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Evidence for Microbunching “Sidebands” in a Saturated Free-Electron Laser
Using Coherent Optical Transition Radiation
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We report the first measurements of z-dependent coherent optical transition radiation (COTR) due to
electron-beam microbunching at high gains (>10*) including saturation of a self-amplified spontaneous
emission free-electron laser (FEL). In these experiments the fundamental wavelength was near 530 nm,
and the COTR spectra exhibit the transition from simple spectra to complex spectra (5% spectral width)
after saturation. The COTR intensity growth and angular distribution data are reported as well as the
evidence for transverse spectral dependencies and an “effective” core of the beam being involved in

microbunching.
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There is growing interest in the development of new
light sources in the x-ray regime with improved spatial and
spectral coherence properties compared to the present-day
storage ring synchrotron radiation sources. One of the
strongest candidate techniques at this time is the self-
amplified spontaneous emission (SASE) free-electron laser
(FEL) with a projected peak brightness improvement of
>10'% [1]. This would be accomplished by sending a high
brightness electron beam through a long undulator magnet
to generate synchrotron light. The SASE process relies on
the longitudinal microbunching of the electron beam at the
fundamental resonant wavelength as it interacts with the
optical fields of the copropagating emitted synchrotron ra-
diation and the magnetic field of the undulator. A favorable
instability results in increasing numbers of electrons being
involved in the microbunching and concomitantly stronger
coherent light emission within the exponential gain regime
[2—4]. This interaction of the optical mode with the mi-
crobunched part of the beam is particularly critical. We re-
port in this Letter the z-dependent characterization of the
microbunching using coherent optical transition radiation
(COTR) techniques [5] that for the first time elucidate the
evolution throughout the exponential gain regime and into
the postsaturation regime. We present not only evidence
for spectral “sidebands” in the COTR after saturation but
also the correlated effect for the SASE radiation. Spectral
quality is, of course, a fundamental property of any laser
or laserlike source so its study is of high relevance to fu-
ture SASE-FEL-based light sources. Spectral effects were
discussed in the SASE exponential gain regime up to satu-
ration in Ref. [6] and previously in terms of a FEL ampli-
fier in Ref. [7]. We also report evidence of the transverse
dependence of microbunching, the peaking of the COTR
signal (microbunching) at/near saturation, and the subse-
quent “debunching” in the postsaturation regime. These
unique COTR measurements have already resulted in an
improved understanding of the SASE process and may be
relevant to FEL amplifiers and inverse FEL-based laser ac-
celeration schemes.
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A brief discussion of the generation of COTR is in or-
der. Coherent radiation by a bunch of electrons can be
expressed as the product of a term representing the radia-
tion process for a single particle and a term that takes into
account how much of the charge radiates together, con-
structively in phase. Thus, the number of photons per unit
frequency per unit solid angle can be expressed as d’W/
dwdQ =[N + N(N — 1)F(k)](d*W,/dwd()) where
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is the single-particle spectral, angular distribution for a
two-foil optical transition radiation (OTR) interferometer
[8,9]. The 62/(y~2 + 6?) factor gives the angular lobe
pattern of the single-foil OTR, and the sin’ term gives the
fringe modulation due to interference of the OTR from the
two surfaces. In these expressions N is the number of
particles in the bunch, F(Kk) is the square of the Fourier
transform [F (k)] of the spatial distribution of the bunch,
0 is the angle with respect to the beam direction, y is
the relativistic Lorentz factor, L is the separation of the
two surfaces, w is the frequency of the radiation with
wave number k = w/c, e is the electron charge, 7 is
Planck’s constant over 277, and c is the speed of light.
When F(k) = 1, there is an N2 enhancement over the
single-particle intensity, and the coherence is maximized.
Using a Gaussian approximation for the beam distribution,
with rms transverse sizes o, and o, and a longitudinal size
o, the transform function F (k) = p(k)/Q is
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where there are M + 1 microbunches in a micropulse,
each separated by a distance € = A,.
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Microbunching causes the additional modulation in the
longitudinal distribution that results in enhanced radiation
at the fundamental wave number k = k, = 27 /A, and its
harmonics k, = nk,, n = 1,2,3,..., where the sine term
in Eq. (2) has sharp maxima. The fraction of the mi-
cropulse, which radiates with wave number k,, changes
with distances z along the SASE FEL as the copropagat-
ing optical field (SASE light) increases the microbunching
effect. The total number of emitted photons for forward
COTR has been shown [10] to be proportional to (Nb,)?
and (y/nk,)*, where b, is the amplitude of the Fourier
component of the electron distribution with spatial fre-
quency k.

These experiments were performed with a significantly
enhanced and altered accelerator and undulator configura-
tion compared to our initial microbunching experiments.
Our first experiments used an rf thermionic gun with an o
magnet, while the present experiments use a photocathode
(PC) tf gun and a chicane bunch compressor. In addition,
the undulator string was increased from five to nine undula-
tors for a total undulator magnetic length of 21.6 m. With
this new configuration, our SASE FEL showed high gain
and saturation near 530 and 385 nm, as reported elsewhere
[6]. Our augmented FEL facility is schematically shown in
Fig. 1. The PC gun provided more charge per micropulse
and improved emittance compared to the rf thermionic gun
used in our first experiment. The frequency quadrupled
ND:glass laser pulse with a length of 4 ps (FWHM) was
directed onto the Cu photocathode of the gun to gener-
ate micropulses with about 150-200 pC of charge at 6 Hz
[11]. The beam was accelerated to 150 MeV, and the single
micropulse was bunch compressed in the chicane to pro-
vide peak currents from 250—300 A [12]. The beam was
accelerated to its final 217 MeV and the energy/energy
spread was measured in an electron spectrometer. The
final bunch length of 0.2 to 0.3 ps (rms) was also mea-
sured using the zero-phasing rf technique at the final linac
structure and with transport into this same spectrometer.
The transverse emittance of the beam was measured with a
three-screen emittance technique to be (7-9)7 mm mrad,
normalized. The beam was then transported to the low-
energy undulator test line (LEUTL) tunnel [6], where a set
of nine undulators was installed.

The optical diagnostics stations [13] before the first and
after each of the undulators consists of a YAG:Ce con-
verter, mirror, and thin-foil position on an actuator with a
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camera viewing the YAG:Ce scintillator denoted as YO-YO.
A second removable 45° mirror is located 63 mm down-
stream of each YAG (yttrium-aluminum-garnet) actuator.
When this mirror is inserted, another set of visible light
detector (VLD) cameras is used to view either undulator
radiation (UR) or COTR (when the 6-um-thick foil up-
stream is inserted). Both near-field focus and far-field
focus configurations were possible to provide beam pro-
file and radiation angular distribution information, respec-
tively. Since the spacing between the foil and the second
metal mirror is on the order of the vacuum coherence
length L, = y?X =~ 14 mm, we actually see interference
phenomena in the COTR signals analogous to previously
reported OTR interference patterns [5,8,14]. In addition,
another set of flippable mirrors and lens pairs provides a
relay path from each station to an in-tunnel Oriel M257
UV-visible spectrometer. A schematic of the stations is
shown in Fig. 2 of Ref. [5]. The basic experiments in-
volved the acquisition of digital images of the UR after
each of the nine undulators. After demonstrating that there
was significant z-dependent intensity growth in the UR, the
COTR data were recorded by inserting the thin foil and
the second 45° mirror at each station in sequence. Since
the gain appears to saturate in the U5 to U7 regime, we
obtained the critical intensity, spectral, and angular distri-
bution data before, at, and beyond saturation (for the first
time for COTR).

Figure 2 shows one of the fundamental SASE measure-
ments, the z dependence of the UR and the COTR optical
energy. All the experimental curves show the saturated
gain effect. The error bars use the 25th and 75th percentiles
of the optical intensity. The latter shows less variance after
saturation in all four cases. In Fig. 2a the exponential gain
regime extends from approximately 5 to 15 m. Both the
UR (A) and the COTR () show significant relative gains
of 10* to 10° at 15 m as compared to the 2.4-m point. The
UR radiation is approximately 1000 times stronger than
the COTR intensities in this regime. In Fig. 2b, saturation
occurred at 12.5 m, and after that the microbunching evi-
dently decreases based on the COTR intensities. This de-
crease is not seen in the complementary UR data because
all the light in the vacuum chamber bore is measured, in-
cluding significant contributions from the last one or two
gain lengths. However, COTR data are generated/sampled
at the discrete z location of the blocking foil and mirror.
In this sense the COTR experiment is a more definitive
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FIG. 2. The observed UR and COTR signal vs z position along
the undulator series for (a) 530-nm run and (b) 539-nm run. The
normalization point was at the exit of the first undulator (2.4 m)
for all experimental curves. The GENESIS simulation results
are shown as the dashed curves.

way to detect the critical change in the microbunching
fraction at/after SASE saturation. We suggest that one
key signature of saturation is indeed the peaking of the
microbunching fraction (in this case, ~20%), which is
more directly detected with the COTR-based techniques.
The results of GENESIS [15] simulations based on the
average of 50 different seeds are also plotted as the dashed
line in both Figs. 2a and 2b. Reasonable agreement is seen
in Fig. 2a, but the data of Fig. 2b show a higher initial gain
than the simulation. The simulation was matched at the
4.8-m point in both cases.

In addition, for the first time we tracked the COTR spec-
tral evolution from the exponential gain regime into the
saturation regime. The results are shown in Fig. 3 along
with the UR spectra. In the exponential gain regime (point
A in Fig. 2a) the observed spectrum is a single, narrow
peak in Figs. 3a and 3a’ with 5.8- and 3.2-nm (FWHM)
widths, respectively. After saturation (points B and C in
Fig. 2a), the spectra are more complex (spectral width 5%).
A mix of both regularly spaced (~4—6 nm apart) spectral
lines and chaotic spectral intensities is seen in both the
COTR and UR spectra for U7 and U9. Again these data
are from a single micropulse and are an example from 100
samples. We are not aware of reports of such spectra for
SASE experiments in the literature. These spectral fea-
tures are reminiscent of those seen in some FEL oscillator
experiments of the late 1980s [16], where the increase in
optical power with a pass number is analogous to the in-
crease in optical power with z in SASE. Moreover, evalua-
tions of the full 2D images of x-A space show a clear x
dependence of COTR spectral centroid (~1.4-nm slew) at
U5 and of COTR spectral structure in U7 and U9 data.
We also operated at a much lower peak current (70 A) on
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FIG. 3. A composite of the COTR spectra (a)—(c) and UR

spectra (a’)—(c’) measured at positions A, B, and C in Fig. 2a
(after U5, U7, and U9). The transition from simple spectra to
the complex spectra with sidebands is seen in both columns.
The neutral density filter (NDF) values are also indicated.

the same night and observed simple spectral lines [1.8 nm
(FWHM)] after US. This shows that our optical transport
was not the source of the observed spectral complexity.
The proposed spiking of FEL oscillator optical pulses and
similar spiking in z within the micropulse obtained from
the results of GENESIS [15] and GINGER [17] SASE
simulations lead us to expect discrete lies in the spec-
tra. In both simulations the line spacing generated was
about 2-3 nm, and regular order was not seen. Using a
standard synchrotron sideband model with our estimated
optical field peak power of 10'* W/m?, we calculated a
spacing of 4.9 nm, which is consistent with the experimen-
tal spacing of 4—6 nm.

To this point we have discussed only the integrated in-
tensity result from the z-dependent COTR far-field images
(see Fig. 2). Figure 4 is a COTR interferometer (COTRI)
angular distribution image that actually contains a wealth
of diagnostic information. Recall that when the thin foil is
inserted at a station, it both blocks the strong SASE light
and combines with the 45° pickoff mirror to provide the
two COTR sources that interfere to form the interferogram.
This image, taken after the eighth undulator (z = 19.2 m)
for the 539-nm case, has an integrated intensity that is 10
to 20 times weaker than the 12.5-m saturation point, so
the bunching fraction has decreased by approximately the
square root of that ratio. However, the 6,-6, asymmetry,
the =6, and *6, symmetry, and the outer fringe visibil-
ity when viewed in light of our analytical model [9] in-
volve additional physics. The ¢,-60, asymmetry is readily
explained as being due to the e-beam’s asymmetric beam
shape (8, = 2.7 m, 8, = 0.7 m) and its interaction with
the SASE optical fields. The nominal e-beam sizes for a
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dence of synchrotron sidebands in the microbunching, a
peaking of the microbunching fraction near saturation, and
evidence of an effective transverse core involved in the mi-
crobunching and x dependence of the microbunching spec-
trum. These features have been compared to calculations
using GENESIS and GINGER where possible. An im-
proved understanding of the SASE process has resulted,
since the COTR techniques provide a unique probe of the
critical microbunching phenomenon.
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FIG. 4 (color). COTRI angular distribution image after undu-
lator 8 showing the central lobes in 6,-60, space and the profiles
for @, and 6,, below and to the right of the image, respectively.
The visibilities of the second and third fringe maxima are con-
sistent with a “core” of beam with o, = 30 um that is still
microbunched. The image colors blue, green, red, and yellow
go from low to high intensity.

matched beam are o, = 200 umand o, = 100 wm. The
corresponding bunch form factors from Eq. (2) result in a
larger product intensity for vertical angles, hence this ba-
sic COTRI image asymmetry. The fact that the =6, and
*0, lobe intensities are similar implies that the effective
electron-beam distributions in x and y are each symmetric
and the beam is well centered. The outer fringe visibility is
related to two effects. First, the OTRI fringe pattern for the
single-electron case is dependent on a convolution with the
beam divergence in the model, and we have found that a
beam divergence of oy = 0.2 mrad is consistent with the
data. Second, the very presence of COTRI outer fringes
indicates that there is an effective “beam size” feature that
is less than 50 um. In particular, the Fig. 4 data exhibit
three (four) fringes at *+6, values whose relative intensi-
ties are 1.0, 0.24, 0.12, and (0.04), and the calculated ones
are 1.0, 0.24, 0.13, and (0.04) using oy, = 30 um in the
model. The fringe maxima are at 6, = *1.8, 4.5, and
6.3 mrad and within 5% of the calculated ones. The single
horizontal lobes, with the almost linear ramp shape on the
outer 6, side, are consistent with o, = 80—-120 um. In
both planes then, the COTRI image indicates an “effec-
tive” size or feature 2—3 times smaller than the expected
e-beam total size. A similar residual microbunched core
after some debunching outside the wiggler was previously
reported in an FEL amplifier experiment [18].

In summary, we have extended our verification of the
electron-beam bunching fraction evolution using COTR
along the undulators in a SASE FEL experiment to the
saturated regime. We have reported for the first time evi-
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