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BACKGROUND

A The title of this talk is deceptive!!!!

AlanBaileyy a1 SR YS G2 GlFf1 Foz2dzi Wl dz

A As far as | know, taken singly without collisions, most beams are far
from their quantum limits

A Limits appear when we consider colliding beams at extremely high
Intensitiesat high energies ORt extremely low intensities of a single
chargewith associategohoton emission

AcCKS GAGES Wvdzl yidzy .SIFyYyaQ 2F K37
physics of a single relativistic guantur either a charged particle or a
photon or a collection of just a few of them



BACKGROUND (cont 0d)

A 1 will first addressoriefly issues relatedhigh energy particle colliders

Al in|| then discuss issues related to phasgace [nanipulation angl
WOoz22tAy3aQ 2F | aAy3adtsS OKIFNHS 2 NJ

A Finally, | will discuss quantum statistical aspects of photons emitted by
a single charge or a few chargamhrticles

A 1 amtold by lan that a numberof talks will be solicitedin early 2022in
this seminarseriesfrom colleaguesat Fermilab,SLACBNL,CERNMtc.

A | have already transmitted the relevant names and coordinates of
speakers on these topics to lan.

A Okay,ontol KS RNBI Yf | YR Yé 02eéK22R a
( | haveearnedmy right in retirement to dream a bit after a long career
of practical and successful projects)




Darjeeling!!! (8,000 1t)o my boyhood days!!

The Kanchenjunga range (28,000 ft) of the Himalayas the backdrop, in
northeast India, close to Nepal
- S N 7iv0 significant
e e experiences here
in Darjeeling
auring my
boyhood days
inspired wonder
and awe!!

(1) Experiencing Mountaineering/Trekking and (ii) Observing the sovietlaunched man
made Sputnik with bare eyes in the clear Himalayan skies
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BACKGROUND anda Skeptico0Os VI ew:

Photon emission from a single electron



Fundamental Issues of ElectrorPhoton Interaction

Each partadb cploteonnds smarthet urn, wher e
fine structure constant ~ 1/137

For small sample populatioM\, ~ 50- 100, the nhumber of equivalent
photons from sample and amplifier

N, ~ (0.5-1) + 1 ~O(1).

These few photons generate a field that is intrinsically norclassical

and guantum mechanical . Small Ndec
small number of photons in a coherence volume. How does optical

probing work in the quantum limit?

Quantum optics of radiation from accelerated ultrashort bursts

of electrons 1 s critical to taming
and Acoherento state compléfareatb]| e t C
for OSCILLATORS vs AMPLIFIERS !



Understand the detailed guantum mechanical
structure of the simple Feynman vertex
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THI' S QUESTI ON |I' S OUNSOLVED

Experiments verylifficult and challengingdueto the time-scalesand
laboratory noise involved. Theoretically, QED involves too many
Feynman diagrams.

| 26 SOSNJ ONBIFUOAY3I YR YSFadzNAy3 Sy
single electron is possible in a laboratory setting. This will be the topic of
W+l y RSNJI aSSNXQRa hLIGAOIFf !'y3aSty hnl
talk.
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High Intensity, High Energy Collider Issues

A In electronpositron linear collidersquantum limits appear a8¥ NI RA | G A S Q
W. SFYaidNF Kf dzy3Qs O2KSNBYU LI AN ONBI G A
odzii adAftf FIFINI FNRY (GKS fAYAGE 2y WTAY
(statistical nature of emitted photons of synchrotron radiation arising from severe
bending during final focus) KSaS WNJ RA I U A O SEbsit®F IReO 0 &
colliders beyond 5 TeV c.m. energy

A In circularLepton and HadrorColliders most limits ariseeither from energy loss
due to synchrotron radiation requiring prodigious amount of electrigawer (as
In electronpositron circularcolliders) or from classicahonlinear dynamical
phenomena of phaseapace diffusion and particle logfue scattering and classical
nonlinear dynamics of resonances etc.



A TYPICAL COLLIDER CONFIGURATION
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Theo r adi at iIawvtle IPeaffect ¢he charged particle
beam phase space (hence luminosity and collision kinematics)
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Scali ng of 0scaledo variabl es as
parameter for a 5 TeV c.m. electropositron collider at a luminosity:
L =10 E 35 cm2 s1 (round beams, horizontal normalized emittance

100E-6mr ad, beamstrahlung energy
a lambda_hat
b | s b/ 10710
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ULTIMATE 0 Qu a nlt iutmm BEAMIfOr a
SUPERCONDUCTING RF -BASED 5 TeV LINEAR

COLLIDER
L~ 1033cm %! N~ 2.7 x 1010
t~4.7kHz Np ~ 20,000
Spot Size : 1.3 nm x 505 nm
Normalized
Emittance : 108 m-rad x 10-% m-rad

Y ~ 23 6B ~ 23%




ULTIMATE O Qu a nlt ium BEAMIfOr a
NORMAL COINDUCTING RF -BASED 5 TeV
LINEAR COLLIDER

L ~103¢cm3s] N ~2.4x10°
t~ 120 Hz Np ~ 225
Spot Size : 0.5 nm x 40 nm
Normalized
Emittance : 10-8 m-rad x 10-© m-rad

Y ~2.7 og ~ 27%




IT IS PREMATURE TO SPECULATE ULTIMATE BEAM for LASER -
PLASMA or BEAM-PLASMA WAKEFIELD -BASED LINEAR COLLIDER
UNTIL R&D HAS PROGRESSED FOR ANOTHER DECADE.

TODAYOs Qumiead collisers reach 5 TeV c. m. energy at L
= 10 E 35 cm2 s1 (round beams, horizontal normalized emittance
100E-6mr ad, beamstrahlung energy

We continue to struggle to fund even a 250 GeV c.m. electron
positron collider today!!

Gwlk RAFGAGS wSIAYS 2F [AYSINI/2fft ARSNBERZ | A3IK wS
{ 0 NJzO 8vdmabd Ghatpadhyay and Roger Johesl. Instrum. Meth. 4657 (2011)168-176

G! RO YOSR ! OOSt SN} GAy3 ¢SOKy2f 23AS&¥lI LI yyR&EVDaA
Whittum and Jonathan WurteleProceedings of the 1996 DPF/DPB Summer Study on New Directions for
High9 Y SNHEé t Kéaaroa O6RUB®BmMYIl aa Whcox {[ !/



Optical Stochastic Cooling (OSC)
Van der Odtea Anges
(or a Maemoa of Light)
for a Single Electron

(CREDIT: Experimental data contribution from Jonathan Jarvis,
Giulio Stancari and Valeri Lebedev of Fermilab)



SC: a powerful technique but limited to GHz BW

;. /«r N - ]
1984 Nobel: van der Meer/Rubbia

Enabled discovery of the W and Z Bosons of
Electroweak Unification in the SppbarS collider

1) We can increase beam
brightness if we have
granular information about
particle ensemble.

microwave
amplifier

correction

Simplified stochastic cooling system 2) Bandwidth of feedba_Ck
system controls cooling
rate



OSC extends the SC principle to optical bandwidth

——ﬂ[l”lllb-f —0
particle bypass bypass

delay

00— NN NN AN NN =

pickup optics & kicker 2
undulator amplifier undulator ' I
2 me'

X positon (mm)

Wavepacket generated
Particle delayed in bypass

Wavepacket amplified and focused

ap (rad)

Corrective kick applied

a k~ WD E

Cooling accumulates over many
passes

ay (rad)

[1]A. A. Mi khai l i chk e rOptical stobhas8c. cooling @
Rev. Lett. 71 (25), p. 4146 (1993)

[2] M. S. Zol ot or elvansitthne méthod o dpbcal e n
stochasticcoolingd Phy s. Rev. E 50 (4)

102 ¢ 10%increase in cooling rate over SC
and extension into an energy range
where no cooling solutions exist



IOTA/FAST Test Facility at Fermilab
A Establishes a unique capability world-wide for high and low intensity R$D

High Energy Beamline (~100 m)
——

Low Energy Beamline (~25 m)
— . —_————— — —— —
N ™M
gs 8 & % % AW
Low Energy Transport
(20 - 50 Mev e”) High Energy Transport & Test Line (40-300 MeV)
E-Gun .

ol o \ Cryomodule (CM) 2.5MeV P Transport .
Spectrometer HINS P Source High Energy

I0TA Ring Absorber

150 MeV e/ 2.5 MeV p

Magnet Low Energy

Chicane
Absorber

(Bunch Compressor)

A The only dedicated facility for
intensity-frontier accelerator R&D:

A ~30 Collaborating institutions

A Nat. Lab Partnerships: ANL, BNL,
LANL, LBNL, ORNL, SLAC, TINAF

A Many opportunities for R&D with
cross-office benefit in DOE/SC



Fermilab Test Facility IOTA Layout - Elements

Nonlinear insertions

Bending magnets

Quadrupoles

Sextupole correctors

RF cavity

Combined dipole and skew-quad correctors

Horizontal correctors

Vertical correctors

Horizontal kicker
Vertical kicker
Electrostatic BPMs (position, turn-by-turn)

Sync. light monitors (position and shape)




Worl ds f i1 r st OSC demonstrat

Completing ~100 pg. CDR

A low-emittance test lattice was
successfully implemented and
characterized in prep for OSC

Proof of principal began in late
C, QMm@

l OGALBS h{/ RSYZ2

Facilitate pathfinder experiments
towards use in EIC/future colliders

ACTIVITY FY'19 FY'20 FY'21 FY'22 FY'23
OSC PASSIVE

INSTALLATION
EXP. DEMO
SINGLE ELECTRON

OSC ACTIVE
AMPLIFIER R&D
INSTALLATION
EXP. DEMO
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Wh at mak e s

Beam and PU light must overlap through the KU

The undulator light is200mm wide
Want angle between light and beam at-@.1mrad

Beam and PU light must arrive ~S|multaneouslyf

maximum effect

Absolute timing should be better tharD.3 fs
The entire delay system corresponds to ~2000 fs

The electron bypass and the light path must be sta

to much smaller than the wavelength

~mid 10°level

Practical ConS|derat|ons of design and mtegratlon'

Arrival jitter at the KU should be better thai®.3 fs
This means total ripple+noise in chicane field must be :

SR loss per turn (eV)

(0si mpl ed)

A PU light in KU

£
-
Q
or
-0.4

1111111

-0.2 . 90 0.2
X position (mm)

Effect of PS noise OSC/SR damping: ABys = 0.5x107*

13.9

13.8

13.7 [

13.41

13.3

13.6[% \ b

1350 SN

.00 —0.75 —0.50 —0.25 0.00 0.25 050 0.75 1.00
Ay/y (1073)

OSC



A staged approach for OSC at IOTA

ML

MR

coupling quadrupole

pickup
undulator

kicker Injection straight

undulator

lightbox and
UR diagnostics - -k.e;]; ......
delay
stage B chicane dipole IOTA RING
B quadrupole

OSC bypass [] sextupole
ST [[] vertical corrector

RF cavity

/ beam
circulation

kicker
undulator

undulator

A Non-amplified OSC (~1 -mm): simplified optics with strong cooling to
enable early exploration of fundamental physics; cooling rates, ranges,
phase-space structure of cooling force, single and few-particle OSC

A Amplified OSC (~2 -mm): OSC amplifier dev., amplified cooling force,
QM noise in amplification + effect on cooling, active phase-space
control for improved cooling



OSC apparatus successfully integrated in IOTA

A Established and corrected OSC
lattice to desired precision

A Achieved ~80% of theoretical max
aperture and >20-min lifetime,;
more than sufficient for detailed
OSC studies

A OSC chicane and the optical-delay
stage were demonstrated to have
the required control and stability for
OSC

A Successfully validated all
diagnostic and control systems




OSC IS monltored V|a synchrotrorrad statlons
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On 04/20/21, interference was observed at full undulator power

The undulators were brought to their
nominal, high-power setting (I 950 nm)

In-vacuum light optics and closed-orbit
bumps were used to maximally overlap
the coherent modes of the undulators,
first on the detectors and then inside the
kicker undulator

This coherent-mode overlap, in both
space and time, is the fundamental
requirement for producing OSC

When this condition was met,
synchrotron-radiation cameras
throughout IOTA were monitored for a
definite effect on

0.27

el be

0'0[]

- integrated intensity (au)

~100 fs of delaj'
a_mé&Weep i

20 40 60 80 100 120 140

time (sec)

Delay scan through entin@avepacketoverlap region

~—t+




Observed strong UR modulation and cooling/heating or/20/2021

L

(movies not taken simultaneously but are representative)

A Bypass and optical delay are fixed in the movies above
A FNAL Main Injector ramp was sweeping beam across OSC zones
A Regulation upgrades resulted in excellent stability of OSC (~10 nm?)



After much workeée OSC was
strong and stable: time (s)
OSC~10x stronger than 3 ek
longitudinal SR damping

00€
00€
00T
00¢
006
0S¢

0S

1D: lattice decoupled and bypass quad
set to null transverse response to OSC;
some residual due to dispersion @ SR
BPM

2D: lattice decoupled and bypass coupling
to nominal

:
:
&
fé
E

E
E
c
S
B
8

3D: lattice coupled and bypass to nominal

OSC system is reoptimized for each
configuration

Delay system is scanned at a constant
rate of ~0.01deg/sec

E0ST0 0 STOED

Corresponds to ~one wavelength every 30
sec



Clear observation of expected OSC zone structure

A (e.9) OSC in the 2D (5. I
Configuration s .

LS MR iy S S T B

S SN S S e e e SR

Aln fiheatingd mode ™_ex St W0
high-amplitude attractors s ' o
;i
- i : 2
A (1): high synchrotr_on amplitude, , 2;%%
low betatron amplitude e il
. ay (rad)
A (2): high betatron amplitude, low %” 10ED OBT & OET)

synchrotron amplitude

2D Cooling map integrated over betatron and synchrotron
oscillations; arrows show mag. and dir. of net force

STREAK




Quantum Science

Can we go to the qguantum | I mi
electron?



IOTA presents unique opportunities in QS

A IOTA demonstrated storage ofsingle
relativistic electronfor long periods of
time (>10 minutes).

A High particle energy (100 MeV)
enables observation of SR emission

A This opens the way to a wide
variety of quantum experiments

Fermilab Integrable Optics Test Accelerator (I0TA)
404 Oct. 31,2018
£ PMT count rate L 1o
| i
o 304 F10 5
= 20 e 2
= 6«
L =)
S gl
B 4 E
= =
5 107 |, =
& )
Discrete steps from loss L1
o4 of single electrons o
3. Stame ;-‘l- for the MITA ream ' ' :
21:30 22:00 22:30 23:00
Time of day [hh:mm]
5 Y 3 single e beam
] * injection every 20 s
4. .
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5 [ AR
o 1o A
1. P I T PR :_" "o v 1, R -
e e
PP IR DRSS I PO I c:'-gi: T PO
Ol gk oo 316260 "3 "o lon g8 [V 0" Sy
1. X
-1400. -1200. -1000. -800. -600. -400. -200. 0.

Time (s)



Previous experiments with a single electron

A VEPR3 storage ring in Novosibirsk in 1990s

N-2563 Wz | SCALE=22067 W2 Nuclear Instruments and Methods in Physics
- ‘ Research Section A: Accelerators, Spectrometers,
ELSEVIER Detectors and Associated Equipment
Volume 341, Issues 1-3, 1 March 1994, Pages 17-20
R Experiments with undulator radiation of a single
" electron
fiy; 3 T ume; Sependence: of fic:conts, rile. Oue sep L.V. Pinayev &, V.M. Popik, T.V. Shaftan, A.S. Sokolov, N.A. Vinokurov, P.V. Vorobyov

corresponds to the blow out of ane electron. (Vertical scale is

) : 2l acale e 94H . o ;
22 ki, orizontal scale i 2360 6). Budker Institute of Nuclear Physics, 11 Lavrentyev Ave., Novosibirsk, 630090, Russian Federation

A Metrology Light Source in Germany in 2000s

20

-
w
T

Operation of the Metrology Light Source as a primary radiation
source standard

Roman Klein, Guido Brandt, Rolf Fliegauf, Arne Hoehl, Ralph Muller, Reiner Thornagel, Gerhard Ulm, Michael
Abo-Bakr, Jorg Feikes, Michael v. Hartrott, Karsten Holldack, and Godehard Wiistefeld

Phys. Rev. ST Accel. Beams 11, 110701 — Published 20 November 2008
«§ More

number of electrons
o
T

o
T

6
time (min)



IOTA enables singleelectron OSC studies

Can reliably inject and store a single electron
In IOTA; OSC system changes probability
of photon detection in fundamental band

Fundamental (KU+PU) was focused on the
active element of a SPAD (KU lightbox);
demagnified so that betatron excitations up to e

KULightbox (Y _____________ M4y 4
~0.3mm (~10 sigma) remaijin o% a__A__I;)__(f)\:@2 active
element |
HydraHarp event timer captures every +
detected photon for both the SPAD and PMT

(M3L lightbox) over many minutes; referenced
to IOTA revolution marker with resolution of a e e

few hundred ps, which is sufficient to observe N A
OSC phenomena

mm)

uuuu

Performed full OSC delay scans and toggles
of cooling/heating for 1D and 2D OSC e

' i on axis
configuration

=124 100-0.075 -0.050-0.025 o075 oo oot
x position (mm})



OSC for single electron is visible in photon timing

Event data is binned in 40-ps
intervals and integrated for 200-ms B
windows : OSC cooling

*Equilibrium bunch size with OSC
off (~170 ps) is smaller than the |
system resolution . T o i MM!‘«‘?‘W%Q*WWWW”
Large excitations (gas scattering) :

are commonly observed with OSC
off OSC off

& o VN» JM"«WW"‘WI ‘WM*MW

SPAD
—— PMT

Observe projected turning points in ;(, . o
the heating mode; amplitude Time [s] |
corresponds to ~5 sigma (no OSC) (Plots by G. Stancari)

Signal Arrival Time (PMT) [ns]

Synchrotron excitations are
strongly damped with OSC in the
cooling mode (1D)

Event Rate [kHz]




Observe bistable transitions between attractors

To

OSC in the 2D configuratios X

P

l1a gA0GK | 0S8SIYE SELISO K
ﬁ VOF\ nl—,."'.mv xm’x \I':IG;FO (@ SF ém L,J NE)f é|' y‘ 2y‘f a

To

e
6 IR o o - Eere
B e . - i RS s L s
RS
R S S
z 5= z
g Naee T s S
e 4
LORNNNONII g e I 000
£ e Al il ® N S
e A £ R R
s RN ORI AR PR . 3 NG
£ | © e
< | i
g : 2 LU
= f(..“~
1% [ 27 00
' 7N
' 1 477NN\
' 1/ 7 -2\
| 77\
| 4/_"\\“
G/ >N\
0 '/C".\\'
=) 0 1 2 3 4 5 6
a
= ay (rad)
2 \
5 1N . A Wz oo
= ) IOKEdD OET & OET)
>
24

. T . 1 Cooling map integrated over betatron and synchrotron
w0 o 50 oscillations; arrows show mag. and dir. of net force

(Plot by G. Stancari) Time [5

10/05/21



Conclusions:

OSC is at an intersection of fundamental beghysics studies and
the development of operational cooling systems

OSC has been successfully demonstrated and is the first-beam
cooling technique to be realized experimentally in the optical
NEIAW{{SIYE a2F | aAy3atS StESOUNRY 41l a

Established a strong foundation for development of amplife£siC

-
-
-
S
s
-
-
.
T

Applications include:
() Beam cooling in a possible futugéectron lon Collider
OAADO GCNRISYy [/ NerRadadlttAyS . Slvyaé
Computers: e.gsinglelons in a storage ring: toward®uantim

Computerswith large number of qubits

v = 1000...5000 m/s
N =..100.000 iens

cooling (1,2) and accelerating (1) fluorescence detection
laser beams ( A~ 280 nm) (PM or CCD camera)



PHOTON STATISTICS

Courtesy: Ihar Lobach and Sergei Nagaitsev
Fermilab/ANL
Other investigators: AndyCharman(Berkeley)

A detailed and thorough investigation is planned for studying the quantum
statistics of emitted photons from undulator radiation, both in multiple
electron and single electron scenarios. A PhD thesis just got completed by
Ihar Lobach (U Chicago) with preliminary results. Details should be
described In future talks In this series, early next year.



Synchrotron light sources
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Kinds of photon statistics

A TheFanofactor is a measure of photon statistics:

var(N

o var(\)
W)

A 7 ¢ Poissonian lightvery common)

T laser radiation
I radioactive decay

A 3 ¢ SuperPoissonianight (very common as well)
I thermal light
I any classical fluctuations of intensity
I Incoherent radiation by an electron bunch (Experiment #1)

A 3 ¢ SubPoissoniaright (unusual! norclassical light)
I Fockstate (number state)
I Parametric dowrconversion



Descri ption of single el
Quantum Electrodynamics

A Important parameter: electron recoil .. — (nIOTA,.Dp 1)

A .. m 18t T, @iracVolkovmodel

(quantum electron + quantized radiation + classical undulator field)
Correlation, quantum entanglement

between photons is possible:

Singlephoton emission: W
, PHYSICAL REVIEW A 80, 053419 (2009)
P

P

Correlated two-photon emission by transitions of Dirac-Volkov states

TWOphOton emission. in intense laser fields: QED predictions

Ky ko k2 ki
P # p" + P # f}"

Erik Lotstedt™
Max-Planck-Institut fiir Kernphysik, Postfach 103980, 69029 Heidelberg, Germany

*would be observable at FACHWwith an optical undulator

a3 A4
A . .Mm@tm®f | dzon&dBl a
Coherent and Incoherent States of the Radiation Field*

(classical electron + quantized radiation)

Lyman Laboratory of Physics, Harvard University, Cambridge, M assachuseils

A

(Received 29 April 1963)

Poissonian
photostatistics

=

PhOtOﬂS are However, it does not explain this pape
TengChen and John M. Madey
not correlated Phys. Rev. Lett. 86, 5906, 25 June 2001~ 5 A5y~ ¢ )

ectro



Two experiments to study statistical properties of
undulator radiation in IOTA

A Experiment #1 withmany electrons(D p m) InGaAp-i-n photodiode

i Fundamental harmonic, p® ¢ | e
I InGaA%-i-n photodiode =
I FebApr 2019, FelMar 2020 G1119310R

A Experiment #2 with a single electron
i Second harmonic, tu T P Triri

I Single Photon Avalanche Diode
(SPAD)

I Feb-Mar 2020 + Summer 2021

Single Photon Avalanche Diode
(SPAD

Turnby-turn data in both experiments




Theoretical predictions

1

Var(Np ) = <Nph> + M(Nph>2

N\

Turnto-turn variations in relative
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A remark about the quantum contribution
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Quantum

At negligible electron recoil the radiated field is in a coherent state :
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Aunified descriptiorieading to the above expression is possible withing the framework

of quantum optics using the density operator formalism
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Lavout of the undulator section in IOTA
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