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Observation of Shot Noise Suppression at Optical Wavelengths in a Relativistic Electron Beam
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Control of collective properties of relativistic particles is increasingly important in modern accelerators.
In particular, shot noise affects accelerator performance by driving instabilities or by competing with
coherent processes. We present experimental observations of shot noise suppression in a relativistic beam
at the Linac Coherent Light Source. By adjusting the dispersive strength of a chicane, we observe a
decrease in the optical transition radiation emitted from a downstream foil. We show agreement between
the experimental results, theoretical models, and 3D particle simulations.
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Understanding and controlling collective interactions in
relativistic beams is vital for new applications of ultrabright
particle sources such as x-ray free electron lasers (FELs)
[1,2]. In FELSs, shot noise provides the start-up radiation for
self-amplified spontaneous emission (SASE) but also drives
the potentially hazardous microbunching instability that
can impede coherent processes [3—10]. In seeded FELs,
shot noise competes with external modulations during the
amplification process [11,12], and suppressing the SASE
start-up could extend seeded FELs to x-ray wavelengths. In
harmonic seeding schemes such as high gain harmonic
generation or echo-enabled harmonic generation [13-15],
even reducing shot noise at the initial seed wavelength
would lower the seed laser power requirement. Shot noise
suppression may also aid other areas of accelerator physics,
for example, increasing efficiency in cooling relativistic
beams [16,17]. In general, improved understanding and
control of shot noise will aid in the design of future SASE
FELs, and the microbunching instability itself may prove
useful as a novel radiation source [18].

Shot noise suppression at long wavelengths was ob-
served in microwave tubes as early as the 1950s [19],
and more recently, similar effects (though from different
physics) have emerged in semiconductor devices [20]. In
the last few years, several groups have independently
proposed suppressing shot noise at short wavelengths in
high energy electron beams [17,21-23].

In this Letter, we present the first experimental evidence of
optical shot noise suppression in relativistic electrons. Using
the scheme of Ref. [23], we demonstrate that matching the
beam’s collective Coulomb forces to dispersion experienced
by the particles in a subsequent magnetic system reduces
broad-bandwidth shot noise current fluctuations. We observe
this noise suppression through a decrease in optical transition
radiation (OTR) emitted by the beam.

To quantify the density fluctuations at a wave vector k
we define the noise factor
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where the double sum is over all N electrons in the beam,
and z; is the longitudinal position along the bunch of the
Jjth electron. We can equivalently define the noise factor
as F(k) = N|b(k)|?>, with the bunching factor b(k) =
> explikz;]/N closely related to the discrete Fourier
transform of the electron beam density. We select F(k) as
a noise metric because of its relevance to numerous accel-
erator applications, notably undulator radiation.

If the positions of electrons in the bunch are uncorrelated
(i.e., a shot noise distribution), the N(N — 1) random
phases with j # [ in Eq. (1) will average to zero. (We
assume the wavelengths of interest, A = 27/k, are much
shorter than the bunch length.) We then find the expected
noise factor for shot noise: F(k) = 1. If instead the elec-
trons are grouped into microbunches spaced by A (e.g., in
an FEL at saturation), then all N? terms in Eq. (1) add in
phase, and the noise factor reaches a maximum value of
F(k) = N. In the opposite limit (i.e., noise suppression),
the electrons are distributed evenly within a length scale A.
In the ideal case, the phases cancel perfectly, and we find
F(k) = 0. In reality, one can expect suppression below the
shot noise level, i.e., F(k) < 1.

Suppressing shot noise is equivalent to creating a beam
with anticorrelated particle positions. Developing longitu-
dinal anticorrelations requires both a mechanism for
particle-particle interactions and a mechanism for subse-
quent displacement in z. In a relativistic beam, the longi-
tudinal velocity of all particles is close to the speed of light,
so relative velocity differences between particles are small.
To facilitate longitudinal displacements, Ref. [23] pro-
posed the following noise suppression setup: in an inter-
action region of length L,, Coulomb repulsion changes the
particle energies, and a subsequent magnetic chicane of
dispersive strength Rs¢ then shifts the longitudinal particle
positions according to the new energies. The simplified
model of [23] assumes that the particles are longitudinally
frozen in the interaction region (i.e., the velocity differ-
ences are small compared to the effect of the chicane
strength) and that there is negligible energy change through
the dispersive region. For a beam with uniform transverse
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density, the noise factor at the exit of the chicane can be
written as

F(k) = (1 = Y)?, (2)
where

4r,L,

Y = n0R56A and A= 3 ,
ay

3)

with longitudinal particle density (number of particles per
unit length) ng, classical electron radius r,, relativistic
factor v, and transverse beam radius a. Choosing Rsg to
set Y = 1 reduces the noise factor, F(k), to zero. While the
results of Ref. [23] were based on a 1D model, Ref. [24]
shows that 1D and 3D models produce nearly identical
noise factors for flattop transverse distributions.

We can repeat the analysis for a transverse Gaussian
distribution of rms size o, producing a transversely inte-
grated noise factor

F(k)=1-2Y +4Y?, 4)

where in Eq. (3) we now replace a by 20 [24]. For the
Gaussian case, we expect optimal shot noise suppression
with Y = 3/4, giving F(k) = 1/4.

The results of Egs. (2) and (4) are both valid only in the
high frequency regime of ko/y > 1 [25], when the trans-
verse dimension is large compared to the wavelength of
interest in the beam rest frame. In this Letter, the experi-
mental conditions do not strongly satisfy the high fre-
quency limit, so we expect moderate deviations from the
analytical results. We note that narrow bandwidth noise
suppression is possible even when ko/y < 1.

For an experimental demonstration of shot noise sup-
pression, we use the first linac and bunch compressor
sections of the Linac Coherent Light Source (LCLS).
The experiment includes the four components shown in
Fig. 1: two dipole magnets and the “QB” quadrupole
which reset the beam to an initial shot noise distribution,
an interaction region which includes the S-band (L1S) and
X-band (L1X) accelerator sections, a dispersive region
consisting of a magnetic bunch compressor chicane
(BC1), and a diagnostic station. The rf accelerator phase
is set to 0° in L1S and 180° in L1X to minimize energy
variation along the bunch. Table I gives the main beam and
accelerator parameters.
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FIG. 1 (color online). Schematic of the LCLS beam line used
in the experiment, including the QB quadrupole, L1S and L1X
accelerator sections, and bunch compressor chicane BC1. A
camera collecting radiation from the OTR foil serves as the
diagnostic.

TABLE 1. Parameter list for experimental conditions.
Beam energy 135-220 MeV
Beam charge 5-20 pC
Normalized emittance (x, y) 0.2 pm
BCl dispersion (Rs¢) 0-2.5 mm
QB strength 10.3 kG
Interaction beam size (o) 30-200 pwm
OTR beam size (ogrr) 25-40 pm
Camera bandwidth (A) 400-750 nm
Camera aperture (6.,,) 75 mrad

Previous studies found that setting the QB quadrupole to
its nominal value (which makes an achromatic transition
through the two bend magnets) allows a microbunched
beam to enter the interaction region [5]. To suppress this
microbunching and prepare a clean shot noise beam, we set
the quadrupole off achromat by 3% of its nominal strength.
This creates Rs; and Rs, transfer elements that wash out
longitudinal modulations originating in the injector [8].
Figure 2 shows the off-achromat setting produces a linear
variation in OTR intensity as a function of charge, con-
firming an initial shot noise distribution at the start of
the experimental region.

Coulomb repulsion between electrons changes the par-
ticle energies as the beam passes through the accelerator
segments L1S and L1X. The dispersion from the bunch
compressor chicane, BC1, then converts the energy modu-
lation into longitudinal displacement, reducing shot noise
density fluctuations. Ideally, the particles would have neg-
ligible relative longitudinal movement in the interaction
region (L1S and L1X) and would have negligible interac-
tion in the dispersive region. To check the first assumption,
we calculate the effective Rss of L1S and L1X due to
velocity differences between particles. By operating in
low charge mode (5 pC), the Rs¢ of optimal suppression
(approximately 1.5 mm) is large compared to the effective
Rsg of L1S and L1X (approximately 0.1 mm). We also
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FIG. 2 (color online). Measured OTR intensity as a function of
electron beam charge with the QB quadrupole set 3% off
achromat and Rss = 0 mm. A linear fit (solid line) confirms
that the measured OTR scales linearly with bunch charge, as
expected for a shot noise distribution. Red circles correspond
to the Rss = 0 mm data points in Fig. 4 and are consistent with
an initial shot noise distribution. In all figures, error bars fall
within the data points.
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FIG. 3 (color online). OTR images averaged over 100 shots
with shot noise properties at Rsg = 0.2 mm (left) and noise
suppression when Rsq = 1.4 mm (right). Pixel counts are in
arbitrary units.

check that the interaction length, L, is long compared to
the drift length required for a quarter plasma oscillation,
Zy4 (see, e.g., [26]); at 5 pC charge, the average quarter
plasma length is Z;,, ~ 80 m. Finally, we note that the
experimental configuration loosely satisfies the second
assumption; the chicane length (6.5 m) is approximately
half the length of the interaction region (12 m). Moreover,
because half of the dispersion is in the initial 2.5 m of the
chicane, the additional interaction in BC1 is a relatively
minor effect. Corrections to both assumptions serve only to
shift the point of optimal noise suppression to smaller Rsg.

We measure the OTR emitted from a 1 um thick alu-
minum foil inserted into the beam following BC1 [27]. A
camera with an aperture of 75 mrad images the OTR
screen, and we integrate over the 2D image to calculate
the total signal. The radiated energy per unit solid angle per
unit wave number observed at angle 6 is

A2 _ remc2 62
dkdQ) 7 (62 + y72)?

Zeik[ﬁ(rj*r,)ﬂjfz,]’ (5)

il

with electron mass m, speed of light ¢, and transverse
particle positions r (see, e.g., [28]). We note that by setting
either # = 0 or r = 0, the sum in Eq. (5) reduces to F(k)
[Eq. (2)]. In using OTR as a diagnostic, we collect radia-
tion at angles § # 0, so the experimental signal is affected
by the transverse phase factors e’*?"";=")_ and we expect the
measured OTR to differ from the expression for F(k).

After setting BC1 to the optimal Rss, we observe shot
noise suppression for both 5 and 20 pC electron bunches.
Figure 3 shows averaged OTR images for conditions with
shot noise (Rss ~ 0.2 mm) and optimal noise suppression
(Rs¢ = 1.4 mm). The optimal Rs¢ for noise suppression is
far weaker than the nominal set point (Rs ~ 40 mm), so
during normal LCLS operation we expect only noise
amplification.

Scanning the Rs¢ of BC1, Fig. 4 shows maximum OTR
suppression of 35% at 5 pC and 25% at 20 pC. For both
charges, the OTR intensity varies quadratically in Rs¢ as
predicted by Eq. (4). The point of maximum suppression is
determined by the parameter Y, which is proportional to
the longitudinal density n,. The density varies linearly with
bunch charge, so we expect the Rss of maximum noise

-
T

5pC, 30um spot

o9l ® — — —20pC, 25um spot

0.8

0.7 |

0.6

Normalized OTR Intensity (arb. units)

1 15 2 25
BC1 R56 (mm)
FIG. 4 (color online). Integrated OTR intensity vs Rs¢ of BC1.
Both the 20 (blue circle) and 5 pC (red square) measurements are

fit to quadratic curves (solid lines). In each curve, the intensities
are normalized by the measured signal at Rsg = 0 mm.

suppression to vary inversely with bunch charge. Figure 4
confirms that decreasing the bunch charge from 20 to 5 pC
results in a corresponding increase in optimal Rs¢. The
weaker suppression in the 20 pC case may be partially due
to plasma oscillations; with Z;,, a factor of two smaller
than at 5 pC, the OTR at Rs5s = 0 mm may itself be below
the shot noise level as predicted in Ref. [21]. We note that
in Fig. 2, the 20 pC point falls approximately 10% below
the shot noise level, consistent with the plasma oscillation
explanation.

As discussed previously, the transverse components in
Eq. (5) can affect OTR emission. In particular, the trans-
verse phase in the exponent of Eq. (5) washes out collective
effects at angles 0,,,, > A/(2mooR), With oorg the elec-
tron beam size at the OTR screen. As a result, measured
suppression in OTR is expected to be smaller than the
suppression of the longitudinal noise factor F(k) predicted
by Eq. (4). Because the camera system images the OTR
foil, it is not possible to separate out the contribution from
angles smaller than 6,,,. However, focusing to smaller
ootr leads to larger 6,,,,, and the measured OTR signal
better approximates F(k).

Figure 5 shows noise suppression at 20 pC bunch charge
for two different beam sizes at the OTR foil. By controlling
ootr Using only quadrupoles downstream of L1S and
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FIG. 5 (color online). Integrated OTR intensity vs beam size at

the OTR foil. Both curves are for 20 pC bunch charge, and the
lines are quadratic fits.

034801-3



PRL 109, 034801 (2012)

PHYSICAL REVIEW LETTERS

week ending
20 JULY 2012

Normalized OTR, F(k) (arb. units)

N .~ | ——5pC OTR Data
02+ RN -% -OTR Simulation
—+-F(k) Simulation
0 L . . . ; :
0 0.5 1 1.5 2 2.5
BCI R56 (mm)

FIG. 6 (color online). Simulation results compared to the ex-
perimental data for the 5 pC case. Due to uncertainty of beam size,
we fit the beam density to best match the experimental results,
producing the curve with green stars for o = 60 um. All other
parameters are taken from Table I. The same simulation suggests
we have considerably stronger suppression of F(k).

L1X, we ensure that the beam size in the interaction region
does not change. We then expect that the suppression in
F(k) is equal in both cases, and the observed difference
between the two curves in Fig. 5 is due to the radial parts of
the phase factors in Eq. (5). We note that even with the
reduced beam size, coherent effects are damped at angles
larger than 6,,,, ~ 2/7y, while the OTR camera integrates
over an angle of 0., = 30/7.

We use 3D particle simulations to confirm both the
analytical model and experimental results. To simulate
generic interaction and dispersion examples, we developed
a custom code that sums interparticle Coulomb forces, and
then calculates both the F(k) [Eq. (1)] and the OTR intensity
[Eq. (5)] following a chicane. Particles are longitudinally
stationary during the interaction and transversely stationary
throughout. We assume a longitudinal flattop distribution
with periodic boundary conditions and a Gaussian trans-
verse distribution. Due to computational constraints, we
cannot simulate the full electron beam, so we use lower
particle densities, n(, and scale Rsq accordingly.

From the parameters of Table I and the analytical model
of Eq. (4), we estimate a 5 pC Gaussian beam will have
maximum noise factor suppression for Rsg ~ 1.1 mm, with
OTR suppressed at somewhat longer wavelengths due to
the transverse components of Eq. (5). Using the same
parameters, the simulations predict optimal noise factor
suppression at 1.4 mm and optimal OTR suppression at
1.7 mm. The analytical model predicts smaller optimal Rs¢
values due to the assumption of the high frequency limit,
ko /vy > 1, which is not strongly satisfied by the experi-
mental parameters, for which ko/y <2. As expected,
suppression of F(k) is more dramatic than suppression of
OTR. Again, the simulation results differ somewhat from
the model (factor of 5 suppression in simulation, factor of 4
in the model) due to the assumption of the high frequency
limit in the analytical calculations.

Figure 6 shows that both simulations and the analytical
model agree reasonably well with experimental results.

Because the Rsq of optimal suppression depends on both
the current density and transverse distribution, neither of
which can be measured directly in the interaction region,
we fit the simulation density to match the experimental Rs¢
of optimal suppression. We find that the simulations match
the experimental results with a density 25% larger than
reported in Table I, which is within the experimental
uncertainty. Figure 6 suggests that suppression of F(k)
may be considerably stronger than the measured suppres-
sion of OTR.

We conclude that we have observed suppression of
optical shot noise in a relativistic electron beam. We
are able to suppress OTR intensity by as much as 35%
of the shot noise level. We find good agreement between
the experiments, analytical model, and 3D simulations.
From Eq. (5) as well as simulation results, we expect that
the noise factor is suppressed more strongly than the
observed OTR. We note that the method described in
this Letter may be used to control SASE start-up at the
LCLS by using a dispersive region near to the undula-
tors; studies for such an experiment are under way. It is
our hope that control of collective properties in relativ-
istic beams will find wide ranging applications in accel-
erator physics.
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Note added.—Following submission, the authors of
Ref. [22] have reported similar noise suppression results
using the plasma oscillation method [29].
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