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Introduction
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Quantum effects in undulator radiation:

1) quantized radiation
(more than one photon can be emitted per pass)

2) quantum nature of electron
(electron wavefunction’s size may be considerable)

When we detect two photons we
want to be sure that they were
produced by the same electron

We need to keep a single electron
in the ring
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IOTA ring: first beam Aug 21, 2018
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* A 40-m ring (electrons and protons)
* Design beam energy: 150 MeV (electrons)

2% Fermilab
4 11/12/2018 Ihar Lobach | Budker Seminar



A proposed experimental setup in IOTA

Detector

W Bending magnets

Yo
| Quadrupoles Ing /7//}7@
| Sextupole correctors Sre “Or

Il RF cavity
I Combined dipole and skew-quad correctors
== Horizontal correctors
== \ertical correctors
Horizontal kicker

== Vertical kicker

Re
. CQV/}
> #

B Electrostatic BPMs (position, turn-by-turn) oS
\°

®  Sync. light monitors (position and shape) <«

We have two undulators that we
can borrow, from SLAC and JLab
Both have 55mm period.

(N=11 and N = 30) Variable K.
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Single electron in a storage ring

« Experiments in VEPP-3 in Novosibirsk (1993):

* Metrology Light Source (MLS) in Germany (2008):
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Photocounts

t
Discriminator Sl qD (

PMT

Amplifier

K~1,N>>1

Undulator

N 50 <X~ 3mrad
V4

Expected photon rate: ~10 kHz

N=3563226 Hz SCALE=5206762 Hz

M. | | Previousexperiments |~ 7 0 1 1 1
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1000-e— e
: 800 e_ “n*\ Photocounts per 32 flectron
.600 e- '\\‘!_; Second=Hz . . . 2 . L =
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Time (many seconds)

N=2563 Hz SCALE=22067 Hz

Reducing RF voltage for a moment

SR intensity measurement by PMTs

Time (many seconds) !

time / min

Figure 3: Single electrons stored in the MLS.
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Mechanical scraper
SR intensity measurement by cooled
photodiodes
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Single electron in IOTA 100 MeV (2018)

gc;ringlla‘hzhnltggrablc Optics Test Accelerator (10TA) ° In thl S SpeCIfIC case
they were simply

waiting as electrons

were lost due to

40 5

% 30 -10 g
- & E residual gas.
& b £ + Beam current was
= B e measured through
: j 2 synchrotron radiation
g 107 |, Z  detected by a PMT.
g -2 Also by cameras.
o ;
21 :I30 22:00 22:30 23:00
Time of day [hh:mm)]
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Single electron injection

1.3 GHz SRF cavities
cc1 cc2

1.3 GHz SRF cryomodule (CM2)

*Sasha RomanovV’s slide

Spectrometer
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- L.i -- EEEL T ;-_;__'_-‘: i \--;i---: _t-‘-:_,_' t__‘i,"_" ":‘i
o - - e
2 T — “*‘"\\\
- Master =" HV Modulator :
[ Ly __noT
e e e sm T T gscllator (120kV, 140A) I0TA Fing ar;d *
- Control, LLRF& | /™ experiments
__ " synchronization | \r\:} ’,")
Photoinjector g system i
klystrons and e . 1.3 6Hz Klystron @® phase shifter ' '
modulators (5SMW, 1.6ms) ® variable tap-off
18 m 20m 98 m

"l .
|- >

» Block laser with shutter to get only dark current
* Insert several OTR foils in LE and HE lines

« Decrease last injection quadrupole to stretch phase volume
and distort incoming trajectory
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Single electron capture probability

*Sasha RomanovV’s slide

» To test selected method of intensity attenuation 53 injections
were done with interval of 21 seconds

« Resulting probability of single electron injection: 32%
— For purely Poisson distribution maximum probability is

9

36.8%
;I I'\qunberlofle IIIIIIIIIIIIIIIIIII
6F
5f g
ab 4 % ) :
3* : % 5 &7 ¥
1?‘\» U o« ::'\ *fl vy 3 A
0f 4

11/12/2018 Ihar Lobach | Budker Seminar

0.4

0.0F

03Ff
02Ff

01F

||||||||||||||||

|||||||||||||||||||||

;_Probabilty Poisson([1.66] |1
.......................... Number of e
0 4 5 6
3¢ Fermilab



Theoretical predictions for undulator radiation
produced by a single electron

permanent

) ligh
\T LT T A |' Multi-photon emission
y — -+ — - —

T/ =2 ﬂvyﬂz\/ 7{54'7%_. Dn‘ferent,lal I’.a'[ES':)
e 7 . Photons’ arrival times?

trajectory tle=l b =1t 1= ) =t |+=]!

PN

Ay
* figure from http://old.clio.lcp.u-psud.fr/clio_eng/FELrad.html

* Two models were considered:
— QED approach with Dirac-Volkov solution

— Glauber’s approach

V. Ch. Zhukovskii, and Yu. G. Pavlenko

for electron in constant
uniform magnetic field

Dirac-Volkov approach WO PHOTON SYNCHROTRON EMISSION |:> Formation length in uniform field ~ R /y
haS already been used A. A, Sokolov, A. M, Voloshchenko,
For undulator, formation length will
cussed for an ultrarelativistic electron in a constant and un be the entire |ength of undulator

H« H, = 4.41. 10% Oe on the basis of the exact solutions of

A second-order effect of perturbation theory — two-photon

2% Fermilab
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Theoretical part; General remarks

pin = |vac) (vac| > > Phin

The probability to detect a single photon of any energy at location r at time ¢t is given
by correlation function of first order (= =
y G (r,t;7,t) = Tr [pﬁnE; ) (r,t) EC) (r, t)}

electron +
undulator +
radiation
interaction

*introduced by R.J. Glauber
The probability to detect two photons at location r at times t; and t, is given by

correlation function of second order R R R
G@ (rtir to;r o, t) = T [;aﬁnE;-} (r.t1) EC) (r, 1) ED (1, 1) B (v, tl)]

[Eagr
If there is a filter, then only allowed components of electric field operator should be
left with corresponding weights. If there is a filter with infinitesimal band, then the
time dependence is lost (plane waves occupy all space) and for single photon and
classical current we get Tr [pg,a; ax] = |(k|fin)|* = (k|S|vac)|?>  Pan = [fin) (fin]

If the electron is quantum the trace is also calculated over electron’s states and the
usual QED matrix element will emerge in the calculation ||(p’, k| S|p, vac)|?

One can obtain similar results for two-photon differential rate.

2= Fermilab
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Dirac-Volkov model

Volkov states are exact solutions of the Dirac equation for electron in plane

electromagnetlc wave (%(5 _ EA(:I?) _ TH)‘I’Q(:E) —0

Positive and negative energy solutions:
1];{5";) (il?) — Ep(ﬁ)ﬂp .= e_?'fp ) Iﬂp(:r)up - *these are spinor functions

V) (2) = E_p(@)vp,r = €7 0y (2)vpr

Where

0(0) = |1+ e FA(@) | exp § ~ = [ adf [pep- A(@) = 24%0)

¢ is the phase in the undulator’s field (plane wave) ¢ =k - x
How is it related to an electron in an undulator?

. . In electron’s rest frame
Weizsacker-Williams .
. . undulator’s field looks
approximation .
like a plane wave

*this problem has been considered in dissertation of Daniel Seipt

& Fermilab
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Dirac-Volkov model

Takes into account: * Furry picture
* Quantum nature of radiated H=Hy+Het +V=Hg+V
field . o
. Quantum nature of electron, 54l = Texp {_t/d Iﬁ?ﬂt(j”)}
I.e. a's) (—E)n , ]
- Finite size of electron’s = Z T /d ry---d InT(ﬁ-’fnt(El) * “ﬁfm(fﬂn))
wavefunction -
« Electron’s spin S () = € : U(x)y" A, (x) ¥ () :
Single-photon emission Two-photon emission
SW = (p'r; K N|S[Allpr) = (p'r'; KN (—-a' / d“a:%im(x)) |pr) S® = %@w; ki kmw/ d'ed"y Ao (€) A (y) )
B! k1 ko k2 k1
d>W B e ML d*W _ o’ wywo A
dw'dQ — 6473 (ky - p) (ku - p’)l 3 den dQydendQly — 6478 (ky - p) (k- )"
*see Daniel Seipt’s dissertation
2% Fermilab
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Crucial parameters

* Field strength parameter « Quantum parameter
(undulator parameter) (electron recoil parameter)
B\, hw
K=-— x=K
2T M,.C VM C?

*see E. Lotstedt and U.D. Jentschura Phys Rev A 80, 053419 (2009)

hw ~ 2eV | |[ym.c® ~ 150 MeV
[~ 107

K ~1

Scattering amplitude can be conveniently decomposed as a series in powers of y

2
M (x) = M|yzo + XM’ |0 + %M;;xh:ﬂ + o= Mlyeo+ O (x)

2% Fermilab
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Differential rates in Dirac-Volkov model

Single-photon rate

TW & O N (1) (orabors + Brradinw) +O (1)
dwldﬂl ].6?_ ?2k2 ) —1,s0-1s' +1,5C0+1,s'

Two-photon rate

AW *3a factor of % will
’ — @ @ Wy -~ 2 c emerge after
dw,d dwady (1671’ ) (1671-2 v2k2 M (2)] ) (0-1.80-1,57 + 041,5041,50) + O (x) integration over a
detector
where

len() K2w, [ 22 (&) d’
d d
e /ﬂa(d)) ¢ +ig o, / (¢) do

Basically this is a classical result for K ~ 1. See for example V.I. Ritus, Journal of Soviet Laser Research 6.5 (1985): 497-617.

M (1)=fd¢ (Ka(9) el +7el”) exp [%éy (1+7%62) 6 —

For K « 1, | obtained
d2W ew; a K2 L2 0% 2 0..60,u, 2
M|? = L N [ e inc? 7N, (2 _1
duw,dQ), ﬁ4ﬂ14k2pg| "= 1672 72 ([ kw] +! Ko ] e [W ( (6) )]

which agrees with classical results from Jackson and, for example, V. Kocharyan and E. Saldin, arXiv:1202.0691v1

2% Fermilab
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Differential rates in Dirac-Volkov model

Single-photon rate
d*W a
dtdldﬂl

Two-photon rate

d'W o 5 a
dwldﬂl{ﬂdgdﬁg o (16?1'2 Qk:le (1)| ) (16?T2

= 161T2 ng |M( )|2 (5—1,85—1,5’ + 5+1,85+1,s') + O (X)

Spin does not change.
- Essentially electron can
be regarded as spinless

-

*a factor of % will
emerge after
integration over a
detector

22 V(D) (b + 811.6010) + O

Factorization of two-photon differential rate means absence of correlation between the two photons. To
increase correlation one has to increase 0(y). Is it at all possible to see correlation on experiment? Yes:

In D. Seipt and B. Kampfer, Phys Rev D 85, 101701(R) (2012):

FACET-Il parameters:
v~ 10?

Optical undulator: —

i—j ~ 2.5eV

x ~ 0.04

—

16 11/12/2018 Ihar Lobach | Budker Seminar

Energy spectrum for two-photon emission for on axis photons
The factorized form

Exact solution

1.0

08

"~ Color represents
. differential rate:
AW
dw, Q2 dwsd 2y

06

GeV

§
04

02

0.0

0.0 02 04 06 08 1.0 0.0 02 04 06 08 1.0
wy,GeV w;,GeV

*some difference can also be seen at 150 MeV and optical undulator
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PHYSICAL REVIEW VOLUME 131, NUMBER 6 15 SEPTEMBER 1963

Glauber’s model

Takes into account:

 Quantum nature of radiated
field

Assumptions:

* Negligible electron recoil
(classical current)

Coherent and Incoherent States of the Radiation Field*

Roy J. GLauBer
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusells
(Received 29 April 1963)

Methods are developed for discussing the photon statistics of arbitrary radiation fields in fully quantum-
mechanical terms. In order to keep the classical limit of quantum electrodynamics plainly in view, extensive
use is made of the coherent states of the field. These states, which reduce the field correlation funcuons to
factorized forms, are shown to offer a convenient basis for the description of fields of all types. Although
they are not orthngonnl to one another, the coherent states form a complete set. It is shown that any quan-
tum state of the field may be cxpanded in terms of them in a unique way. I“(pansmns are also developed
for arbitrary operators in terms of products of the coherent state vectors. These expansions are discussed as a
general method of representing the density operator for the field. A particular form is exhibited for the

Hy (1) :—%/j(r,t}-ﬁ(r,t)d:"r

Classical Operator
current

ug(r) = L-3eV ek

(r,t) = CZ( ) apu(r)e”™ + g (r)e““’*t)

L, 0 —~ - _ + _ % - ’
iﬁa |> = Hj D |:> |ﬂ}‘(t)} - HE}CP (&kak &kak) |w(0)> a(t) = (o) %/ dt’/d‘ruk(r (7, t') ™t

k

D(ﬂk) — E“‘FE:_Q:E-‘C

Displacement operator

(creates coherent state):

D (ay.) |vac) = |ay)

17 11/12/2018 Ihar Lobach | Budker Seminar

(1) = {ex})

Final state is a coherent state:

=] law)
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Glauber’s model: results for correlation function

Some noteworthy properties:

ﬁk |C}:k> = (X |l:}.’j,'h>

{ax} E (r,t) l{ox}) = Betassicar (7, 1) pan = [{ax}) {ar}|

Definition of correlation function from the
beginning of presentation:

GO (r timt) =T [ B (r, ) B (r.0)] = Qo B () B (7.0 [{eu)

1
-~ ]_ 5 .y .
EW (r,t) =i E (Efuuk) apuy (r) et
s

EH- (T t) |{{1 }> classmal (T. t) |{&k}> )
B ica (1 1) =i Z ( ) aruy (r) e

G(l} (1", t r. t) (EH-) (T'._ t)) E(+) (1" t) = |Eclasslcal (T'J t)|2

L classical classical

G (T‘ tl r, fg r, tﬂ r, t ) = |E{+) (T‘ t )| |E|:13551cal (Tﬂtﬂ}lz

muun classical

For infinitesimally thin filter (spectral correlation function):

2 2 - 2
Ir [pﬁnaﬁ. ﬂ‘k:| | 13551-:3.1 (k)l ~ |C”f| ~ |J (k)l
- classical result. See for example V.1. Ritus, Journal of Soviet Laser Research 6.5 (1985): 497-617.
2% Fermilab
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Part 2: Ideas for experiment in IOTA

— Measurement of difference of arrival times of two photons in
two-photon emission

— Is photon statistics Poissonian? (for number of emitted photons/in time)
« Experiment with two PMTs with non-overlapping filters. “Violation” of Poisson statistics

— Experiments with a 2D array of single photon detectors
(Correlation/entanglement in emitted photon pairs?)

— Experiments with undulators of different lengths
(peak intensity ~ L? if the formation length is equal to undulator’s length)

— Other vague (for now) ideas

$& Fermilab
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Two-photon events: time spread 7 eeeimeniean

G{QJ ('r._tl;‘r._, tZ;TﬂtQ;rttl) = |E{+) (T‘tl)|2|E(+J (T,tg)lz

MUV classical classical

Classical formula from Jackson:
B =[n X E],, It’s important to have two photons,
n—p e[nx|[(m—B)x P because it is easier to measure At, then
E(x,1)=e Ya-p-nr|_ te [ (1-PB-n)R @ absolute time of arrival of a photon
K=1
L,=1m _. L ) .
_ At=(1-243 U N\ c fs *S.V. Faleev in arXiv:hep-ph/9706372v1
Ee =150 MeV ( ' ) c [ rad/ ~ 30 found At ~ )\md/c for dipole radiation

N S N § N S

I[I:I[l] Capabilities of presently available PMTs:

MICROCHANNEL PLATE-
e HAMAMATSWL  pHOTOMULTIPLIER TUBES (MCP-PMT)

PHOTON IS OUR BUSINESS R3809U_50 SERIES
]]]]]]] Figure 2: Transit Time Spread (T.T.S.) , —
S N S N S N T ‘

102

COUNTS

2% Fermilab
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Hong-Ou-Mandel interferometer

Never used for synchrotron radiation before!

The original HOM interferometer (1987):

c
E 1000
Pinhole 12 =) .
Amp.
: &p Counter E 8007
UV Filter Disc ‘g 1
2
o | " b2 g €00
uv ' ) . ® Measured At ~ 100 fs.
—s— KDP BS I Coincidence iplg;f‘ 8
Wy ! C . 23+ 400 -
= Mi g 400 Accuracy < 1fs
DI | =
| Amp 8 200 -
& Counter —
| Disc. =]
Pinhole IF1 o] 0 . | A | . -
Z 260 280 300 320 340 360

Position of beam splitter (r:m)

Later papers (2018), Attosecond-Resolution HOM interferometer:

Piezo Actuator

Tsample/

Bandpass

i HOM BS
Fllte‘r Wedge Pair

Attosecond-Resolution Hong-Ou-Mandel Interferometry

Ashley Lyons', George C. Knee?, Eliot Bolduc!, Thomas Roger!, Jonathan Leach', Erik M. Gauger', Daniele Faccio®
!School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh, EH1§ 4AS, UK and

2Department of Physics, University of Warwick, Coventry, CV4§ 7AL, UK. Ti:Sapph Laser
(Dated: November 5, 2018) HOM Stage

5 s 2 2 ) 3 Type 1l BBO

When two indistinguishable photons are each incident on separate input ports of a beamsplitter
they ‘bunch’ deterministically, exiting via the same port as a direct consequence of their bosonic PBS
nature. This two-photon interference effect has long-held the potential for application in precision K/Z
measurement of time del; h as those induced by transparent specimens with unknown thick- %
ses prckles.  Hopeeer . tha sakiis has naves achicrel resitiots sgaicantly botter than the 4 Width « o Waveplate
few femtosecond (micron)-scale other than in a common-path geon that severely limits appli- -—>
cations. Here we develop the precision of HOM interferometry towards the ultimate limits dictated
by statistical estimation theory, achieving few-attosecond (or nanometre path length) scale resolu-
tions in a 1 geometry, thus providing access to length scales pertinent to cell biology and
mono-atomic layer 2D materials.

SPAD Detectors

J

ThHoM

MLE

Coincidences

2= Fermilab
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Hong-Ou-Mandel interferometer: theory

One photon at each port of a beam splitter:

%N %

For two indistinguishable photons:
HOM signature:

_________________ average
" 51 t 51
aat ot ¢ +d 3 ¢ —d @
a''(0,0)0 = [1, 1), o5 and b o 5
| o
S
(=]
=
o
=
(]
12,0)0d — [0,2)ea 5
_ Ayl T gty (ot _ gt _ st 4 Do ed ” P Red £
1, oy = a'810,0)a — 5 (&' +d") (&' = d") 10,0000 = 5 (&7 = ") 0,0)eu | S s\ -
Delay
ot =
3¢ Fermilab
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HOM interferometer for undulator radiation

 Attosecond time resolution
Coincidence

«  We will be able to see what is PMT1 Counting
N f) -
longer: photon or electron” ST

/ / PMT2

At = (1= F) 2% ~ Nyhaa/c ~ 30s

&

undulator electron smain
trajectory . dipole
nE, y ,
i iy B \"
>

detection
plane
0

]
z(m)

Older Novosibirsk’s experiment in VEPP-3:

) ] - % PuT
N
R DM

Py 1ns tirne
UNDULATOR ‘ resolution.
VEPP -3 Counter |
Z% Fermilab
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Photon counts estimates

SRW simulation for 200 MeV electron and 60 cm undulator:
IOTA circumference 40 m

0.035 Single electron SR spectrum .
_ lér:ﬂ;l:_‘t;r, integrated over the aperture, Turns per Second 7.5 MHZ
0.030 . [;iggle. integrated over the aperture,
T: 0.025 Electron energy 150 MeV (up to 200 maybe)
§~ poze Undulator length 60 cm (SLAC)/1.8 m (JLab)
> 0.015
£ oo Undulator period ~ 5.5cm
0005 k Photon energy 2.6 eV
0.000 1 2 3 4 5 6
Photon energy (eV) Photon wavelength 475 nm
- —— But we need to exclude dipole radiation:
QE~ 25% Single-photon counts: ~ 50 KHz 0z undulator tel(ectgcm Wl edmailn
~ rajectory - dipoler
Two-photon counts: ~ 180 Hz 0 ###%%##%%##%###ﬁ Qh\ Sy
detection
e plane
3.0 25 20 15 z(m) 10 05 00 05
& Fermilab
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Suppressing dipole magnet radiation

« Small aperture detector:

25

Integrated energy density: eV/mm?

20
2.0e-03
1.5e-03
1.0e-03
5.0e-04
-20
-20 -10 0 10 20

0.0e+00

y position (mm)
=) 3

=)

X position (mm)

e System of lenses:

Dipole radiation is defocused.
Undulator radiation is focused.

11/12/2018 Ihar Lobach | Budker Seminar

 Narrow filter:

Single electron SR spectrum at first lens position

0.07
Undulator, integrated over the aperture,
d=5mm

0.06 Dipale, integrated over the aperture,
—_ d=5mm
1 0.05
[
L
W 0.04
g
=
T 0.03
>
=
2
g 0.02
=
£

0.01 L

0.00

1 2 3 a
Photon energy (eV)

Vertical orientation of
undulator + polarizer

02 undulator electron i smain
\ trajectory L dipoler plarizer

NSy
2900

detection
plane

x (m)

z(m)
*Also, with HOM interferometer we might actually be able to

resolve dipole photons and undulator photons in time. So we
do not really need to suppress dipole radiation.

& Fermilab



Photon statistics

PHYSICAL REVIEW VOLUME 84, NUMBER 3 NOVEMBER 1, 1951

Some Notes on Multiple-Boson Processes

Roy J. GLAUBER
Institute for Advanced Study, Princeton, New Jersey

(Received July 11, 1951)

Methods of calculation with nonlinear functions of quantized boson fields are developed during the dis-
cussion of two problems involving multiple boson processes. In the first of these a simple treatment is given
of the multiple radiation of photons by classical current distributions, a special case of which, in effect, is
the infrared catastrophe.

In the second illustration, generalizations of the scalar and pseudoscalar meson theories are considered in

Emission probabilities form Poisson distribution:

w,=Wre ¥ /n!

Experiment idea #2

wy = We™W

72
L
Also does distribution of emissions 2 2

in time correspond to Poissonian?
(for single-photon and for two-photon
events)

An idea on how to “violate” Poisson statistics:

Experiment idea #3

PMT1 Filters with non-overlapping
energy bands

I’ PMT2

Beam splitter

26 11/12/2018 Ihar Lobach | Budker Seminar

If probability to detect a photon in
PMT1 is P; and probability to detect
a photon in PMT2 is P,, then the
probability to detect one photon in
each PMT will be P,P,, not %Ple

(which would be true if the filters
were identical)

& Fermilab



Experiment with 2D array of single photon sensors

Experiment idea #4

* [t will allow us to measure the
angle at which a photon is
detected

« It will be possible to see if
there is any correlation
between these angles in
emitted photon pairs

« Also experiments aimed at
polarization correlation in
photon pairs may be done

DAQ

LAPPD
detector

Optical
telescope

Example: Large Area Picosecond Photon Detector

undulator

There is some correlation and entanglement for optical undulator (much bigger y):

PHYSICAL REVIEW A 80, 053419 (2009)

Correlated two-photon emission by transitions of Dirac-Volkov states
in intense laser fields: QED predictions

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

Ulrich D. Jentschura
Department of Physics, Missouri University of Science and Technology, Rolla, Missouri 65409-0640, USA
and Institut fiir Theoretische Physik, Universitit Heidelberg, Philosophenweg 16, 69120 Heidelberg, Germany
(Received 26 August 2009; published 20 November 2009)
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IV. ANGULAR CORRELATION AND ENTANGLEMENT

We now turn our attention to the important questions re-
garding the quantum-mechanical correlation, i.e., entangle-
ment, of the two final photons. The theory we apply in this
section have been previously used extensively to characterize
the final-state correlation in bound states transitions [56-59].
The idea is to use the information contained in the matrix
elements (26) and (31), to obtain an expression for the den-
sity matrix py of the polarizations of the final system
“electron+two photons.” Given an expression for py, it is

then straightforward to calculate the concurrence [19], which
: SRR

o emanaseanaant A oo S SR

2
pi= 2 |ri.0.0)r;.0.0]. (51)
r=l

where s, is the spin of the initial electron and the zeros de-
note the absence of photons (other than laser photons of
course) in the initial state. The initial electron is thus as-
sumed to be unpolarized. Note also that all dependencies on
energies and angles, etc, of the state vectors are not written
out. Next, due to the interaction R, the density matrix p;
evolves into the final-state density matrix pg,

2
pr=RpiR" = 2 R|r;,0,0)(r,0,0|R". (52)
r=1
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Length of formation of radiation cuperiment idea

A bunch of electrons can be used for this experiment K < 1 here

d2W ew; ) a K?wL? 62w, 2 00,1 2\ 5 . Wi
dnd®y, ~ eamakze Ml = 16 S R sine” | N { gy !

Small W
aperture/small Aw < 0 9
energy band ] N -, Wy = 2’}' r'i‘.uc
detector: Va N u’)
@ If formation length is shorter than undulator:
a Kw(L?) 6* L,
W= 16?]’2 ,F.:Z A'w 2 L = anDrm - Lf Lfc.rm = LformLu
OTrII

We might have two undulators (SLAC/JLab) of different lengths to check the square law.

One cannot determine formation length with big detector because after integration over
the detector the dependence on length is linear:

AW am{ﬁ (

If formation length is shorter than undulator:

’ L.
- 1) Lu = anorm = Lfcrrrn — L
Lform

dw cky~y?

Has it been done before?
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Other ideas for experiment

29

Develop a barrier across separatrix.
Split separatrix into two islands.
Control width of the RF barrier.

What is the probability of a single
electron tunneling through the barrier
into the 2"d separatrix?

(Timur Shaftan’s idea)

We can do something like Hanbury-
Brown and Twiss experiment for
Interference of light coming from far
away double-stars, but for two
electrons in an undulator.
(Bernhard Adams’ idea)
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Experiment idea #6
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Experiment idea #7
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Optical stochastic cooling with single electron

Experiment idea #8

i bypass
particle bypass t_eplqy

picku optics & kicker
undulator amplifier undulator

*figure from Andorf, Matthew et al. Phys. Rev. Accel. Beams 21 (2018) no. 10

At certain delay the
probability to emit a
U ] photon will be zero!

Electron's energy loss, a.u.
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Conclusions
« Itis possible to keep a single electron in IOTA

Theoretical predictions:

« Electron recoil and spin effects are negligible
« Glauber’'s model with classical current is sufficient

« Sltill, electron wavefunction’s size may be measurable
Ideas _for experime_nt: _ _ _ _
 Difference in time of arrival of photons in a photon pair can be

measured with unprecedented accuracy (attosecond). We
can determine what is longer: photon or electron

* Photon statistics (number distribution/independence in time)

« Transverse correlations can be tested with 2D array of single
photon detectors

« Experiments with small aperture/small energy band detector
for formation length of radiation

* RF Barrier tunneling/ Hanbury-Brown and Twiss
Interferometer for two electrons
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