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Abstract
The aims of the CLARA experiment at the Fermilab In-

tegrable Optics Test Accelerator (IOTA) were to directly
measure the coherence length of undulator radiation emitted
by a single electron and to test whether the radiation is in a
pure classical Glauber coherent state or in a quantum mix-
ture of coherent and Fock states. We used a Mach-Zehnder
interferometer (MZI) to study visible radiation generated
by 150-MeV electrons circulating in the ring. The relative
delay between the two arms of the MZI was adjusted by
varying the length of one of them with a resolution of 10
nm. The intensity of the circulating beam spanned several
orders of magnitude, down to single electrons. A pair of
single-photon avalanche diodes (SPADs) was placed at the
output of the MZI arms to detect photocounts with high
efficiency and timing resolution. We describe the observed
interference patterns and photocount rates as a function of
interferometer delay. The arrival time distributions of pho-
tocounts of undulator radiation, lasers and chaotic light are
compared. The implications for the quantum-optical nature
of the radiation are discussed. To our knowledge, these are
the first direct measurements of this kind.

INTRODUCTION
Synchrotron-radiation sources have had an immense im-

pact on many scientific fields. The same is true for sources
of well-defined quantum states of radiation [1, 2]. At Fermi-
lab, using the Integrable Optics Test Accelerator (IOTA) [3],
we are carrying out an experimental program to study the
classical and quantum properties of undulator radiation from
electron bunches and from individual electrons [4]. We are
addressing the following scientific questions: What are the
properties of radiation from single electrons? Can one di-
rectly observe the classical or quantum nature of undulator
radiation? We are also interested in new ways to generate
quantum states of light and in novel applications of the exper-
imental techniques of quantum optics in accelerator physics
and beam diagnostics.

Classical electrodynamics explains a wide range of phe-
nomena: reflection and refraction, interference, diffraction,
synchrotron radiation, etc. The theory of quantum optics [5–
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12] offers a deeper understanding of the nature of radia-
tion and is necessary to explain physical observations such
as spontaneous emission, the Lamb shift and the Hong-
Ou-Mandel effect [13], for instance. In quantum optics,
physical systems are described by different quantum states
of radiation. Classical waves, such as those generated by
dipole antennas or lasers, are represented by Glauber co-
herent states. Radiation from individual atoms, parametric
down-conversion or quantum dots, on the other hand, cor-
responds to Fock number states. The properties of thermal
or chaotic sources of light, such as light bulbs, black bodies
or stars, are represented by incoherent mixtures of states via
the density-matrix formalism. Experimentally, states can be
identified by observing the statistics of photocounts, such as
intensity fluctuations or arrival-time distributions. With mul-
tiple photodetectors, one can also study coincidence rates.
For instance, Hong, Ou and Mandel observed that when
radiation is in a 2-photon number state, coincidences are
suppressed [13]. When the energy of the radiation (∼eV)
is small compared to the energy of the radiating particle
(150-MeV electrons, in our case), radiation is expected to
be in a coherent state, behaving like a classical wave even
when it is emitted by a single electron [14].

It is interesting to note that testing the coherent-state de-
scription of a radiation field may in the future be related to
the experimental investigation of quantum gravity, following
the suggestion that graviton detection sensitivity may be
reached with quantum sensors [15, 16].

Radiation from single electrons has been studied in the
past [17–19]. Recently, for instance, the techniques of quan-
tum optics were applied to the study of radiation in a tandem
undulator [20] and a free-electron laser [21].

In previous experiments [22–25], we verified that inten-
sity fluctuations in undulator radiation contain, in addition to
a Poissonian term, a calculable term which depends on beam
sizes. Beam emittances can therefore be inferred from inten-
sity fluctuations. With a single photodetector, we observed
that photocount statistics was consistent with a coherent state
of radiation. Arrival-time distributions were used to mea-
sure jitter in the radiofrequency accelerating cavities and to
estimate bunch lengths at the smallest beam intensities. The
CLARA experiment in IOTA Run 4 (2022–2023) [26] used
a Mach-Zehnder interferometer (MZI) to directly measure
the coherence length of undulator radiation from single elec-
trons and to study photocount statistics. Preliminary results
were presented in Ref. [27]. Here, we present the interferom-
etry results on coherence length measurements and discuss
some of the observations of photocount statistics.
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EXPERIMENTAL METHODS
Electrons were stored in IOTA at 150 MeV in a single

bunch. The revolution period was 133 ns. Beam intensities
were varied between the nominal injection charge (∼ 109

electrons or 1.2 mA) down to a single electron. Single elec-
trons were obtained by detuning injection of dark current
from the superconducting linac or by controlled scraping
with lowered radiofrequency (rf) cavity voltages. Intensities
were monitored with a current transformer in the upper range
and with synchrotron-radiation photomultipliers and digital
cameras over the whole range.

The undulator [28] was installed in one of the IOTA
straight sections (Fig. 1). It had 10.5 periods with length
𝜆𝑢 = 55 mm each. The gap was tuned to the undulator pa-
rameter 𝐾𝑢 = 1.06. The experiment was originally designed
to run at 135 MeV, to match the first harmonic of undula-
tor radiation 𝜆1 = 611 nm to the photodetectors (described
below). For practical reasons and for compatibility with
the concurrent studies on nonlinear integrable optics, it was
decided to run at 150 MeV with 𝜆1 = 495 nm, with a ∼40%
loss of detection efficiency.

The Mach-Zehnder interferometer was installed on top
of the dipole magnet downstream of the undulator (Fig. 1).
Undulator radiation was collected by a periscope contain-
ing two adjustable mirrors and a variable iris. The light
beam was projected onto the flipping screen FS and ob-
served through the webcam C (image with colored rings in
Fig. 1). When the screen FS was retracted, the light was
focused by lens LS0 and injected into the interferometer’s
first 50:50 beam splitter (BS1). In arm 1, light was directed
by mirrors IM1 and IM2 to a second identical beam split-
ter (BS2). The horizontal and vertical angular positions
of IM1 and BS2 were controlled by closed-loop picomo-
tors. In arm 2, light was either intercepted by the flipping
screen FA2 or directed by the right-angle mirror IM3 and by
the hollow-roof mirror IM4 to the beam splitter BS2. The
difference in propagation times (delay) between the two arms
was adjusted by changing the position of IM4. This mirror

was mounted on a precision translation stage with minimum
steps of 20 nm. The output beams of beam splitter BS2
were directed through focusing lenses LS1 and LS2 toward
2 single-photon avalanche diodes (SPADs), with 0.18-mm-
diameter active area. When the flipping mirror FM was
inserted, the light from one of the output ports was sent to
the digital camera DC (interference pattern at top right of
Fig. 1). Each SPAD could be aligned longitudinally, horizon-
tally and vertically. To reduce vibrations, the interferometer
was assembled on a separate breadboard. For alignment and
commissioning, 635-nm light from a laser diode (LD) was
injected at the second input of beam splitter BS1.

The SPAD signals were monitored on an oscilloscope
and sent to the data-acquisition chain. Data included raw
counts, detector rates and coincidence rates, recorded at
15 Hz. For the continuous laser diode light source, the
coincidence window was typically 20 ns. When observing
pulsed radiation from the circulating electron beam, the
coincidence window was a full 133-ns turn, with the option
to define a gate of 10 ns around the bunch arrival time. The
standard deviation of the bunch length was 0.7 ns. Time-
tagged photocounts were also acquired with an event timer,
which had a resolution of 1 ps and an accuracy of 15 ps.
This allowed us to analyze photocounts and coincidences
offline, with programmable gating and coincidence window
settings.

In a typical experiment, electrons were injected in IOTA at
full intensity. The beam was then moved from the injection
to the central orbit. The periscope mirrors were adjusted to
align the light beam with the center of the iris and of the
camera. The lengths of the MZI arms were equalized to
find the interference condition. The light beam angles were
aligned by observing fringe visibility on the digital camera.
The beam was then scraped to hundreds of electrons by
reducing the voltage in the rf cavity. At this point, it was
safe to turn on the SPADs and to check their alignment.
Data were then collected under various conditions, such as
number of electrons, MZI arm delay and iris opening.

Figure 1: Schematic diagram of the apparatus. (left, top) Undulator location in the IOTA ring. (left, bottom) Light collection
from the undulator to the dark box on top of the M4R dipole magnet. (right) The Mach-Zehnder interferometer.
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Figure 2: Detector and coincidence rates vs. arm length for a full delay scan with 13 electrons circulating in the IOTA ring
and narrow iris aperture.

ANALYSIS AND RESULTS

Temporal Coherence
During an optical delay scan, photocount rates 𝑅1 and 𝑅2

in each detector and in coincidence 𝑅𝑐 were recorded as a
function of the interferometer arm delay 𝑥. The longitudinal
coherence length 𝐿𝑐 or coherence time 𝜏𝑐 = 𝐿𝑐/𝑐 of the
radiation were estimated from the resulting interference pat-

Figure 3: Example of interferogram data and corresponding
model fit. The delay scan was done with 1 circulating elec-
tron and narrow iris aperture.

tern. Figure 2 shows the detector and coincidence rates as
a function of arm length. In this scan, data were taken for
1 s at each of the 350 20-nm steps. Several other scans were
taken with different numbers of electrons, acquisition times
and iris aperture settings (to select different spectral ranges
of the incoming radiation). An example of interferogram
for a single detector is shown in Fig. 3. It was taken with
1 electron in IOTA.

To estimate the coherence length, the interference pattern
is modeled as a sinusoid of amplitude 𝐴 with a Lorentzian
envelope, plus a constant level 𝐶:

𝑅(𝑥) = 𝐴
cos [2𝜋(𝑥 − 𝑥0)/𝜆′]
1 + [(𝑥 − 𝑥0)/𝐿𝑐]2 + 𝐶

𝜆′ = 𝜆 + (𝑑𝜆
𝑑𝑥 ) (𝑥 − 𝑥0).

(1)

We use the half width at half maximum (HWHM) of the
Lorentzian shape as estimate of the coherence length 𝐿𝑐. The
maximum visibility of the interference fringes is 𝑉 = 𝐴/𝐶.
Because the radiation is not monochromatic, we allow the
wavelength 𝜆′ to vary linearly with displacement by a small
amount, (𝑑𝜆/𝑑𝑥) ∼ 1 nm/μm. This also accounts for uncer-
tainties in the calibration of the delay stage. All measured
interferograms are fitted with this model to extract the 6 pa-
rameters 𝐴, 𝑥0, 𝜆, 𝐿𝑐, 𝐶 and (𝑑𝜆/𝑑𝑥) and their uncertainties.
Of course, the shape of the envelope depends on the spectrum
of the radiation. The model is not expected to reproduce the
interferogram exactly. However, the estimates of coherence
length are quite robust.
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A complementary perspective on coherence is given by
the spectral analysis of interferograms. The width of the fre-
quency spectrum is inversely proportional to the coherence
time. Figure 4 shows the Fourier spectrum of 3 interfero-
grams. The blue one and the green one were both taken
with a narrow iris aperture, limiting the radiation to the cyan
region of the spectrum, as can also be seen qualitatively
in the screen image of Fig. 1. No appreciable difference
is observed between the spectrum from 13 electrons (blue)
and from 1 electron (green). The pink spectrum was taken
with 1 electron and a wide iris aperture. One can see a
considerable widening of the range of wavelengths.

Because the spectra are often irregular or asymmetric, the
coherence length is roughly estimated from the inverse of the
interquartile range of the distribution of spatial frequencies 𝑓 :
𝐿𝑐 ≃ (1/2)⋅1/(𝑓75% −𝑓25%). These estimates are consistent
with the ones from the interferogram model fit, but are less
accurate.

A summary of the coherence length measurements is
shown in Fig. 5 as a function of the number of circulating
electrons and of iris setting. The error bars indicate statisti-
cal uncertainties. Systematic uncertainties are of the order
of 0.1 µm. Measurements for different numbers of electrons,
from 1 to 300, are consistent. When the iris is opened to
its wide setting, the coherence length drops from 1.4 µm to
1.0 µm. These measurements indicate that, with interfero-
metric techniques, coherence times of undulator radiation
can be directly measured with femtosecond sensitivity.

Photocount Statistics
The value of the coincidence rate near the interference

condition with respect to its value away from interference
gives information about the nature of the radiation.

For randomly distributed events, the coincidence rate in
a time window 𝑡𝑤 is 𝑅𝑐 = 𝑅1 ⋅ 𝑅2 ⋅ 𝑡𝑤. From the mea-
sured detector and coincidence rates, using a known coin-

Figure 4: Comparison of interferogram spectra for 3 data
sets: 13 electrons, narrow iris (blue); 1 electron, narrow iris
(green); 1 electron, wide iris (pink).

cidence window, one can estimate the degree of second-
order coherence 𝑔(2) of the radiation. For comparisons
with experiments, we define a normalized coincidence rate
𝑟𝑐 ≡ 𝑅𝑐/(𝑅1 ⋅ 𝑅2 ⋅ 𝑡𝑤) ≃ 𝑔(2). For classical radiation (co-
herent states), 𝑟𝑐 = 1. For thermal radiation, 𝑟𝑐 ≥ 1. For
quantum states of light with no classical analogue, such as a
2-photon number states, 𝑟𝑐 < 1.

Two main effects can influence the value of the normalized
coincidence rate: mechanical vibrations and background
counts. Mechanical vibrations generate fluctuations in the
lengths of the interferometer arms, which result in a reduc-
tion of coincidence rates near the center of the interference
pattern, mimicking a Hong-Ou-Mandel dip. Vibrations were
studied and mitigated. Their effect on coincidences was re-
duced to the level of 1% [29]. If the observed signal is the
sum of the photodetector rate of interest plus a known back-
ground rate, 𝑆1 = 𝑅1 + 𝐵1 and 𝑆2 = 𝑅2 + 𝐵2, then the actual
coincidence rate can be estimated by correcting the observed
coincidence rate: 𝑅1𝑅2 = 𝑆1𝑆2−𝑆1𝐵2−𝐵1𝑆2+𝐵1𝐵2. Back-
ground rates were often negligible, but not always, especially
at low electron beam currents. We also found that the SPAD
dark count rates could change significantly over time. Back-
grounds were measured with no beam and with detector
shutters closed. They were also significantly reduced by
gating photocounts around the arrival time of the bunch, as
described above.

An example of the evolution of the raw and normalized
coincidence rates during a stage scan can be seen in Fig. 2. In
the case of light from the laser diode, we observed changes in
the normalized coincidence rate and in the time structure of
coincidences as a function of the diode current, as the device
transitioned from thermal light and spontaneous emission
to stimulated emission and lasing. In the case of undulator
radiation, the normalized coincidence rate is constant and
consistent with 𝑟𝑐 = 1 (purple data in Fig. 2, for instance).
For the case of single electrons, we took high-statistics scans
(100 s per point). The data suggest that undulator radia-
tion, even for single electrons, is in a pure coherent state.
A detailed analysis of coincidences will be published in a
separate report.

CONCLUSIONS

Through interferometry of undulator radiation from single
electrons and from known numbers of electrons, we directly
observed the temporal coherence at the femtosecond scale.
Preliminary results are consistent with radiation in a coherent
state. The techniques of quantum optics have already yielded
novel and sensitive diagnostics tools. Further examples may
include investigations of the physics of optical stochastic
cooling [30] or the measurement of small beam sizes based
on the Hanbury Brown and Twiss effect, analogous to stellar
interferometry [31]. In a storage ring, it may be possible
to generate tagged radiation in specific quantum states, as
in the Compton scattering of stored electrons with thermal
photons [32, 33].
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