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Abstract

Requirements for the noise in electron beams (NEB) have
recently approached the Shot-noise level in some new ap-
plications. The density fluctuations of intense beams in the
near-infrared (NIR) region are being measured at the Fer-
milab Accelerator Science and Technology (FAST) facility.
The main goal of the experiment is to accurately compare the
Shot-noise model with the observations of optical transition
radiation (OTR) generated by a relativistic electron beam
(y = 63), transiting an Aluminium metal surface. In addi-
tion, some evidence for longitudinal space-charge-induced
microbunching for the chicane-compressed beam was ob-
tained with coherent enhancements up to 100 in the various
bandwidth-filtered NIR OTR photodiode signals. With mi-
cropulse charges up to 1 nC, the beam parameters are close
to those proposed for a stage in an Electron-Ion Collider
(EIC) with coherent electron cooling (CEC). In this paper
we present the current progress of the NEB project and com-
pare the low electron energy measurements with ImpactX
simulations.

INTRODUCTION

The relativistic electron-beam quality’s importance has
become significant as the allowed density fluctuations ap-
proached the Poisson level in some applications, including
FELs [1,2] and high-energy hadron storage rings cooling
systems [3,4].

Stochastic cooling is the best option at these energies,
and the cooling rate is proportional to the operational fre-
quency of the device [5], which makes the Optical Stochas-
tic Cooling (OSC) orders of magnitude more effective than
the microwave stochastic cooling schemes [6]. Coherent
Electron Cooling (CEC) is a variation of OSC, where both
detector and kicker are the same electron beam [7, 8]: first,
it receives a longitudinal kick, shaped in accordance with
the hadron beam; then the kick is transformed to longitudi-
nal density modulation by a chicane (amplifier); finally, the
hadron beam is kicked by the modulated electron beam with
a particular phase shift, thus achieving cooling. The char-
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Figure 1: Coherent Electron Cooling (CEC) scheme at Elec-
tron Ion Collider (EIC).

acteristic wavelength of the kick is ~ 1 um. Basic scheme
of the system, that will be built at the Electron Ion Collider
(EIC), is presented on Fig. 1 [9].

Additional beam density modulations in the interesting
spectral region introduce additional diffusion in a cooled
beam that counteracts cooling [3,4, 10]. Therefore, if this
noise is not controlled at sufficiently low level, the noise
heating effects can overcome cooling. The ratio for the EIC
can be calculated to be approximately:
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where r; is the ratio for the shot-noise (quiet) beam,
Z..2(k) is the total impedance of the amplifier and kicker
sections of CEC for pre-existing electron density modula-
tions 6p.(k), n. is the number of electrons in the beam,
and F = n, |6p.(k)|? is the Fano factor (here we assumed
that the noise is white). Noise above shot-level (F = 1)
in linear electron accelerators without external wavelength
modulation has already been observed, for example, in [11].

The Fermilab Accelerator Science and technology (FAST)
Facility is well-suited for this research as it can provide
electron bunches with similar beam parameters as in the EIC
CEC concept. The comparison is presented in Table 1.

In this paper we present the current status of Noise in Elec-
tron Beams (NEB) project [12], including measurements
of the low energy electron noise for various beam lengths,
supported by phase-space simulations.
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Table 1: FAST and Proposed CEC Beam Parameters

Parameter FAST EIC
E,, GeV 100 - 275
E., MeV 40 - 300 50 - 150
Bunch charge, nC 0-3 1

€ (rms, norm), um 3 (at 1 nC) 2.8
Bunch length, mm 0.3-10 12-8
Drift section, m 80 100
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Figure 2: Diagnostics cross X121 is downstream of the
chicane upstream of the SRF cryomodule.
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Figure 3: Principal experimental scheme.

METHODS

Density distortions in electron beams are measured by
means of Transition Radiation (TR). In FELSs, for example,
the space charge impedance in a long linear accelerator, as
well as strong compression to a high peak current, often
result in beam micro-structures [13] that strongly amplify
the TR in optical range of frequencies, known as coherent
optical transition radiation (COTR) [14].

The TR energy per unit frequency w per unit solid angle,
radiated by a beam of charged particles, traversing an ideal
conducting plane, can be approximated as:

&’ &L
dwdQ ~ dwdQ

d*r

leWI"=~-—5

NF(w), (2)

where N is the number of particles, p(w) is the Fourier
spectrum of the normalized by 1 longitudinal beam density
distribution function, and

Bsin®0  Zog> 6 )

&L Zyg?
dwdQ 473 (1 - Bcos? 6)°

where 8 = v/c, Zy =~ 377Q is the impedance of free
space, ¢ is the single particle charge, and the relativistic fac-
tor y > 1. Assuming a bunch charge of 1 nC, the radiation
energy per quiet bunch (F(w) = 1) in the band A1 = 100nm,
Ao =1 um at 25 MeV is 2.4 pl.

The transverse size dependence, studied in [15, 16], is
omitted here due to a different measurement system and
its inconsistency with the experimental observations: the
exponent presented in the text gives pure zero COTR am-
plitude for any beam distribution. Instead, we estimate the
transverse size impact on COTR as 1/(2/0,).

The experiments have been performed using the existing
diagnostics cross X121 (see Fig. 2). The principal experi-
mental apparatus, shown in Fig. 3, starts with an Al-coated
Si substrate - a thin highly reflective foil (the OTR source),
inserted into the beam line at 45 degrees with respect to the
beam. The emitted radiation energy is transported through
an optical channel, passed through one of the available 12
NIR BPFs filters in the range of 750-2400 nm, and focused
onto a sensitive photodiode.
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Figure 4: 770nm BP filter transmission function (left), and
voltage induced by the OTR radiation for the shot-noise
predictions vs measurements (right). X-axis values are the
BPFs mean according to the manufacturer.

EXPERIMENTAL RESULTS

The filter transmission functions, an example of which
is presented on Fig. 4 left, are far from the desired 100 nm
bandwidth ideals. This fact introduces an ambiguity in the
transformation from the measured induced voltage to the
beam distribution U; — p(A). Therefore, we fit the data by
repeatedly taking guesses of the distribution:

clevated [T(O)F(a)/2%da @
[ T()1/22dA

quiet

where F (1) = N |p(2)|? is the Fano factor spectral den-
sity and T'(1) is the transmission function of the transport
line, including the photodiode responsivity.

Comparison of the theoretical predictions and experimen-
tal results is presented on Fig. 4 right. Here the combined
reflectivity of the light channel is taken to be 80 + 10 %, and
the transverse beam shape - round Gaussian. Red values
are the predicted voltages, induced by the radiation passed
through the filters; blue values are the measured voltages.
Two errors include common and individual multipliers at
all points. Individual errors are depicted at both experimen-
tal and theoretical curves as error bars, while the common
multiplier and systematic errors are shown as bands.

In this case the guess of the Fano factor not depending on
the wavelength gives a good agreement with the gain shape.
Hence, we can fit the common multiplier directly, obtaining
F =1+ 1.7. At 30 the factor results in the cooling time
being reduced by less than 1%: Tgif/Tcool =~ 250.

If the microbunching wavelength scales the same way as
the beam length without amplitude change, it is important
to verify that the beam has F = 1 in the range ﬁ <ec,
where c is the beam compression factor. The increase has
been observed in several experiments with external modu-
lation [17, 18], giving peaked gain (COOTTlgz), and without a
particular excitation [14, 19] with the gain being broad-band
and monotonously increasing with wavelength starting at
around 200 pum.

Beam length dependence on the CC2 phase relative to
the on-crest value, together with its simulated version (see
the Simulations section) and the OTR peak, is presented
on Fig. 5 left. The maximum compression factor achieved
is ¢ = 0.1 (from 10 ps to 1 ps), in a small area around
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Figure 5: Beam length vs CC2 phase from streak camera,
simulations and transition radiation (left), and the elevated
signal (right).

which the TR signal appeared to be elevated. The maximum
registered signal increase was around 60 times. The OTR
signals comparison for various beam lengths is presented on
Fig. 5 right.

Because of the absence of an external wavelength in the
interesting range, we expect a broad-band spectrum. The
task is to fit the data while keeping the peak number as low
as possible, and their widths - as large as possible. However,
broadband spectra give unexpectedly poor results, predicting
much higher gain at 770 nm than it is on the experiment due
to the wide transmission range of the filter. Two example
of possible fits are presented on Fig. 6. With the factor of
1/(A/o ) the diffusion time becomes much lower than the
cooling time.

Ratio F())
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250? — Wide fit
200§ — Narrow fit

— Wide fit
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Figure 6: Predictions for the guessed spectrum vs experiment
(left), and the guessed Fano factor (right).

It was observed from the signal fluctuations measurements
that the incoherent term is not changed when the COTR
appears, and the COTR has a random origin. It was also
observed from the cavity phase dependence that the mi-
crobunching does not depend on the beam length only, but
also directly on the acceleration cavity phase.

SIMULATIONS

The space charge tracking, including the intra-microbunch
forces, has been done in an s-based ImpactX [20] code on a
personal computer.

The simulated set includes initial beam distributions with
different-wavelength sinusoidal longitudinal density pertur-
bations. The microbunching gain dependence on the initial
beam density perturbation wavelength for various compres-
sion factors (CC2 phases) is presented on Fig. 7. The gain at
the modulation wavelength is the ratio of the integrals over
the final and initial Fano factors. The integration is done
in vicinity of the spectrum peaks, that are located near the

WEPR49

ISSN: 2673-5490

JACoW Publishing
doi: 10.18429/JACoW-IPAC2024-WEPR49

compressed initial perturbation wavelength A = c4g, where
¢ is the compression factor.

The microbunches are expanded longitudinally on the
phase space in the chicane and intersect with each other,
achieving smoothing. The effect does not depend on the
initial micro-bunch size, and, as a result, the gain quickly
approaches 0 with the wavelength and beam length decrease.
The low-wavelength area of the compressed beam spectrum
is presented on Fig. 8 left. The spectrum mean of the in-
teresting wavelength region is shown as a horizontal line
and compared with the shot-noise level. The difference is
much smaller than the noise level F — 1 < 1. An example
of the longitudinal phase space after the bunching chicane
is presented on Fig. 8 right (Q = 1 nC, 49 = 800 nm).
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Figure 7: Microbunching gain obtained with ImpactX for
the low energy FAST beam line.
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Figure 8: Low-wavelength region of the simulated longitu-
dinal beam distribution spectrum for compressed (1 ps long)
beams at low energy (y=50) FAST beam line (left), and lon-
gitudinal phase space after the bunching chicane (right).

CONCLUSION

The experiment shows no additional noise above shot
level F' = 1 for the uncompressed or moderately compressed
beam (I > 2 ps). This result is supported by space-charge
particle tracking. At 3o the cooling time is reduced by less
than 1%: Tdiff/Tcool ~ 250.

On the contrary, the experimentally measured and simu-
lated COTR for compressed beams is clearly in disagreement
in the optical and NIR regions. Other possible sourced of the
signal increase are Coherent Optical Synchrotron Radiation
(COSR) and Coherent Optical Edge Radiation (COER) from
the last chicane dipole, both reflected by the OTR screen at
X121. COSR and COER simulations are ongoing project
activities.
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