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Scientific Motivation

What are the properties of radiation from single electrons?
Can we directly observe its classical or quantum nature?
Are there new ways to generate quantum states of light?

Are there novel applications of the experimental techniques of quantum optics in
accelerator physics and beam diagnostics?

Bachor and Ralph, A Guide to Experiments in Quantum Optics (Wiley, 2019)
Couteau et al., Nature Rev. Phys. 5, 354 (2023)
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Theories of Light

Classical electromagnetism
Light as a field wave

Explains refraction, interference,
diffraction, dispersion, synchrotron

radiation, ... Semi-classical approach

Classical light, quantum matter

Explains most phenomena in

atomic and molecular physics:

spectroscopy, stimulated emission, Ambiguity of the word “photon:”
lasers, Zeeman effect, magneto- — photocounts

_ — energy quanta
optical traps, ... — excitations of the field

— fuzzy balls of light

Loudon, The Quantum Theory of Light (Oxford, 2000)
Grynberg, Aspect and Fabre, Introduction to Quantum Optics (Cambridge, 2010)
Bachor and Ralph, A Guide to Experiments in Quantum Optics (Wiley, 2019)
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Quantum States of Radiation

Physical system

classical wave
(dipole antenna, laser, ...)

thermal, “chaotic” source
(light bulb, black body, star, ...)

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

Glauber, RMP 78, 1267 (2006)
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Corresponding quantum state

Glauber coherent state
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How Can One Measure the Quantum State of Radiation?

Main observables

Photocount statistics: intensity fluctuations, arrival time distributions

coherent state chaotic state W, (o[7)
2w / ‘
W . () =W_.(0]|r) =we™ W () =
coh coh : (1+wn? /Wch(t)
W, (0]2) =
a1 =y :

Coincidence rates vs delay: “bunching” and “anti-bunching”
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The Hong-Ou-Mandel Effect

Radiation in a 2-photon state is observed in the same detector
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Coincidences are suppressed

Hong, Ou and Mandel, PRL 59, 2044 (1987)
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Previous Results in Runs 2 and 3 at IOTA

What are the statistical properties of undulator radiation from single or multiple
electrons? Can they be used for beam diagnostics?

Verified that intensity fluctuations contain a calculable
term that depends on beam sizes (interference)

()’
var(J) =
: Photoelectron count mean () %107 Photoelectron count mean (N) x107
(a) x108 08 1.0 12 14 16 18 20 22 (b) x10® 08 10 12 14 1. 6 18 20 22 2 4
(b) | » Round-beam fluctuations were® V] .| ® Flat-beam fluctuations we * "
21.0 -=var(N) = (W) .“.,m 21.0 -var(N) = (N) ."....0.
> oo = o o
A <— Dark box §05_ o o0 ° o ®0°° EOO . °
L anndt U ee0000 &
Focusmg Lens ) T d —
M4R Undulator (/‘-E\ 7
L /
I (o W o i *
EEERE . 2 TR LN
< B z L
bend p=1 —c via ELMS 51250 Hm‘ l * J _E z:g f%LI:cT\t/E,;Satlons
LIEJ Round-beam (¢, = €, = 6) i : zig Tl(l)fltslcl:?ltéﬂnﬁfetlme - Flat-beam (e, >>¢ ){ ¢, via Touschek lifetime
0—T0p 15 2.0 25 3.0 0—T0 5 2.0 75 3.0

Beam current (mA) Beam current (mA)

Intensity fluctuations can be used to infer small beam emittances

Lobach et al., PRAB 23, 090703 (2020)

Lobach et al., PRAB 24, 040701 (2021)
Lobach et al., PRL 126, 134802 (2021)

2022 APS DPB and Lobach, PhD Thesis (2021)

IBIC Faraday Cup Awards

JE :
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Previous Results in Runs 2 and 3 at IOTA

Photocount statistics with a single detector are

consistent with a coherent state
First tests with beam splitter and 2 detectors
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Lobach, PhD Thesis (2021)
Lobach et al., JINST 17, P02014 (2022)
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Goals of CLARA in Run 4

Measure the coherence length of undulator radiation vs. number of electrons
Study the statistics of coincidences

Gain experience with experimental techniques

Measurements based on a Mach-Zehnder interferometer (MZI)

50/50 a Pathlength
> > adjustment

50/50
\ > ){ M
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Timeline of Activities

Nov 2021: Project start
Feb 2022 — Jan 2023: Interferometer assembly and commissioning at ESB
Jan 23, 2023: Apparatus moved from ESB to IOTA enclosure (M4R dipole)

Feb 2023 — May 2023: Commissioning and experiments in IOTA

2= Fermilab
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Beam Conditions and Apparatus

Electrons at 150 MeV
109 — 1 e per bunch
NIO lattice

[Designed to run at 135 MeV
for max detection efficiency]
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Apparatus

Interferometer on M4R dipole in IOTA

Light collection

2% Fermilab
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Mach-Zehnder Interferometer (MZI)

Minimum incremental motion of delay stage: 20 nm

L i
e Fermilab
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Mach-Zehnder Interferometer (MZI)

2% Fermilab
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Detectors — Single-Photon Avalanche Diodes (SPADs)

- - - - SPCM-AQRH Typical Detection Efficiency

Photon Counting Module
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Data Acquisition System

PHOTODETECTORS ONLINE INDIVIDUAL AND
INDIVIDUAL COINCIDENCE RATES
COUNTS
/\ ACNET
SPLITTER ACNET ACL N:ITP4RC[0]
—Q_ —
SPAD1/2 (HYBRID) COUNTER N:ISRCNTO08/10 SCRIPT N:ITP4RC[1]
COAX CABLE N:ITP4RC[2]
(~75 m) \[
SIGNAL
TIMING J_I_
DIGITAL LEVEL ACNET
DISCRIMINATOR |— DELAY — FAN-OUT —] COINCIDENCE ADAPTER COUNTER N-ISRCNT12
GENERATOR .
U COINCIDENCE
ONLINE COUNTS
OSCILLOSCOPE SCOPE
PICOSECOND FRONT-END TIME-TAGGED
EVENT TIMER COMPUTER | PHOTOCOUNTS

Gated counters, synchronized with the IOTA revolution marker, with similar setup

2% Fermilab
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Experimental Procedure

— Inject full-intensity beam (~ 1 mA)

— Move beam from injection to central orbit

— Align periscope to center of iris and camera

— Establish interference conditions

— Measure alignment and fringe visibility with camera

— Scrape beam to ~100s of electrons by reducing rf voltage

— Check beam intensity with camera and PMTs

— Turn on SPADs

— Align SPADs in 3 directions

— Collect SPAD rates and time-tagged photocounts under various
conditions: number of electrons, MZI arm delay, iris opening

2% Fermilab
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Model of Delay Scans
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Effect of Vibrations

Fluctuations of arm length smear detector rates and mimic the HOM effect
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Effect of Vibrations
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Stancari et al., FERMILAB-FN-1246-AD (2024, in preparation)
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Delay Scans with Laser Diode as Light Source

AR 207 595,357

cummmmmHNﬂmmmm“m““mm” N I .
|
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Delay Scan with ~300 Electrons in IOTA
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Coherence Length from Single Electron! — Effect of Iris

Photocount rate [kHz]

Photocount rate [kHz]
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As expected, large apertures accept a wider range of frequencies,
corresponding to a shorter coherence length
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Delay Scan with Single Electron in IOTA
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Delay Scan with Single Electron in IOTA — Central Fringes
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Delay Scan with Single Electron in IOTA — Gated Counters
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Next Steps

Analysis

— quantify coherence lengths, compare with calculations and simulations

— quantify upper limit on Hong-Ou-Mandel dip

— photocount arrival times, fluctuations and correlations with different light sources:
thermal, diode (below/above lasing threshold), electrons in IOTA

Publications

— technical memos and physics notes
— Run-4 report

— peer-reviewed journal

Interferometer still in place at M4R in IOTA
Scientific motivations for continuation of the program under discussion: beam

diagnostics, generation of quantum radiation, improve experiment setup, ...

2= Fermilab
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Lessons Learned

— Interferometers are of course very sensitive to all kinds of noise: mechanical
vibrations, power-line frequencies, etc.
— Lost detection efficiency at 150 MeV, but could work in parallel with NIO

— Lengthy alignment procedures of MZI and SPADs; undulator radiation alignment
different from laser diode alignment

— If interference condition is lost, it may take a while to re-establish it
— Stage positions need to be in ACNET, synchronized with the rest of the data
— Acquisition of digital camera image data could be streamlined

2= Fermilab
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Conclusions

Directly observed multi-photon radiation from a single
electron at the femtosecond scale!

Fascinating physics

The techniques of quantum optics may provide novel tools
for beam diagnostics
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