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The phenomenon of Dicke’s subradiance, in which the collective properties of a system suppress
radiation, has received broad interest in atomic physics. Recent theoretical papers in the field of
relativistic electron beams have proposed schemes to achieve subradiance through suppression of shot
noise current fluctuations. The resulting “quiet” beam generates less spontaneous radiation than emitted
even by a shot noise beam when oscillating in an undulator. Quiet beams could have diverse accelerator
applications, including lowering power requirements for seeded free-electron lasers and improving
efficiency of hadron cooling. In this paper we present experimental observation of a strong reduction in
undulator radiation, demonstrating the feasibility of noise suppression as a practical tool in accelerator
physics.
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I. INTRODUCTION

Dicke’s seminal work on superradiance [1] describes the
process of controlling radiation through a system’s collec-
tive properties; in Dicke’s superradiance the cooperative
emission of e.g., dipoles radiating in phase increases the
total radiation, while in subradiance, antiphasing of the
dipoles leads to cancellation between the radiation fields
and thus reduced radiation. Experimentally, superradiance
is easier to observe, but recently focus has turned increas-
ingly to subradiance as well (see e.g., [2–5]). Dicke’s
results have received most attention from the field of atomic
physics [3–5], but subradiance is also directly applicable to
relativistic free electrons; e.g., a microbunched electron
beam emits superradiantly when oscillating transversely in
a magnetic undulator, with the intensity enhanced relative
to spontaneous radiation by the number of coherent
electrons [6,7]. In the opposite regime, homogenization
of the beam on the scale of the radiation wavelength results
in destructive interference and consequently subradiance,
i.e., lower intensity than expected from spontaneous
radiation. In practice, beam homogenization corresponds
to suppression of random shot-noise current fluctuations
and recent theoretical proposals [8–11] and experimental
demonstrations [12,13] have investigated various means of
shot-noise suppression.

Undulator subradiance has direct applications in the field
of free-electron lasers (FELs). Following recent short-
wavelength seeding demonstrations [14] there is increasing
interest in pushing seeding to the x-ray regime. Promising
seeding schemes including high gain harmonic generation
[15,16], echo-enabled harmonic generation [17,18], and
direct seeding with high harmonic generation [19] are all
limited by the need for a high-power, short-wavelength
seed that can outcompete the self-amplified spontaneous
emission (SASE) [20] process in the startup of an FEL [21].
However, subradiance has the potential to extend the short-
wavelength limit; spontaneous undulator radiation com-
petes with the external seed laser to kick-start the FEL
process, so decreasing the spontaneous radiation reduces
the required seed power and opens the possibility of
seeding at shorter wavelengths. Shot noise suppression
also has other potential applications, such as cooling high
energy hadrons [22,23], avoiding the microbunching insta-
bility (MBI) [24–27], and novel FEL schemes [28].
Previous observations of shot noise suppression in

accelerators were only proof-of-principle experiments,
using optical transition radiation (OTR) as a diagnostic
[12,13], and only demonstrated weak suppression.
Moreover, OTR has limited applications and its emission
pattern is null on axis. By contrast, undulator emission has
direct relevance to short-wavelength FEL seeding and has
potential to reach a higher degree of suppression, especially
on axis in the beam propagation direction. In this paper we
describe the first demonstration of coherent reduction in
undulator radiation as well as direct measurement of the
angular dependence of the suppression. This measurement
represents the first demonstration of Dicke’s subradiance of
dipole radiation in the context of free electrons.
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II. NOISE SUPPRESSION CONCEPT

The experimental scheme follows the dispersive method
of [10]: space charge (Coulomb) interaction occurs in a
region of length La, creating an energy modulation, and a
subsequent magnetic chicane of dispersive strength R56

generates a corresponding density modulation. Note that
this model is identical to that of MBI (see e.g., [29] for an
overview). A useful metric for the amplitude of noise
suppression at wave number k is the noise factor, FðkÞ,
which is a relevant parameter for a number of phenomena,
notably the startup of a SASE FEL [20]. We define the
noise factor as

FðkÞ≡ 1

N

X

j;l

eikðzj−zlÞ; ð1Þ

where the double sum is over all N electrons in the
beam and zj is the longitudinal position along the bunch
of the jth electron. Using a simple 1D model we find that
for high frequencies (kσi=γ ≫ 1, for interaction beam
radius σi and relativistic factor γ) and vanishing energy
spread, we can write the noise factor as [10]

FðkÞ ≈ 1 − 2ϒþϒ2; ð2Þ

where

ϒ≡ n0R56A and A≡ 4reLa

σ2i γ
; ð3Þ

with longitudinal particle density n0 and classical electron
radius re. Matching the dispersive strength, R56, to the
interaction strength, n0A, produces ϒ ¼ 1 and sends the
noise factor FðkÞ → 0, generating a “quiet” beam. When
this quiet beam passes through an undulator, we then expect
a corresponding decrease in undulator radiation, i.e.,
subradiance.

III. EXPERIMENTAL SETUP

Experimental work was carried out at the Next Linear
Collider Test Accelerator (NLCTA) beam line [18,30]
using the parameters of Table I. Figure 1 shows a schematic
of the experiment. Space charge interaction between
particles occurs during the acceleration and drift sections
totaling 23 m in length. The “C0” chicane allows control of
R56 to search for subradiance. At full acceleration, the
electrons reach 120 MeV, which results in radiation at
λr ¼ 800 nm emitted by a ten-period undulator. A Manta-
G-125 camera is focused to infinity to capture the far-field
radiation profile (power as a function of emitted angle).
A low pass filter blocks radiation below 800 nm so that we
only observe emission at the undulator’s fundamental
wavelength.
Scanning the R56 of chicane C0 results in a quadratic

dependence in the undulator radiation as a function of R56,
as expected from Eq. (2). Sample images and results of the
scan are given in Figs. 2 and 3. In the scans we find
the observed undulator radiation decreases quadratically to
the point of maximum suppression. As R56 increases
further the beam enters the MBI regime (see e.g., [29])
and eventually reaches as much as a factor of 8 above the
shot noise level. The R56 strength required for suppression
is proportional to the strength of the interaction upstream,
so changing n0 adjusts the point of maximum suppression
[Eq. (3)]. Experimentally we use the gun phase to control
velocity bunching of the beam, and thus the peak current;
zero degrees corresponds to the crest of the rf pulse
(approximately 20 A peak current), and moving the phase
in the negative direction decompresses the beam and lowers
the peak current. Figure 3 shows the point of maximum
suppression for three different gun phases.

FIG. 1. Experimental schematic: The electron beam’s Coulomb forces produce energy modulations in the interaction region. Then
passing through the chicane dispersion results in a “quiet” electron beam, which emits subradiantly in an undulator. As a control, an
OTR screen can be inserted after the chicane to scramble the electrons and reset a shot noise distribution.

TABLE I. Parameter list for experimental conditions.

Experimental parameters

Beam charge 25 pC
Final beam energy 120 MeV
Gun phase −5 to −19.5 deg
Peak current 5–20 A
Normalized emittance (x,y) 1 μm
Slice energy spread 1.5 keV
C0 dispersion (R56) 0–8 mm
Interaction beam size (σi) ∼1 mm
Undulator beam size (σu) ∼100 μm
Undulator K parameter (K) 1.8
Number of undulator periods 10
Radiation wavelength (λr) 800 nm
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IV. DETERMINING THE SHOT NOISE LEVEL

The dispersive noise suppression model assumes that the
particles are frozen longitudinally in the modulation region,
and experience no energy modulation in the dispersive
region. The chicane is a factor of 30 shorter than the
accelerator, so the second assumption is safe. However, the
first assumption may not be satisfied strongly, and it is
possible that the particles have gone through a portion of a
plasma oscillation before reaching the chicane [31,32]. In
this case, even with R56 ¼ 0 mm, we would expect some
degree of subradiance. We can estimate the plasma phase
advance from results of Fig. 3; the three gun phase
examples correspond to different plasma frequencies, so
the fact that the three R56 ¼ 0.1 mm measurements match
within roughly 10% suggests that when the chicane is off,
the dashed lines in Figs. 3 and 4 correspond to the
uncorrelated, shot noise level.
As a second experimental check of the shot noise level,

we insert a screen consisting of 50 nm of aluminum on a
2 μm backing of nitrocellulose (installed as an OTR
diagnostics screen) into the path of the beam following

the chicane but upstream of the undulator (Fig. 1). This
OTR screen induces an additional ∼2 mrad angular spread
in the electron beam [see e.g., Eq. (7), Sec. 3.3.1 from [33]].
The larger beam emittance washes out noise suppression
and microbunching alike by both scrambling particle
positions [34] and expanding the beam size in the undulator
(which reduces transverse coherence, see below); i.e.,
inserting the screen makes the beam behave like it has a
shot noise distribution. The screen is approximately 20 cm
upstream of the undulator, which is too close to fully reset
the beam to a random distribution, but comparing screen-
IN and screen-OUT radiation gives a second means to
estimate the true shot noise level. Figure 4 shows screen-IN
data taken at several values of R56. In each case, inserting
the screen moves the output closer to the expected shot
noise level, but some correlated effects from both sub-
radiance and superradiance remain with the screen inserted.
Nevertheless, the screen-IN data with R56 ¼ 0.1 mm gives
a good approximation of the shot noise level. We also note
that this is a conservative estimate; if the true shot noise
level is higher, then the quoted degree of suppression is
actually an underestimate.

V. LIMITS TO OBSERVED SUPPRESSION

With the gun phase at −14 degrees and R56 ¼ 2.2 mm,
we observe a factor of 2.6 reduction in the integrated far-
field radiation. In the simple 1D model, the noise factor
nearly reaches 0 for ϒ ¼ 1, with the maximum level of
suppression limited by fundamental beam properties of
emittance and energy spread [10,32,35]. In practice, a
number of other longitudinal and transverse effects also
inhibit full suppression. First, because different parts of the
beam have different values of n0, there is no single value of
R56 that suppresses the entire beam. (See e.g., [12,35] for a
discussion of a Gaussian distribution in a short interaction.)
The beam is also expected to have strong peak current
dependence along the longitudinal axis. Our diagnostic is
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FIG. 2. Averaged far-field images of spontaneous undulator
radiation for (a) R56 ¼ 0.1 mm and (b) R56 ¼ 2.2 mm when
suppression is maximal. The color scale shows intensity
(arbitrary units). Gun phase is at −14 deg.
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FIG. 3. Scan of undulator radiation amplitude vs R56. Colors
correspond to different gun phase setting (and thus peak current),
and lines are quadratic fits to the data. At larger peak currents, the
interaction is stronger, leading to suppression at smaller R56

values. Shot noise level (dotted line) is determined by inserting
an OTR screen. (The −5 deg case uses the −14 deg case
normalization.)
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FIG. 4. Intensity on the camera as a function of chicane R56 at
−14 deg phase with OTR screen OUT (blue circles) and screen
IN (red squares). The dotted black line shows the inferred shot
noise level. The screen shifts intensity towards the shot noise
level, but does not fully suppress coherent effects.
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not time resolved, so the measured radiation is integrated
across the entire bunch length and at any given R56 includes
portions of the beam at different positions along the
quadratic suppression curve. Indeed, nonuniform current
may explain the observed radiation reduction factors of
only 2.1 (−19.5 degrees) and 1.6 (−5 degrees) for the other
gun phase settings. If we were able to either produce a more
uniform phase space (e.g., with a linearizing cavity) or
make a time-resolved measurement, we would expect even
stronger suppression. We note that for applications such as
seeding FELs, suppression is only relevant in the core of
the beam, both longitudinally and transversely, where it
should be possible to achieve higher levels of suppression.

VI. ANGULAR DEPENDENCE

The degree of suppression also depends on the angle of
observation, θ, relative to the motion of the electron beam.
Indeed, previous OTR measurements observed weak sup-
pression partially because of transverse form factors that
are not included in Eq. (1) [12]; at large angles, θ > θmax ¼
λr=ð2πσuÞ (for beam size in the undulator σu), the radiation
is no longer transversely coherent and suppression dis-
appears (see e.g., [33]). The experimental setup of [12]
could not isolate the on-axis radiation, which limited the
observed level of suppression in that study.
In this experiment we measure the far-field radiation to

determine the angular radiation profile. Undulator radiation
has a wavelength dependence at angle θ of

λrðθÞ ¼
λu
2γ2

ð1þ K2=2þ γ2θ2Þ: ð4Þ

With λrð0Þ ¼ 800 nm, and camera efficiency 50% lower at
890 nm, we only observe the radiation out to approximately
θ ¼ 2 mrad. With undulator parameter K ¼ 1.8, radiation
extends vertically beyond θ ¼ 2 mrad, so the camera cutoff
affects both planes equally and we observe a round beam in
Fig. 2. Assuming beam size in the undulator of
σu ¼ 100 μm, suppression should only be observed out
to θmax ≈ 1.5 mrad. As a result, we would expect there to be
an angular dependence in the radiation profile from the
noise-suppressed beam as compared with the shot-noise
dominated beam. Figure 5(a) shows the angular depend-
ence of the −14 deg case, normalized by the shot-noise
dominated R56 ¼ 0.1 mm measurement. There is slightly
more suppression at smaller angles, but it is a weaker effect
than expected, suggesting either σu is smaller than antici-
pated in the undulator, or that the transverse coherence
length is smaller than the beam size. As a check of the
theory, we repeat the analysis with the OTR screen inserted,
which increases the beam size on the order of 100 μm due
to scattering. Though longitudinal smearing also reduces
the on-axis suppression, Fig. 5(b) shows clear angular
dependence in the remaining suppression with the screen
inserted, consistent with a beam size above 100 μm. It is

worth noting spontaneous radiation at large angles is not
relevant to the FEL process, so a lack of wide angle
suppression is likely not a concern for seeding applications.
To combine undulator subradiance with external FEL

seeding, both the interaction and dispersive regions should
be as close as possible to the undulator; emittance effects
and energy spread, as well as plasma oscillations, can
reduce the degree of suppression over long distances. In
most seeding configurations a chicane immediately
upstream of the undulator makes room for a mirror to
reflect the external laser into the undulator line (see e.g.,
Fig. 1 in [18]). This mirror chicane can be tuned to
minimize spontaneous radiation, or if the optimal R56 of
suppression is too small to fit the mirror, then a weak,
compact chicane can be placed between the mirror chicane
and the undulator. The optimal R56 depends on machine
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FIG. 5. Radiation intensity as a function of angle from direction
of motion normalized by the measurement with R56 ¼ 0.1 mm.
(a) Case of −14 deg gun phase for different values of R56.
Suppression is slightly stronger on axis, but is relatively uniform
across the FWHM beam (2 mrad). (b) Inserting an OTR screen
increases emittance, which amplifies angular effects. At optimal
suppression for both −14 deg and −19 deg gun phases, the
degree of suppression is angle dependent, with suppression
predominantly on axis. Data for the −14 deg case corresponds
to the red square, R56 ¼ 2.4 mm in Fig. 4.
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parameters [10], but at the higher peak currents associated
with FELs, subradiance would occur at lower R56 values
than used here.

VII. CONCLUSION

This paper presents the first demonstration of subradiant
spontaneous undulator radiation. Using the dispersive
method to suppress electron beam shot noise, we observe
a suppression factor of up to 2.6 in the time and angle
integrated far-field radiation from an undulator. The core of
the beam, which supports the bulk of the high-gain FEL
amplification process, is expected to have even stronger
suppression. The substantial level of suppression demon-
strated here should allow, among other applications, seed-
ing of an FEL with lower pulse energy, thus extending
seeding towards the x-ray regime. Future work will extend
these results to shorter wavelengths as well as look to
combine subradiance with external seeding of an FEL.
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