buncher B2.
Figure 3(b) presents the tuning of UVwavelength, where λ2
is tuned by adjusting OK-4 magnetic field strength and the
setting of buncher B2. Since B2 is a shared buncher by the
OK-4 and OK-5 optical klystrons, bunchers B1 and B3 as
well as the OK-5 undulators are tuned to compensate for
any minor wavelength shift in λ1.
To demonstrate the wavelength tuning of harmonic

two-color lasing, the magnetic field strengths of OK-4
and OK-5 undulators as well as bunchers were varied
simultaneously so that the UV lasing was locked to the
second harmonic of the IR lasing (λ1 ≃ 2λ2). Figure 4
shows eight harmonically related pairs of spectra (normal-
ized to their respective peak intensity) where the tuning

ranges of Δλ1 ¼ 27.93 nm and Δλ2 ¼ 13.74 nm are
achieved. It should be noticed that for the two pairs of
spectra with UV wavelength at 358.25 nm and 359.96 nm,
the signal-to-noise ratio of theUV spectra ismuch lower than
that of the other UV spectra, indicating that this spectral
region is close to the short wavelength limit of UV lasing.
Table II summarizes the demonstrated wavelength tuning

ranges in two experimental runs, Run 1 and Run 3. The
same tuning range (Δλ1 ≃ 60 nm) of the IR single wave-
length tuning was achieved in both runs. The increased
cavity loss in the IR band of the degraded FEL mirrors [L2
in Fig. 2(a)] was compensated by a substantial increase of
the IR FEL gain in Run 3 by using the OK-5 optical
klystron with both OK-5A and OK-5D undulators. In
addition, the beam current was lowered to about 12 mA
in Run 3 (compared to 16 mA in Run 1) to reduce OK-5
gain so that the same IR tuning range (Δλ1 ≃ 60 nm) as in
Run 1 could be reproduced. On the other hand, the tuning
range of the UV single wavelength tuning in Run 3
(Δλ2 ≃ 16 nm) was narrowed compared to that in Run 1
(Δλ2 ≃ 24 nm). Especially, the short wavelength limit of
the tuning range was redshifted by about 8 nm. This
redshift and the shrinkage of the tuning range were
consistent with the measured bandwidth narrowing of
the UV loss curve shown in Fig. 2(b). Further, the tuning
range of harmonic two-color lasing is determined by the
amount of overlap of the low-loss regions of the high-
reflectivity wavelength bands in IR and UV. In fact, the
tuning range of the harmonic lasing was narrowed due to a
dramatic increase of the loss in the UV band below 360 nm
[Fig. 2(b)].
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Interesting observations can be made by studying the
lasing spectral widths. For the storage ring FEL lasing at a
single wavelength, the lasing spectral width depends on a
number of accelerator setup and operational conditions, as
well as the electron beam parameters. A few important ones
include the FEL undulator configuration, the cavity loss,
tuning of the optical klystron, setting of the rf detune,
alignment of the optical axis and the electron beam orbit
in the undulators, as well as the electron beam energy
and current. For a single-color FEL operated in the
small-signal, small-gain region, under certain operational
conditions, the relative spectral width of FEL lasing is
proportional to that of the spontaneous radiation spectrum
[48,49] i.e. σλ=λ ∝ 1=Nun for a single undulator and σλ=λ ∝
1=½2ðNun þ NBÞ� for an optical klystron, where Nun is the
number of periods of one undulator, and NB, representing
the relative phase delay between the laser and electron
beams, is much smaller than Nun in our case. In our study
of two-color lasing, the FEL is operated in the quasicon-
tinuous-wave mode, in which the spontaneous radiation
spectra are substantially broadened due to the relatively
large electron beam energy spread induced by FEL inter-
actions. However, for this two-color FEL, the relative
spectral width (σλ=λ) is still found to be related to the
number of undulator periods used.
The spectral widths of harmonic two-color lasing with

wavelength tuning have been analyzed for Run 1 and Run
3, and the results are shown in Fig. 5. In Run 1 with the

three-undulator configuration (OK-5A undulator with
about 30 periods and OK-4 optical klystron with about
66 periods), σλ1=λ1 (starred) was larger than σλ2=λ2 (circled)
roughly by a factor of 2. In Run 3, OK-5D undulator was
turned on to form the OK-5 optical klystron. Because
OK-5D undulator was located about 20 m downstream
from OK-5A undulator, separated by a number of quadru-
poles and the pair of OK-4 undulators [see Fig. 1(b)],
the OK-5 optical klystron was not expected to perform as
effectively as the OK-4 optical klystron with two adjacent
undulators. Nevertheless, we found a significant reduction
of the IR spectral bandwidth using the OK-5 optical
klystron in Run 3, reducing σλ1=λ1 from ð1.9� 0.1Þ ×
10−3 (Run 1) to ð5.5� 0.5Þ × 10−4 (Run 3). Comparing the
UV lasing in these two runs for the common wavelength
tuning range from about 358 to about 370 nm, σλ2=λ2
(circled) in Run 1 were slightly larger than that (triangled)
in Run 3. This may be the result of having a higher net gain
in Run 1 due to a larger beam current (about 20 mA in Run
1 vs about 12 mA in Run 3) and lower cavity loss in this
wavelength range [loss curves L1 vs L2 in Fig. 2(b)].

IV. POWER CONTROL

The results of the spectral measurements in the previous
section showing two-color lasing with wavelength tuna-
bility have demonstrated the capability of providing

TABLE II. Summary and comparison of wavelength tuning
ranges in two experimental runs with different undulator con-
figurations, loss curves and beam currents. In Run 1, the three-
undulator configuration and the relatively fresh FEL mirrors (loss
curves L1) were used with the beam current ∼16 mA for the
single wavelength tuning and ∼20 mA for the harmonic lasing
tuning [47]. In Run 3, four undulators were employed with the
usage of the degraded FEL mirrors (loss curves L2) and the beam
current ∼12 mA for all the three sets of wavelength tuning
measurements. The tuning ranges are shown in Fig. 2 with those
of the single wavelength tuning enclosed by the dashed lines and
those of the harmonic lasing represented by the shaded regions.

Run 1 Run 3
Wavelength
Tuning 3-undulator, L1 4-undulator, L2

IR (λ1) (nm) 674.92 − 734.88 674.93 − 734.97
Δλ1 (nm) 59.96 60.04
Fixed λ2 (nm) 360.05 360.69
UV (λ2) (nm) 349.93 − 373.96 358.10 − 374.02
Δλ2 (nm) 24.03 15.92
Fixed λ1 (nm) 720.00 720.06
IR and UV
λ1 (nm) 703.88 − 740.03 716.15 − 744.08
λ2 (nm) 351.98 − 370.02 358.25 − 371.99
Δλ1 (nm) 36.15 27.93
Δλ2 (nm) 18.04 13.74

352 354 356 358 360 362 364 366 368 370 372
0

0.05

0.1

0.15

0.2

0.25

λ
2
 (nm)

704 708 712 716 720 724 728 732 736 740 744

λ
1
 (nm)

R
el

at
iv

e 
rm

s 
S

pe
ct

ra
l W

id
th

 (
%

)

Run 3, IR (λ
1
)

Run 3, UV (λ
2
)

Run 1, IR (λ
1
)

Run 1, UV (λ
2
)

FIG. 5. Relative spectral widths (rms) in the wavelength tuning
of the harmonic lasing in two runs, Run 1 and Run 3. Run 1
curves (starred and circled) represent the relative spectral widths
in the measurement shown in Fig. 3 of Ref. [47]. In this
measurement, the three-undulator configuration was used with
loss curves L1 and beam current about 20 mA. Run 3 curves
(squared and triangled) show the relative spectral widths in Fig. 4,
where four undulators are used with loss curves L2, and the beam
current is set to about 12 mA.
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effective gain balance for two lasing processes. In this
section, the precise power control of two-color lasing as
well as the stability of the lasing power are presented. In an
oscillator FEL, there are three different power parameters
which are important to describe FEL operation. The first
one is the direct FEL power (PFEL), the coherent power
emitted by the electron beam in the FEL interaction. The
second power parameter is the intracavity power (Pintra),
the amount of the laser power trapped inside the laser
cavity. The third one is the extracted FEL power Pextract
(from one of the FEL mirrors). In the study of an oscillator
FEL, the direct FEL power is particularly important, while
only the extracted FEL power can be directly measured.
In order to relate the extracted FEL power to the direct
FEL power, a technique based upon the measured electron
beam bunch length using an image dissector tube [50] was
developed. This technique is particularly useful for cross-
calibrating the photodiodes used to measure the extracted
FEL power at each wavelength of two-color lasing. With
proper cross-calibration, the study of the FEL power is
based upon the measured extracted FEL power from the
upstream FEL mirror.
The direct FEL power PFEL can be written as [51–56]

PFEL ≈ αPsyn
σ2E;FEL − σ2E;0

σE;FEL
; ð2Þ

where α is a numerical factor depending on the undulator
configuration and FEL operational conditions; Psyn is the
total synchrotron radiation power emitted by the electron
bunch in the entire storage ring; σE;FEL and σE;0 are the rms
relative electron beam energy spread with FEL turned on
and off, respectively. In the microwave instability region
with large enough bunch current and/or with FEL lasing to
increase the electron beam energy spread, the electron
beam energy spread and bunch length are found to be
related in a simple manner due to the longitudinal phase
space rotation [55]:

σE ≃ kσb; ð3Þ

where σE and σb are the relative energy spread (rms) and
the bunch length (rms) of the electron beam, respectively;
k ¼ ωs=ðαccÞ is a numerical factor related to the frequency
of synchrotron oscillation ωs and the momentum compac-
tion factor αc. Since the beam current (a few mA to tens of
mA) used in a typical FEL operation at the Duke storage
ring is significantly beyond the microwave instability
threshold [57], the electron beam energy spreads (σFEL
and σ0) can be experimentally determined by measuring the
electron beam bunch length and consequently the direct
FEL power can be rewritten in terms of the measured bunch
length as

PFEL ≈ α0Psyn
σ2b;FEL − σ2b;0

σb;FEL
; ð4Þ

where σb;FEL and σb;0 are the measured bunch lengths with
FEL turned on and off, respectively, and α0 is a numerical
factor. Figure 6 shows two measured longitudinal profiles
of the electron bunch in Run 3 with the lasing turned on
and off respectively. Compared to the case when the FEL is
turned off with σb;0 ¼ 65 ps, the bunch is significantly
lengthened to σb;FEL ¼ 152 ps due to the FEL induced
energy spread when FEL is turned on.
To represent the direct FEL power using the measurable

extracted FEL power, the extracted power (Pextract) can be
first related to the intracavity power (Pintra) as

Pextract − P0 ¼ TmirrorPintra; ð5Þ

where Tmirror is the transmission factor of the FEL mirror
(upstream); P0 is the residual extracted power when the
lasing is turned off, which represents the trapped broadband
spontaneous undulator radiation inside the FEL cavity.
This power offset P0 can be experimentally determined by
turning the FEL off with a large rf detune. In the steady-
state FEL operation, the direct FEL power (PFEL) balances
the round-trip cavity loss and thus the intracavity power can
be written in terms of the direct FEL power as

Pintra ¼
PFEL

lcavity
; ð6Þ
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FIG. 6. Electron beam bunch length measurements in the two-
color operation with the four-undulator configuration and loss
curves L2 (Run 3). The data points marked by “star” and “plus”
represent the measured longitudinal profiles of the electron bunch
with the lasing turned on and off, respectively. The data are fitted
using Gaussian distribution (solid curves). The measured dis-
sector resolution σb;res ¼ 69 ps. The FEL is operated at λ1 ¼
712.31 nm and λ2 ¼ 367.01 nm. The beam current is 12.34 mA.
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where lcavity is the relative round-trip cavity loss.
Consequently, the corrected extracted FEL power (after
subtracting the power offset P0) and the direct FEL power
can be related as

P0
extract ¼ APFEL; ð7Þ

where P0
extract ¼ Pextract − P0, and A ¼ Tmirror=lcavity.

For the FEL operations at Duke, the extracted FEL
power through either FEL mirror can be directly measured
using photodiodes, while the direct FEL power is deter-
mined using the measured bunch length [see Eq. (4)]. As a
result, the measured extracted FEL power by a photodiode
(i) can be written as

PPD;i ¼ Ci · B ·
σ2b;FEL − σ2b;0

σb;FEL
; i ¼ 1; 2;… ð8Þ

where Ci represents the overall effects of the sensitivity of
the photodiode, the transmission factor of the FEL mirror
and the optics used, and the round-trip cavity loss at a
particular wavelength. Therefore Ci varies for different
photodiodes. B ¼ α0Psyn, is a common numerical factor for
all the photodiodes used, related to the accelerator opera-
tional conditions. For each photodiode (i), the slope (ki)
of the linear relation PPD;i ∼ ðσ2b;FEL − σ2b;0Þ=σb;FEL can be
determined using the measured extracted FEL power at
different bunch lengths. Therefore, the cross calibration, for
example, for two photodiodes (i ¼ 1, 2), can be achieved:

C2

C1

¼ k2
k1

: ð9Þ

Using the calibrated photodiodes, the measured
extracted FEL power with different photodiodes can be
used to compare the direct FEL power at different wave-
lengths and allow us to study the relative power partitioning
of two-color lasing.
For a storage ring FEL with optical klystron configura-

tion, the FEL power can be manipulated by adjusting the
buncher setting NB, the relative optical phase slippage
between the laser and electron beams. In the four-undulator
configuration in which OK-5A and OK-5D undulators
form an optical klystron sandwiching two OK-4 undula-
tors, buncher B1 or B3 can be used as a knob to control the
FEL power partitioning of two colors without causing a
significant shift of the OK-4 lasing wavelength (λ2). An
experimental demonstration of two-color power control by
tuning B3 is shown in Fig. 7, where the measured extracted
power at two wavelengths are first linearly scaled to 12 mA
and then cross-calibrated using Eq. (9). As shown in Fig. 7,
power modulation close to 100% for IR and UV was
achieved, while the total FEL power was maintained
relatively constant within 6.5% (rms). In the inset of
Fig. 7(b), NB3 at the IR power minimums is linearly fitted

vs the count of the IR power minimums. A modulation
periodicity is clearly revealed by the fitted slope of 0.998.
The periodic power modulation in this measurement can be
attributed to the gain modulation mechanism of an optical
klystron, where, by tuning NB3, the IR beams emitted in
OK-5A and OK-5D produce constructive and destructive
inteference alternately for electrons of a certain energy. As
shown in the previous sections, the bunchers are used not
only to balance the gains of two colors but as an auxiliary
knob for wavelength fine adjustments. Therefore, accom-
panying the power modulation, the wavelength of IR
lasing was observed to shift periodically around the mean
value (709.29 nm) by about 6.43 nm (0.9%), while the
wavelength of UV lasing was maintained rather constant
at 367.02� 0.03 nm.
In the three-undulator configuration, buncher B1 is also

found to be useful to control the partitioning of the two-
color FEL power. This indicates that there exists one or
more radiation sources downstream the OK-5A undulator,
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which together with OK-5A and buncher B1, form a virtual
OK-5 optical klystron. Periodic power modulation similar
to the one shown in Fig. 7 was realized by tuning buncher
B1 in two runs of experiments with the same undulator
configuration but different levels of cavity loss. Using the
periodicity [the slope 0.990 for Fig. 8(a) and 0.995 for
Fig. 8(b)], all the power data can be projected into the first
period. In Fig. 8(a), the tuning of NB1 produces repeated
power modulation about eleven times. The power modu-
lation indicates a good reproducibility throughout the
eleven periods. Figure 8(b) shows the power tuning using
buncher B1 with larger cavity losses (L3). Comparing two
cases, the cavity losses at the UV lasing wavelengths
[around 360 nm for Fig. 8(a) and around 368 nm for

Fig. 8(b)] are similar, whereas the cavity loss at the IR
lasing wavelengths [around 718 nm for Fig. 8(a) and
around 695 nm for Fig. 8(b)] is twice higher in
Fig. 8(b) than in Fig. 8(a). It is also found that the ratio
of the IR maximum power to the UV maximum power is
similar in both cases [about 1.06 and 1.07 for Fig. 8(a) and
Fig. 8(b) respectively], showing that a good power balance
of two-color lasing has been achieved in both cases.
The power stability of a storage ring FEL is related to

many factors, including the stability of the optical axis
due to the movement of FEL mirrors and the variation of
the FEL cavity detune due to the temperature change.
The power stability of the two-color FEL operation was
examined by tracking the FEL powers at two wavelengths
for a relatively long period of time. In order to maintain the
power stability to a high degree, bunchers, FEL mirrors and
rf detune were adjusted as needed. Figure 9 shows a
selected 20-minute measurement where the powers are
maintained such that the UV power is roughly three times
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IR power with 5.2% and 11% rms variations for UVand IR,
respectively (calculated after removing the data points
taken during injections). In this measurement, NB2 was
tuned as the only knob by 1.9%. It can be seen from
Fig. 9(b) that the power variation of one color was always
compensated by that of the other color so that the total FEL
power remained steady to a higher degree (2.3% rms).
Figure 10 shows six 20-minute measurements with the

three-undulator configuration but different levels of cavity
loss. As shown in Fig. 10, the larger IR and UV power
variations (shown by the rms error bars) of the measure-
ments with the degraded FEL mirrors (measurements no. 3
to no. 6) compared to those with fresher FEL mirrors
(measurements no. 1 and no. 2) indicates an increased
power instability of the two-color lasing. In addition to an
observed positive correlation between the mirror degrada-
tion and the instability of lasing power, temperature change
may also contribute to power instability. Measurements no.
1 and no. 2 were taken with a relatively stable temperature
as permitted by the weather conditions, while the rest of
the measurements were taken during hot weather with more
rapid temperature changes. On the other hand, the stability
of the total FEL power is kept at a similar stability level for
all the measurements due to the mutual coupling of two
lasing processes.

V. TWO-COLOR LASING PHASE SPACE WITH
MULTIPLE TUNING KNOBS

We focus on the investigation of the quasicontinuous-
wave operation of the multipass storage ring oscillator FEL.
The FEL beam is developed over a large number of

interactions between the photon and electron beams inside
the optical cavity, which in turn allows several means to
control and manipulate the FEL processes. During each
interaction, the level of electron beam microbunching can
be manipulated using the buncher magnets by delaying the
electrons relative to the photon beam by tens of attoseconds
to a few femtoseconds, corresponding to a length scale of a
fraction of the lasing wavelength to several wavelengths.
Over many interactions, the synchronization condition
between the FEL and electron beams can be controlled
using the rf detune in a much larger time scale of a few to
hundreds of femtoseconds, corresponding to a few to
hundreds of lasing wavelengths. Controlling these two
drastically different time/length scales can provide new
insights into the two-color lasing processes. In this section,
we describe a study of the two-color lasing powers as a
function of the buncher setting (NBi, i ¼ 1, 2, 3; short time
scale) and rf detune (Δfrf ; long time scale) by visualizing
the two-color lasing using two-dimensional phase space
plots (see Fig. 11 and Fig. 12).
It is found that for a particular buncher setting, there exists

a region of Δfrf centered at the full synchronization
(Δfrf ¼ 0), with the simultaneous two-color lasing forming
a boundary separating IR single-color lasing (inside) andUV
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single-color lasing (outside). The width of this region is
determined by the settings of other tuning knobs as well as
the beam current. Figure 11 shows the power dependence of
two-color lasing on the rf detune and setting of buncher B1
and B3 in the four-undulator configuration, where the rf
detune (y-axis) is converted to a relative length scale in terms
of the lasingwavelength [Nrf ¼ C · ðΔfrf=frevÞ=λFEL,where
C is the circumference of the storage ring, frev is the

revolution frequency, and λFEL is the lasing wavelength.].
Neglecting a small shift in Nrf with the scanning NB1 (NB3)
over a long period of time, the phase space pattern is nearly
symmetric about NB1;cen ≃ 1.30 in Fig. 11(a) and NB3;cen ≃
0.65 in Fig. 11(b). The slow shift in Nrf is attributed to the
change of FEL cavity length caused by the temperature
change during these 20-minute measurements. Additionally,
by properly setting the other knobs, phase space patternswith
tuning bunchersB1andB3are similar, indicating thatB1and
B3 play similar roles in the OK-5 optical klystron. Further,
the total phase slippage between two undulators in OK-5
optical klystron can be examined by adding up the contri-
bution fromall themagnetic devices anddrift spaces between
them. Since the settings of the other magnetic devices are the
same (see the caption of Fig. 11), by adding NB1;cen and the
NB3 value used in Fig. 11(a) [NB3;cen and theNB1 value used
in Fig. 11(b)], it is found the total phase slippage in Fig. 11(a)
is larger than that in Fig. 11(b) by unity, consistent with the
periodic power modulation by tuning bunchers shown in the
previous section. Also, it indicates the power control of
two-color lasing is determined by the total phase slippage in
the optical klystrons instead of that produced by any single
buncher.
Buncher B2 can also be used to achieve the periodic

power modulation. However, since it is a shared buncher by
the OK-4 and OK-5 optical klystrons, the tuning of buncher
B2 causes wavelength shifts in both lasing colors. Therefore,
buncher B2 is mainly used as an auxiliary knob for the
precise power control of two-color lasing. Especially, in the
three-undulator configuration, by properly setting buncher
B2 the OK-4 FEL can lase at the edge of the gain spectrum of
the OK-4 optical klystron so that the gain of the OK-4 FEL
(UV lasing) is reduced to match that of the OK-5 FEL. Two
sets of phase space plots of the two-color lasingwith different
NB2 values are shown in Fig. 12. Compared to that in
Fig. 12(a), NB2 in Fig. 12(b) is set so that the gain of the UV
lasing is further reduced, as shown by the enlarged phase
space area of IR lasing. Figures 12(c) and 12(d) show the
phase spaces of two-color lasing with finer tuning of the rf
detune and the same buncher settings as in Fig. 12(b) but
different optical axis alignments by tuning the FEL mirrors,
which are set more preferable for the IR lasing in Fig. 12(c).
It demonstrates that the optical axis alignment is also
essential for the control of two-color lasing.

VI. TEMPORAL STRUCTURE

The study of the dc power stability of two-color lasing
shows that the FEL powers at two lasing wavelengths can
be maintained stable over an extended period of time with
active tuning of the operational parameters. In particular, the
lasing powers of two colors are mutually coupled so that the
total FEL power of the two colors is more stable than
the power of either color during the two-color operation
(see Fig. 9). However, the laser beams produced by a storage
ring oscillator FEL are not pure dc. Instead, they have two
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for 368 nm and less preferable optical axis alignment for IR
lasing. In (a) and (b), the rf detune is scanned from −0.5 Hz
(Nrf ¼ −27.69) to 0.5 Hz (Nrf ¼ 27.69). In (c) and (d), the rf
detune is scanned from −0.29 Hz (Nrf ¼ −16.06) to -0.09 Hz
(Nrf ¼ −4.98). In all cases, the IR and UV lasing wavelengths are
about 695 nm and 368 nm, respectively, and NB3 ¼ 0. The beam
current is maintained between 19.99 mA and 21.13 mA.
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natural temporal structures [58–61]: (1) micropulse structure
with the pulse separation equal to the electron revolution
period for a single-bunch electron beam; (2) macropulse
structure caused by the competition between the electron
beam energy damping and FEL induced energy spread
increase. The repetition frequency of the macropulses is
related to the intrinsic time constants of the storage ring
FEL [58],

fmacro ∝
1ffiffiffiffiffiffiffiffiffiffiffiffiffi

τFELτd
p ; ð10Þ

where τFEL is the FEL rise time and τd is the electron beam
energy damping time. The macropulses are typically sepa-
rated by a few to tens ofmilliseconds for theDuke FEL,much
longer than the electron revolution period. These two tem-
poral structures of two-color lasing are studied using two
cross-calibrated photodiodes and a fast digital oscilloscope.
As shown in Fig. 13, the temporal structures of two-color

FEL beams were measured at a sampling rate of 1 giga
samples per second (GS/s) during a well-tuned two-color
FEL operation with the FEL micropulses shown in the
inset. The temporally overlapped micropulses provide a
direct proof that the lasings of two colors occur at the same
time. It should be noticed that the duration of the micro-
pulses shown in the figure is determined by the response
time of the photodiodes and thus, cannot be directly used to
represent the actual duration of FEL micropulses, which is
about tens of picoseconds in our case. The peaks of all
the micropulses are selected and plotted in the main figure
of Fig. 13, showing the FEL macropulse structure. The
macropulses of two colors are also synchronized well
with roughly simultaneous power rises and decays
(with a common repetition time constant of about 5.3 ms).

In addition to the macropulse structure, there is a substantial
dc component in the power signals. For the IR lasing, the
variation of power level is small with Pmax=Pmin ≃ 2.1;
While the UV lasing sees a larger power variation with
Pmax=Pmin ≃ 6.9 during the same 16-millisecond measure-
ment period.
Figure 14 shows the power data of a 50-second power

measurement with a sampling rate of 100 kilo samples per
second (kS/s). By investigating the power data in the
frequency domain [Fig. 14(b)], it is found that the FEL
macropulse structures are modulated by the ac line power at
60 Hz and a few of its harmonics such as 120, 180 and
300 Hz. Using a narrow bandpass filter, the exact frequency
and phase of these modulation signals can be determined
by analyzing a set of time instants when the modulation is
peaked (see the inset of Fig. 15, which shows the 60-Hz
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FIG. 13. Short-term (16 milliseconds) power data of the two-
color FEL beams in the three-undulator configuration (Run 2).
The sampling rate is 1 GS=s. Two micropulses with the sepa-
ration of about 358 ns (equal to the electron revolution period) are
shown in the inset. In the main figure, the macropulse structure is
shown by plotting the peaks of all the micropulses. The horizontal
dashed lines show the mean power of each color. The rf detune is
−0.4 Hz, and the beam current is about 16 mA.
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FIG. 14. Longer-term (50 seconds) power data of two-color
lasing in the three-undulator configuration (Run 2). (a) Raw
power data with a sampling rate of 100 kS=s. The inset is a zoom-
in plot showing the details of FEL macropulses. (b) Amplitude of
the Fourier transform of the same data plotted for the low-
frequency range from 0 to 305 Hz. The rf detune is −0.4 Hz, and
the beam current is about 16 mA.
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component as an example). The relative phase between the
60-Hz components of two colors is about 0.56π rad for the
selected time window in Fig. 15, and is locked around
0.57π rad with the rms variation of 0.02π rad throughout
the entire measurement duration (50 seconds). Regarding
the power variations, the power variance (σ2PFEL

) of the 60-
Hz ac component is found to be about 20% that of the total
IR power variance, while for the UV lasing, about 55% of
the power variance is contributed by its 60-Hz ac compo-
nent. However, the mismatched phase of the 60-Hz ac
components between two lasing processes helps decrease
the variation of the total lasing power. The other frequency
components also contribute to the overall FEL power
variations.

VII. SUMMARY

In this paper, a systematic experimental study of a
storage ring two-color FEL is reported. Using the Duke
storage ring undulator system with multiple undulators
(two OK-4 planar undulators and two OK-5 helical
undulators) and a pair of FEL mirrors with two highly
reflective wavelength bands, simultaneous two-color lasing
with one color in IR and the other in UV has been realized
using a common optical cavity. To achieve this two-FEL
scheme, two undulator configurations have been utilized
and investigated. The first one uses two OK-4 undulators
forming an optical klystron FEL to lase at a UV wavelength
and one OK-5 undulator, cooperating with one or more
downstream radiation sources as a virtual optical klystron,
to lase at an IR wavelength. With an additional OK-5

undulator, the second configuration uses a real OK-5
optical klystron sandwiching the OK-4 optical klystron.
With the degraded FEL mirrors causing increasing cavity
loss, the second undulator configuration with a higher IR
gain is more capable of sustaining two-color operation.
For both undulator configurations, wavelength tuning is

achieved in multiple ways: (1) tuning the wavelength of
one color while keeping the other fixed; (2) tuning both
wavelengths simultaneously while keeping them in a
second harmonic relation. The wavelength tuning ranges
(see Table II) are found to be mainly limited by the high-
reflectivity bands of the FEL mirrors, which, in our work,
are centered around 360 nm (UV) and 720 nm (IR).
However, we expect that a larger wavelength tuning range
can be achieved by using ultra-broadband mirrors with high
reflectivity covering the entire visible region. In addition,
the power control of two-color lasing has been accom-
plished using multiple tuning knobs. Among these knobs,
the bunchers controlling the phase delay between the
optical beams and electron beam (the short time scale),
and the rf detune manipulating the synchronization
between these beams (the long time scale) are studied
using two-dimensional phase space plots. The two-color
power stability has been investigated, showing that the FEL
powers can be maintained stable for a long period of time
with active fine tuning to compensate the change of the
accelerator operational conditions. Furthermore, the power
change of one color is mostly compensated by that of the
other color, and consequently, the total FEL power shows a
higher degree of stability.
In addition to dc power measurements, the temporal

structures of the FEL beams have been investigated. This
study shows that the two-color lasing occurs at the same
time with simultaneous IR and UV laser beam micropulses
synchronized with the common electron beam circulating
in the storage ring. Similar to single-color operation, the
two-color lasing displays a quasicontinuous-wave temperal
structure with a dc component and a macropulse time
structure with pulse separations from a few to tens of
milliseconds. The study also shows that the lasing powers
of two colors are periodically modulated with a locked
phase by the ac line power at 60 Hz and by its harmonics
(120, 180 and 300 Hz).
We plan to continue to study and develop this two-color

FEL. One future study will investigate the optical phase
relation between two laser beams of different colors.
Another area of development is to use this laser to produce
a two-color γ-ray beam at the High Intensity γ-ray Source
(HIGS) [62,63]. Using this two-color γ-ray beam, we will
be able to explore new applications in nuclear physics
research.
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