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Fermilab’s Integrable Optics Test Accelerator (IOTA)
* First beam Aug 21, 2018
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= Fermllab

Primary purpose: accelerator science and technology research
(not production of radiation for users)

» Particles: electrons/protons

 Main experiments: Circumference: 40 m (133 ns)
— Nonlinear beam optics Electron energy: 100 MeV
— Optica| stochastic Cooling *plus some measurements at 150 MeV
3£ Fermilab
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Parameters of the undulator in IOTA

Many thanks to our collaborators from SLAC for
providing the undu‘lto.r

Undulator radiation on the surface of the optical shutter
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Undulator:
* Number of periods: N, = 10.5
Undulator period length: 1, = 55 mm

By
« Undulator parameter (peak): K, = 1 K, = ﬁ
 Fundamental of radiation: 1.1 um )
« Second harmonic: visible light e
$& Fermilab
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Layout of the undulator section in IOTA
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Previous research about statistical properties of
synchrotron radiation

Both theoretical and experimental results:
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tron storage ring. Phys. Rev. Lett. 65, 3393 (1990).
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using spectral fluctuations of incoherent radiation, Re-

port No ANL/ASD/CP-100935 {Argonne National Lab-

oratory, 2000).
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Two experiments to study statistical properties of
undulator radiation in IOTA

« Experiment #1 with many electrons (~ 10?) InGaAs PIN photodiode
— Fundamental harmonic, = 1.1 um e iy
— InGaAs PIN photodiode n
— Feb-Apr 2019, Feb-Mar 2020 G11193-10R

« Experiment #2 with a single electron
— Second harmonic, 450 — 800 nm

— Single Photon Avalanche Diode
(SPAD)

— Feb-Mar 2020 + Spring-Summer 2021

Single Photon Avalanche Diode
(SPAD)

Turn-by-turn data in both experiments

3£ Fermilab
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Experiment #1 --- many electrons (~ 10°)

Fundamental of the undulator

radiation 1.16 um Revolution number MNumber of photocounts, N
0 9994352
InGaAinlilﬁuaflgf’odiode ; F—
2 10002465 Var(N) =
n 3 9999482 <N2> . <N>2
G11193-10R 4 9996153

11273 1.5ms 10000362

Particle loss is negligible during 1.5 ms

Relative fluctuaitons ~ 10~* — 1073 (rms).

The initial goal was to systematically study var(V') as a function of the
electron bunch parameters (charge, size, shape, divergence)

Then, we realized that we could reverse this procedure and infer the electron
bunch parameters from the measured var(NV')

3£ Fermilab
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Theoretical predictions

1 2
Discrete quantum Turn-to-turn variations in synchrotron
. adliation and
nature of light relative electron positions MGl
(Poisson fluctuations) and directions of motion — EEEEEEE

M is conventionally called the number
of coherent modes

2 2

Simplified 1D model:
:/dw|E(w)|2

Pulses emitted by the electrons: W ]dt Y E(t—t) D eien

i=1 i=1
The set of arrival times of the electrons {t;} is different
during every revolution in the ring. Hence, the radi
(t7) — (ti)?

energy W fluctuates from turn to turn. o, =

Lem w)
\E(w)|2 BT »M—\/1+402q

3¢ Fermilab
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General case

In general, M is a function of

« Detector’s angular acceptance

« Detector’'s spectral sensitivity, polarization sensitivity

« Spectral-angular properties of the radiation (undulator or
bending magnet)

» Electron bunch density distribution over x, y, z(x", y', &,

-

We accounted for this
part for the first time

9

Measurements of undulator radiation power noise and comparison

with ab initio calculations
Ihar Lobach, Sergei Nagaitsev, Valeri Lebedev, Aleksandr Romanov, Giulio Stancari, Alexander Valishev, Aliaksei 0

Halavanau, Zhirong Huang, and Kwang-Je Kim
Phys. Rev. Accel. Beams 24, 040701 — Published 1 April 2021

e _ B
PhYSICS See synopsis: Using Fluctuations to Measure Beam Properties um

3£ Fermilab
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The obtained expression is very complex and includes a multidimensional integral:

1 V7 [ dkd* &P d’r Py (r . by — o) T (1. ¥ )T (po.7)
—:(]—l/nﬂ)—ff’ 5 , (2)
M ot Nie)
with
1 _\'.\‘)Z_L-’i
Pf((r’-¢l _ f,bz) — e ?:’_ 46_:‘ o kA (1~ )X —ikA, (b, _(I)Z_\')y’e_kzzf((b].r_‘pl\)z_kzzz(‘pl_\ —(152_‘-)2_ (3)
' dnoyoy '

(4) o =1 / (2\/5 f PZ(Z)dZ) (6)

where p(z) is the electron bunch longitudinal density
distribution function, [p(z)dz =1, and o is equal to
the rms bunch length &, for a Gaussian bunch; ' = (', ")

Li(g.r) = Z’?k.s@)gk“\'@)g;s(‘ﬁ -r).

s=1.2

Nee) =3 ] dkd e, (D) Es @, (5)

s=12

where 5 = 1, 2 indicates the polarization component, n,, is
the number of electrons in the bunch, k = 2z/1 is the
magnitude of the wave vector; ¢ = (¢,.¢,), ¢ =
(¢1x.¢1y) and ¢y = (¢hay. oy) represent angles of direc-
tion of the radiation in the paraxial approximation. Here-
inafter, x and y refer to the horizontal and the vertical axes,
respectively, and

represents the direction of motion of an electron at
the radiator center, relative to a reference electron; o
and o, are the rms beam divergences, 6% = y,€, + D%03,
62 = V€, 2 =€, /7, + (y.Dy + Dya,)?p €05 ] 6>
¥ }’.\’ v x x/Vx Velly x M xExHpl Py
2 _ — 2 —
E_v - E}'/}’y’ Ax - (axex - DJDX'JP)/OE-" A\ - ay/e_v’
where a,, f;, y., @, py, y, are the Twiss parameters of
an uncoupled focusing optics in the synchrotron radiation

Ek.s(¢) = \/2(37:)3[(1[2‘(]() .v(t)efc'kr—yk-r(r)

e Assumes known
Twiss-functions

« Transversely Gaussian beam
* Arbitrary longitudinal density
distribution

The code for numerical computation is available at https://github.com/lharLobach/fur
2= Fermilab
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Quantum optics description

1
_ 2
Var(Np ) = + M<Nph>
Quantum Classical
At negligible electron recoil the radiated field is in a coherent state:
PHYSICAL REVIEW VOLUME 131, NUMBER 6 15 SEPTEMBER 1963 1 2 f}fn
— ozl
Coherent and Incoherent States of the Radiation Field* |ﬂ> =€ 2 \/_l |n)
Roy J. Gravner TL L

var(n) = (a|(ata — (n))*|) = |a|* = (n)

A unified description leading to the above expression is possible withing the
framework of quantum optics using the density operator formalism:

Statistical properties of spontaneous synchrotron radiation with
arbitrary degree of coherence 0

Ihar Lobach, Valeri Lebedev, Sergei Nagaitsev, Aleksandr Romanov, Giulio Stancari, Alexander Valishev, Aliaksei
Halavanau, Zhirong Huang, and Kwang-Je Kim

Phys. Rev. Accel. Beams 23, 090703 — Published 11 September 2020 u m

3£ Fermilab
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Details about Experiment #1 --- many electrons (10°)
Spectral-angular radiation distribution

¢ b
(d)} Fundamental — No losses 1.0 ( )l £
30 ‘ _ il — With losses sz 600 5
lE - Second harmonic -- Detection efficiency S ol . =
=2 062 F 400
= = £ 0 s
—=40F b 4B = =
g 048 & | 200 =
= g —2 3
=20 028 =

—4 ¥

091 06 08 10 12 14 16 18 0 6 —4 —2 0 2 4 6
Wavelength (jm) ¢, (mrad)

In Experiment #1.:

=¥l Detect the fundamental (= 1.16 um). InGaAs p-i-n photodiode
¥4 \Wide band (= 0.14 um FWHM). Large acceptance angle > 1/y

(We use a focusing lens)

Simulated total intensity: 9.1 x 10~* photoelectrons/electron

Measured: 8.8 x 10~* photoelectrons/electron

$& Fermilab
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Details about the apparatus

*the circuit was built by Greg Saewert

InGaAs PIN photodiode

A, €0.12]V

HAmAmAarsy Integrating RC circuit :
u ‘ +V=33V (2 pF, lﬂclfﬂ) Number of
Focused {F— detected photons
G11193-10R undulator InGaAs t ith revolution:
radiation D:A PIN Ry at ttn revolution:
: photodiode N _ A
| , i — XA
: : —0
i : R, : _T_ x = 2.08 x 107 photoelectrons/V
1
| | =

Sensitive area: 1mm
Quantum efficiency at 1.16 um: 80%

*Many thanks to Mark Obrycki, The expected relative fluctuation of 4;
Peter Prieto, David Joh Todd — —
Lo e was very small 10™* — 1073 (rms). *comparable to the
ohnson and Greg Saewert for the ) k . .
equipment for the setup and for It was a blg chaIIenge to measure it. resolution of our 8-bit scope
their help during our detector tests.

$& Fermilab
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C O m b ( n otc h ) fi Ite r *the idea to use the comb filter was proposed by S. Nagaitsev.

The components were provided by B.J. Fellenz, K. Carlson, and D. Frolov

Comb (notch) filter A(t) = E(A, — A, ) f(t)
A .
sl e \| >
Aif(1) ' =2y
> > 2
= 1.0r E 0.0
: 5
o '
— S l i - - q - L L I L L L
g0o . = | Hybrid 2500 200 300 400 500
%}) sphitte m Time (ns)
=0.0r _
= 100 200 300 400 Zilt) = §(A + 4 ) ()
Time (ns) Z—~ 0.5
©
=
] — E
Exactly one IOTA < 0.0
revolution (133 ns) delay N
between the two cables (') 100 2(')0 300 400 5[']0

Time (ns)

Our comb filter had some imperfections:
* Cross-talk (< 1%)

« Small reflected pulse in one of the arms

*they could be taken into account and did not affect final results

3£ Fermilab
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Noise filtering algorithm

* The instrumental noise due to the oscilloscope’s pre-amp and
due to the integrator’s op-amp was about 0.3 mV (rms)

» Therefore, signal-to-noise ratio was about 1

We had to use a special noise filtering algorithm.
For each time t within one IOTA revolution, calculate
variance of A-signal for the 11000 revolutions:

1.50p20

1.25
_ r(N) var(A(1)) = 28var(A)2() + var(u (1)
> 1.00f var(va (1)) = var(va) = 8.8 x 1078 V2
=0.75} \
=
S 0.501— Ipeam = 3-0mA, (V) = 2.2 x 107, var(\/) = 1.3 x 10° NG

] — e = 2.0mA, (N) = 1.4 x 107, var(NV) = 7.2 x 107 constant noise |eve|
0.257— Iy um = 0.9mA, (N) = 6.7 x 10, var(N) = 2.4 x 10’
. Ibcam = 00 mA
0.00— 20 40 60 80 100 120

Time within one IOTA revolution ¢ (ns)

3£ Fermilab
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Measurements and simulations

Beam current (mA)
x10% 1.5 2.0 2.5 3.0

1.5f § Fluctuations measurement ff
" —var(N) = (N) + (1/ Mg, ) (V)2 M = M(€ € O'p, O'e )
gﬁ Simulation uncertainty range
;“%m-“ var(\) = (V) + (1/M80 ) (w2
g% [varW) =) For the simulation,
S 8 .
28 = * €, and ¢, were estimated
2- using bending magnet
- synchrotron radiation
: Variable beam current, no light attenuation :
ik Rouiad ot (e — o — ) mo_nltors aqd known

z Twiss functions.

O — + ogMand g, were

O . | s e e

E% { Measured M eStlmated USIng the wall-

) e 2r — M I I

% - i}m uncerainy current monitor signal

Z . A \ X N sim. .

0 0.8 1.0 12 1.4 1.6 1.8 2.0 2.2
Photoelectron count mean (\) x107

Note that the simulation with beam divergence taken into account agrees better

3£ Fermilab
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Measurement of transverse bunch size:
7 synclight stations

Bending magnet radiation (not undulator)

B 8PM client

alisation | Table | Plots

select BPMs | Autoexpl | [ cross | 1| 1| (I fit| Roi nx|_ 3|ny|_ 3|k|_ 10|| DF | 5| (] save PNG [] Save RAW | SetExp |aT|_0.1/aB 0.01 Connecte(
T

T T T T -

*built by A. Romanoy, J. Santucci, G. Stancari, N. Kukley, ...

$& Fermilab
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Measurement of longitudinal bunch length and
shape: Bunch length monitor

« Wall-current monitor — long cable — amplifier — oscilloscope

« The web-server runs on a Raspberry Pi on the Fermilab controls network. It
receives the signal from the scope and applies the inverse of the transmission

function of the long cable and the ampllfler to reconstruct the shape of the electron
bunCh ik ol gl o et s BI-R oo & =

..........................................................................................................

58t oscilloscope setiings
' ' \'-}
O— — 2 O 3 O C m Files are saved to the following folder : : | ¢
Z — —_— 3 s :

bunch_profile_meas_03-20-2020

g, 591 X 107 x ) “WMWWW‘“‘"W““““"'\; A

Manual | Auto

' '

= 113 |
103.748 11.652 : :
ACNET device | Quantity ' '
= ' '
N:WCMBF FUWHM length, cm 47.428 5 {3 ¥
& ' '
NWCHBR RNE length, cm 22965 § ! '
NIVCHBE  Bunch phase, deg. 05783 ; H
WCHI cury ETT I X !
- ey ' .
NIRFEPA RF Ampltude, V ET A | H &
NIRFEFP RF Phase, deg. 127,947 g i :

£

NIWCHBE  FUR bunch length, om 21203 ® H '
NINCHBM  MAD bunch length, cm se 3 H :
1 '
NINCHEG  Gaussian fft bunch length, cm 20415 ' '
' '

NWCMIG  Gaussian fit current, mA 0832 015

Freq. Cutoff for Transmission Coefficients, GHz: 2.50

Osgilloscop | scal
: ' '
] ' '
aaaaaa Auto ' . = Original
. 0.2+ v '
' . — Reconstructed
N ' w— Gaussian fit
' '
Bunch phase canstant 163 ! ! : - - — ‘ T
o 20 60 00 120
Time, ns

Averaging on the oscilloscope:

:
Valeri Lebedev and Kermit Carlson helped with measurement of the transmission function.
Dean Edstrom helped with network communication with the oscilloscope.

3£ Fermilab
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Made with ScreenToGif


Neutral density (ND) filters

 ND filter is a filter that has constant attenuation in a wide
spectral range

* ND filter does not change the number of coherent modes M,
however, it does change the average number of detected
photons (V')

Remote controls for the apparatus

a0 48 oy noea& =|<¢ X @ Q £ Iobach-pi2algoviads RO mweome @ =

The filter wheel was built
by Sasha Romanov

$& Fermilab
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Made with ScreenToGif


Measurements with ND filters (right-hand side)

(a) Beam current (mA)
%108 1.5 2.0

i
o

- ¢ Fluctuations measurement

—var(N} == <Jr\,f} + (lffﬂ'jrsim.) (-’I\QJ
Simulation uncertainty range

[-- var(V) = (W) + (1/Me )Wy

-- var .N' N

[
=

o
n

Photoelectron count
variance var(\)

0.0 Variable beam current, no light attenuation
(c) %108 Round beam (¢, = €, = ¢)
=
L
=
s =4
et (7]
= o e $ Measured M
5 2of — M
e E sim. .
[= M = M(I ) Sim. uncertainty
=] beam - o div)
Z 1 ' 1 1 1 Slm i
0 0.8 1.0 1.2 14 16 18 20 22

Photoelectron count mean

(N) x 107

eff

intrabeam scattering and interaction of the bunch
with its environment. Therefore, M changes too.

€x, €y, 07 ', 0y Change with the beam current due to

20 9/12/22 Ihar Lobach | IBIC'22 Farad

ay Cup Award

(b) %108 Fixed Ipeqy = 2.66 mA
1.5t ¢ Fluctuations measurement
= —varN = (N) + (1/ M) (N)?
g —~ |- varV) = (N)
82
= = 1.0f
e g
88
8 % 0.5F
E E ot
o
0.0 Fixed beam current, variable light attenuation
(d) %106 Flat beam (e, > ¢,)
B
5 I | L i M
Y
=41 o
o w
53
8 g2 M = const = 4.38 x 106
= { Measured M
=
Z 1 1 1 1 L I.— ﬂfﬁ[ i i
0 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Photoelectron count mean (N) x 107
$& Fermilab



Reconstruction of transverse emittances from the
measured var(N)

[ e e

Transverse Beam Emittance Measurement by Undulator Radiation

Power Noise

Ihar Lobach, Sergei Nagaitsev, Valeri Lebedev, Aleksandr Romanov, Giulio Stancari, Alexander Valishev, Aliaksei

Halavanau, Zhirong Huang, and Kwang-Je Kim 4

Phys. Rev. Lett. 126, 134802 — Published 1 April 2021

Phyé'lc‘s See synopsis: Using Fluctuations to Measure Beam Properties u m

We verified our method with a “round” beam, whose
emittances could be independently measured by
synchrotron radiation monitors, (a) and (c):

Then, we used our fluctuations-based method to
measure the unknown small vertical emittance of a
“flat” beam, (b) and (d):

Photoelectron count mean (\) %107
(@ x10® _08 10 12 14 16 18 20 22
- * Round-beam fluctuations oot ® e v
= 1.0p== var (X)) = (N) ot o
‘;:/ . P LN ]
§ 0.5 p— oe® .'._ ______________________________
(c)
£ 100t W
c
=7 ¢
L
2
8 50F
E —¢ via %LMS
\"lEl l.lCtllat]O]’]‘i

&3] Round-beam (¢, = ¢, = f) A : via Touschek lifetime

0T 5 20 2.5 3.0

Beam current (mA)

Photoelectron count mean (\) %107
(byx10®* 08 10 12 14 16 18 20 22 24
* Flat-beam fluctuations o En
g‘l.() --var(N) = (N) PR
= ) Ve ® e ®
‘;0"]' weest & ® R
(d)

ol HL& #*#*} tis 1275

=250r } { . via SLMs
e via fluctuations D
Fat beam (e, > Fu)} ¢, via Touschek lifetime

0—% 15 2.0 75 3.0
Beam current (mA)

Strong coupling

21
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Uncoupled
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Limitations (or strengths?)

« The fluctuations must not be dominated by the Poisson noise

(N) S 5N’ » Mo (Z) Bt Lo 2 1

3 ~o
M 2 04040 k]

* M must be sensitive to changes in gy, g, (&, €y)

Ozy 0y 2V 2Ly o/ (47)

wavelength. Therefore, this technique may be

technique can measure €, ~ €, ~ 30 pm in the
Advanced Photon Source Upgrade at Argonne.

The sensitivity of this technique improves with shorter

particularly beneficial for existing state-of-the-art and
next-generation low-emittance high-brightness ultraviolet
and x-ray synchrotron light sources. For instance, this

22 9/12/22 Ihar Lobach | IBIC'22 Faraday Cup Award
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Usage of slits and masks

23

¢, (mrad) ¢, (mrad)

Measurement of fluctuations with slits
or masks would allow measurement of
more than one electron bunch
parameter.

= \/1+40}02\ /1 +4Ko} o o\ /1 + 433 o3

9/12/22 Ihar Lobach | IBIC'22 Faraday Cup Award

600 = 600 =
400 < 400 S
200 = 200 =
0 = 0 =

l
2

-6 -4

9=}
(mrad)

Ol ]{I -]

400 2

?[]{I --

0 =
2

Original angular distribution:

l
2

¢, (mrad)

600 <

400 <
200 =

0 =

2% Fermilab



Experiment #2 --- a single electron in the ring

Next step is a single electron because it is free from any collective effects. It is a very
repeatable and well controlled system to study possible deviations from Poisson statistics.

Goal #1 Verify that the photostatistics in the single-electron
case is Poissonian: Super-Poissonian light:

M var(A) > (A
Sub-Poissonian light:

VELI‘(N) < <N> unusual — non-classical

state of the radiated field

Most sources suggest Poissonian However, this fairly similar experiment reports
photostatistics for a single electron observation of Sub-Poissonian statistics:
(at negligible electron recoil): oS N 3 PAYSTEAT REVIEW LETTERS
PHYSICAL REVIEW VOLUME 131, NUMBER 6 15 SEPTEMBER 1963
Coh d Incoh L N Observation of Sub-Poisson Fluctuations in the Intensity of the Seventh Coherent Spontaneous
oherent and Incoherent States of the Radiation Field Harmonic Emitted by a rf Linac Free-Electron Laser
RoY J. GLAUBER
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusells Teng Chen and John M.J. Madey
(Received 29 April 1963) Department of Physics and Astronomy, University of Hawaii at Manoa, Honolulu, Hawaii 96822
(Received 18 April 2000)

Goal #2 Use the photocount arrival time information to study the

synchrotron motion of the single electron

3£ Fermilab
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Obtaining a single electron in the ring

25

Injecting very low current from linac

Changing RF voltage quickly to scrape
electrons

The number of electrons is easily
determined by looking at photocounts
rate

Lifetime ~1-2 hours

Synchrotron Radiation Counting Rate [kHz]

100 1

80

60

40 1

20

0_

Fermilab Integrable Optics Test Accelerator [~
IOTA Run 2
Feb. 20-21, 2020

G. Stancari for the IOTA team

— 1 1 1 T 1T T T 1
O = N WA U

T
20:00

T T T
22:00 00:00 02:00
Time [hh:mm]

Number of Stored Electrons

Real time footage of one electron from M2R camera after specially
developed noise cancellation algorithms (bending magnet radiation)
— Clearly visible “stopping” points are due to integration time of less than damping time

*video borrowed from Sasha Romanov’s presentation at the workshop “Single-electron experiments in IOTA”
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Cropped with ezgif.com GIF maker


Design of the experiment with a single electron

Picosecond event timer
(provided by Giulio Stancari)
8 (€Y rouee | @F ronmo | €] tocaio | B9 Toceio gt ‘

Revolution number Detection time relative to I0OTA revolution marker, ps

0 51 62977.0

El“ CoRRoL T e TIVING TIMING ‘ 1 171 64337.0

| ‘ e - 2 239 62389.0

Record all events 3 %% 634240

|IOTA for 20 sec — 2 min 4 599 643030
revo | u t I O n 1490071 450123392 63592.0
m a r ke r 1490072 450123677 62846.0
1490073 450123880 623730

1490074 450123931 62842 0

1490075 450124364 62746.0

1490076 rows x 2 columns

*on average one detection per 304 revolutions

Undulator

radiation

Single Photon Avalanche Diede

Active area (diameter)

OInpoN

Detector efficiency at 650 nm

Dark count *with gating <10 Hz

Dead time *IOTA period is 133 ns Focusinglens . EHA stepper motor translation stages

Pulse height were provided by Sasha Romanov

Pulse length 10 ns

$& Fermilab
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Controls

&~ C @ | ® lobach-pi2.fnalgov:1880/ui/#!/07socketid= 114FnfTw_QBag1LjAABM 20% - @ Search ihO = & © ¥ =

IOTA Experiment: Photon Statistics of Undulator Radiation Produced by a Single Electron

N:ITP4RC Motor 1: Clockwise == Y-- SPAD Z min limit switch: 0 LED Off/On .
Motor: 4 - Motor 2: Disconnected SPAD Z max limit switch: 0 SPAD Power Off/On
Relative Steps: L, "
2000000 Motor 3: Clockwise == Z-- MCP motor IN position: 0 Shutter On/Off
e 0
] 400

STOP MOTION Motor 4: Clockwise == X++ MCP motor OUT position: 1

COUNTERCLOCKWISE Motor 1: 0

CLOCKWISE Motor 2: 0

Motor 3: 0

Motor 4: 0

* Live camera video * Photocount rate e Detector power switch
* X, Y, Zmotors e Optical shutter * LED power switch

$& Fermilab
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Photocount rate. Simulation vs. measurements

Single electron undulator radiation spectrum

SO Fundamental
s monic >  Total efficiency in the simulation takes
T 60F 1 % into account:
&) = * two mirrors
~< 40F S+ vacuum chamber window
g 125  « onelens
2 20 cory = 0.0061 2+ low-pass filter
‘ * high-pass filter
U 0.'4 0,'6 0.8 1,l() 1,'2 1,'4 0.0 e quantum efficiency of the detector.

Photon wavelength (j1m)

Simulated photocount rate for one electron (assuming focusing to a point): 46kHz

However, aberrations in the lens and the diffraction limit
result in a nonzero light spot size in the focal plane and
not all the light is collected by the detector:

; *dark counts: = 100Hz (with gating = 4Hz)

Measured rate for one electron: 25kHz,
i.e., 1 detection per 304 |IOTA revolutions

$& Fermilab
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Angular intensity distribution

7/ measured x-scans at
Simulation: different values of y

(far from the focal plane):

Ph ooe
rad

av
8, "

de

Photo:

3£ Fermilab
29 9/12/22 Ihar Lobach | IBIC'22 Faraday Cup Award




Analysis of the statistical properties

*on average one detection per 304 revolutions
*Probability to detect a photon(s) in one revolution: p = 0.00330

Collected data (binary detector):

000001000001100000000001000100000001110000000...
O - no detection, 1 — one or more photons detected

Distribution of interarrival
times: geometric

(a) x103
e QObserved
" 4 =+ Expected
O
Pr(k) = (1 - p)'p
3 2
O
O
P-value = 0.36
OF 1 ——o= o= o= ©

0 1000 2000 3000 4000
Interarrival time in units of IOTA revolutions

—~
(o
~

Occurrences

1.0f

0.5

0.0

Paisserrdistattiion — Bernoulli trials: var(N) = (1 — p)(N)

Distribution of photocounts

in a time window: binomial
% 10°

™ Observed
® Expected

Pr(k) = (})p"(1 —p) "

P-value = 0.20

01 23 456 78 91011121314
Photocounts in a time window of n = 1000 turns

P-value — for hypotheses testing (x> goodness of fit test)
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Measurements with two SPAD detectors

Focusing § | B 1 Y
\8 il

Y

'Beam splitter|

Collected data:
000001000001100000000002000100000001120000000...

« 3o far, no deviations from our expectations

Detector #1: ~30 kHz

No correlation or anticorrelation

Detector #2: ~15 kHz between the two detectors

Detector #1 & Detector #2: ~70 Hz
3£ Fermilab
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Future experiments: Mach-Zehnder interferometry
» Interference of the photons in emitted photon pairs with two detectors:

*light pulse length = 30 fs

Double wedge

Single electron or

Detector

Beam splitter
« Mach-Zehnder interferometer:
— Output 1: E(t) — E(t + 6t)

— Output 2: E(t) + E(t + 6t) MZ fringes with a HeNe laser
(test light source)

Mirror

In some sense, this is a measurement of
the light pulse shape in time domain

This experiment is currently under preparation by
Alexander Shemyakin, Aleksandr Romanov, Sergei
Nagaitsev, Jonathan Jarvis, and Giulio Stancari

$& Fermilab
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A possible diagnostic tool:
Synchrotron motion of a single electron

— Time (ms)
g 2 0 1 2 3 4
U R | 1 1 1 1
= 2 —Least squares fit
= E ! | - - ) 8 & & SPAD counts
; c { ) ’ ‘ = ‘ [ 7 ¢ { .
§ .0 Op 1 ) i | : - | q @ " 1
+ _45 : i 1 \ » ) ; ‘ i
579 ¢ & ¢ )b Y W 1
o 2
2 <t —2C 1 1 1 : 1 1
a g 0 5000 10000 15000 20000 25000 30000 35000

IOTA revolution number

 The SPAD'’s timing resolution is = 0.4 ns (the error bars)
* The outliers could also be the dark counts

3£ Fermilab
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Simulation of the single electron’s synchrotron motion

_ Radiation Quantum
Turn-by-turn map equations: damping  excitation
| |

(

Ny = Qe — 11{}"21
. = 0.070 86,

(U)*jgé U;— (U) | n,=0.07083,

eVo . .
6i+1 = 61- + BZ—E'O (Slll t;b_,j — S1n ¢S) —

: 2 Vo =380V,
3 . Q. B-Ey
rf phase jitter (Gaussian) y = 188.6
e ’
k‘ibi+1 =¢; + 271"}7755:‘+1 + fi Ey = 96.4 MeV,
s = 0.0287 rad,
Average number of _ Sra , , 4
ohotons emitted per turn: ( y> = f)f =12.5 (mostly in bending magnets) Je = 2.64,

h=4

H. Burkhardt, “Monte Carlo generation of the energy spectrum of synchrotron
radiation.’http://cds.cern.ch/record/1038899/files/open-2007-018.pdf (2007)

(a) (b) -

- > I Histogram for 100000 simulated values of U

G £ 0.06fF —Fit by a Gamma distribution

S 10F w 5

< 3 u <

z m0 =5 [ Kep@rae X = 2004 v

< 5F " E U; = u;

[} @® i

S 5 0.02 JZ‘ g

a a

0.0 0.5 7.0 15 50 0 20 10

Energy carried away with one photon u (eV) Emitted energy at one turn U (eV)
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Synchrotron motion amplitude as a function of time

A, Asr, As ...
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Inference of the rms rf phase jitter

Journal of Instrumentation

PAPER - OPEN ACCESS

2.0k mmm \easurement Single electron in a storage ring: a probe into the fundamental
e == Simulation properties of synchrotron radiation and a powerful diagnostic
tool

I. Lobach’, S. Nagaitsev'?, A. Romanov? and G. Stancari?
Published 8 February 2022 - ® 2022 The Author(s)

Journal of Instrumentation, Volume 17, February 2022

—_
Ot
]

rms rf phase jitter = 6.0 x 107° rad

rms rf phase jitter
gs ~ 6 X 107 rad

=
o

Probability density (ns!
e

.
=)

0 1 2
Synchrotron motion amplitude (ns)

s Voo (Y Je . U-(U)
6,+1—6,+ﬂ2EO (sin ¢; — sin @) &; PE,

Gist = G +2mqNs0ir1 +&i §
rf phase jitter

Here we use several data sets, the combined length is 150 seconds.
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Synchrotron motion period as a function of
amplitude

Time (ms)
8

o
N
S
o

10 12 14 16 We can count the
' exact number of full

= N
=

o sl o 2

synchrotron motion
oscillations in a time

=y

,,
- -
et
.
‘_— .
TR e
eI .
o =
.sﬁC::ii:H‘
-t
3

oo BT T

|
=

0 20000 40000 60000 80000 100000 120000 interval
IOTA revolution number

Detection time relative to
I0TA revolution marker (ns)
o

Thus, we can investigate sync. motion period as a function of amplitude:

30.3200 RN
-8 .' o oo e o
2 0.3175F ] 0"’}"’.‘
o = SO P i e e n"‘-c- — —
5 0.3150F pree™
s
E 0.3125F * Measurement
U e Simulation
L% 0.3100F | :' .’ . . . . . - Sr:1a|| amplitudelapproximatior:
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Synchrotron motion amplitude (ns)
Each point corresponds to an

T, = Tp 2rEo ~ 03163 ms estimation of the period in a

‘ hnseVy cos ¢ time interval of 25 ms
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Effect of the detector’s timing resolution

The distribution of residuals describes the
random delay introduced by the SPAD detector:

Time (ms)
0.0 0.5 1.0 1.5

® SPAD counts

I Measurement
== Gamma fit

Mean = 0.73 ns

=
e}
T

S ’-2\ Tm

v =

29 >

s = i)

o5 1F - | east squared fit @ Std = 0.41 ns

= E = Residuals 2

[ O 1

ES OF 20.5

E =

c _O 0

ge 1T <

2 <C 1 1 1 1 1 o

a5 0 2500 5000 7500 10000 0.0 3
B IOTA revolution number Detection time residual (ns)

A real time video of

the electron’s Ezz
longitudinal position 5 800
with 0.1 sec-long 3 e00
“exposure”: 400 . .
p ’ 200
(the residuals were removed) 0= B9 0 1) 2
Photocount arrival time relative to IOTA revolution marker (ns)
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Thesis advisors: |IOTA team:

Sergei Nagaitsev Giulio Stancari
(UChicago/Fermilab) (Fermilab)

Aleksandr Romanov and Alexander Valishev tuned the ring and the beam. Mark Obrycki, James Santucci,
Wayne Johnson, Dean Edstrom, and Kermit Carlson helped build the apparatus. Greg Saewert constructed
the photodiode detection circuit and provided the test light source. Brian Fellenz, Daniil Frolov, David
Johnson, and Todd Johnson provided some equipment and assisted during our detector tests. We had
useful discussions about theoretical description with Valeri Lebedev and our collaborators from SLAC ---
Aliaksei Halavanau and Zhirong Huang --- who also kindly provided the undulator.

Thank you for your attention!
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