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Motivation
-What are the properties of radiation from single electrons?
-Can we directly observe the classical or quantum nature of 
undulator radiation?

-Are there new ways to generate quantum states of light?
-Are there novel applications of the techniques of quantum optics 
in accelerator physics and beam diagnostics?

Single Electrons in the IOTA Storage Ring

Experimental Methods

Results

Loudon, The Quantum Theory of Light (Oxford, 2000); Glauber, Rev. Mod. Phys. 78, 1267 (2006)
Romanov et al., JINST 16, P12009 (2021)
Lobach et al., Phys. Rev. Lett. 126, 134802 (2021); Phys. Rev. Accel. Beams 23, 090703 (2020) 
and 24, 040701 (2021); JINST 17, P02014 (2022)

Quantum States of Radiation

The CLARA experiment in IOTA Run 4 (2022—2023) studied the 
coherence length and statistical properties of undulator radiation 
with a Mach-Zehnder interferometer (MZI).
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The radiation state can be identified by observing the 
statistics of photocounts and coincidences.

The Fermilab Integrable Optics Test Accelerator (IOTA) is a 40-m-
circumference storage ring dedicated to beam physics research in 
nonlinear dynamics, cooling, instabilities and other topics. It can 
store 150-MeV electrons or 2.5-MeV protons.

Single electrons can be stored by detuning injection or by lowering 
the rf voltage. Beam intensity and dynamics are recorded by 
synchrotron-radiation detectors.
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Physical system Corresponding quantum state

classical wave
(dipole antenna, laser, …)

Glauber coherent state

thermal, chaotic source
(light bulb, black body, star, …)

radiation from single atom, 
parametric down-conversion, 
quantum dot, …

incoherent mixture
(density matrix)

Fock number state

̂a α⟩ = α α⟩ α⟩ = e−|α|2/2
∞

∑
n=0

αn

n!
n⟩

̂n 1⟩ = 1 1⟩
̂n 2⟩ = 2 2⟩
…

Low-energy radiation from high-energy electrons expected in a 
Glauber coherent state (classical wave).

One interferometer arm was fixed. The length of the other arm was 
precisely controlled in 20-nm steps. Light was detected by digital 
cameras and by single-photon avalanche diodes (SPADs).

source; Dx, Dx0 are the horizontal dispersion and its
derivative, and the vertical dispersion is assumed to be
zero; ϵx, ϵy are the unnormalized rms emittances; σp is
the relative rms momentum spread. The following two
useful relations exist, σ2x ¼ Σ2

x þ σ2x0Δ
2
x, σ2y ¼ Σ2

y þ σ2y0Δ
2
y,

where σx and σy are the transverse rms beam sizes. The
complex radiation field amplitude Ek;sðϕÞ, generated by a
reference electron, is given by the following expression,
see [5,26], [[1] p. 38],

Ek;sðϕÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αk

2ð2πÞ3

s Z
dtesðkÞ · vðtÞeickt−ik·rðtÞ; ð7Þ

where k ¼ kðϕx;ϕy; 1 − ϕ2
x=2 − ϕ2

y=2Þ, α is the fine-
structure constant, esðkÞ is the considered polarization
vector (s ¼ 1, 2), rðtÞ is the trajectory of the reference
electron in the synchrotron radiation source, vðtÞ is the
velocity of the reference electron as a function of time,
c is the speed of light. The electrons are assumed to be
ultrarelativistic, γ ≫ 1, where γ is the Lorentz factor.
The parameter hN s:e:i in Eq. (2) is the average number

of detected photons per turn for a single electron (s.e.)
circulating in the ring. We consider the case of an
incoherent radiation (σzk ≫ 1). Therefore, the average
number of detected photons for the entire bunch can be
obtained as

hN i ¼ nehN s:e:i: ð8Þ

The integrals in Eqs. (2) and (5) are taken from minus to
plus infinity over all integration variables except for k,
which goes from zero to plus infinity. The spectral
sensitivity and the aperture of the detector are assumed
to be included in the detection efficiency ηk;sðϕÞ, which is a
function of polarization, k, and ϕ for that reason.
The derivation of Eq. (2) is largely analogous to [5]

and is outlined in Appendix A. Appendix B provides an
illustrative closed-form expression for M, based on Eq. (2)
in the approximation of a Gaussian spectral-angular dis-
tribution of the radiation.
In IOTA, we study undulator radiation, because the

quadratic term in Eq. (1), sensitive to bunch parameters,
is larger for undulators and wigglers than it is for dipole
magnets [5]. The complex field amplitude Ek;sðϕÞ, generated
by a single electron, can be numerically calculated by our
computer code [28], based on the equations from [29], or by
using the SRW package [30]. Then, the integrals in Eqs. (2)
and (5) can be calculated by a Monte-Carlo algorithm. Our
C++ code with Python bindings for calculation of Eqs. (2)
and (5) is provided in the repository [31].

III. APPARATUS

In our experiment, a single electron bunch circulated in
the IOTA ring, see Fig. 1(a), with a revolution period of

133.3 ns and the beam energy of 96.4% 1 MeV. We
studied two transverse focusing configurations in IOTA:
(1) strongly coupled, resulting in approximately equal
transverse mode emittances and (2) uncoupled, resulting
in two drastically different emittances. Henceforth, we will
refer to the beams in these configurations as “round”
and “flat” beams, respectively. In both cases, the bunch
length and the emittances depend on the beam current due
to intrabeam scattering [32,33], beam interaction with its
environment [34], etc. The longitudinal bunch density
distribution ρðzÞ was measured and recorded by a high-
bandwidth wall-current monitor [35]. It was not exactly
Gaussian, but this fact was properly accounted for by
Eq. (6) for σeffz , which works for any longitudinal bunch
shape. The IOTA rf cavity operated at 30 MHz
(4th harmonic of the revolution frequency) with a voltage
amplitude of about 360 V. The rms momentum spread σp
was calculated from the known rf voltage amplitude,
the design ring parameters and the measured rms bunch
length σz. In our experiments, the relation was

σp ≈ 9.1 × 10−6 × σz½cm': ð9Þ

It is an approximate equation, because of the bunch-
induced rf voltage (beam loading) and a small deviation
of ρðzÞ from the Gaussian shape. However, the effect of σp
in Eq. (2) in IOTA was almost negligible. Therefore, such
estimation was acceptable.
For the round beam, the IOTA transverse focusing

functions (4D Twiss functions) were chosen to produce
approximately equal mode emittances at zero beam current,
ϵ1 ≈ ϵ1 ≈ 12 nm (rms, unnormalized). It was empirically
confirmed that they remained equal at all beam currents
with a few percent precision. The expected zero-current
emittances for a flat beam were ϵx ≈ 50 nm, ϵy ≳ 0.33 pm

FIG. 1. (a) Layout of IOTA. (b) Light path from the undulator to
the detector (not to scale).
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Design

Run 4

Measured the individual and coincidence photocount rates and 
arrival times vs. arm length, number of electrons and acceptance 
angle.

Directly observed the temporal coherence of undulator radiation 
from single electrons at the femtosecond scale.
Preliminary results consistent with radiation in a coherent state.

1 electron

300 electrons

BS1, 2 — Beam splitters
C — Webcam
DC — Digital camera
FA2 — Arm-2 flipping screen
FM — Flipping mirror
FS — Flipping screen
IM1, 2 — Arm-1 mirrors
IM3 — Arm-2 right-angle mirror
IM4 — Arm-2 hollow-roof mirror
Iris — Laser collimator
LD — Laser diode
LS0 — Entrance lens
LS1, 2 — Detector lenses
SPAD1, 2 — Photodetectors


