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Fermilab Integrable Optics Test Accelerator (IOTA)
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» Particles: electrons/protons . o ance- 40 m (133 ns)

* Main experiments: Electron energy: 100 MeV
— Nonlinear beam optics _
In our experiments:

— Optical stochastic cooling Single electron bunch, up to 0.5 nC

About 30 cm long (rms)
2= Fermilab
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Layout of the undulator section in IOTA

<«+—— Dark box

1

I— Focusing Lens

e B EERNE

[Permanent magnets|

Undulator

Electron trajectory

fRidiationJ

1
—

2% Fermilab
3 5/12/2021 Ihar Lobach | LEAPS WG2 Workshop



Parameters of the undulator in IOTA

Many thanks to our collaborators from SLAC for
providing the undulator

Undulator radiation on the
surface of an optical shutter

4
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Undulator:
 Number of periods: N, = 10.5
Undulator period length: 4, = 55 mm

By
« Undulator parameter (peak): K, = 1 K, = ;ﬁm ,
 Fundamental of radiation: 1.16 um )
« Second harmonic: visible light
2% Fermilab
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Spectral-angular radiation distribution
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In our experiment:

Detect the fundamental (= 1.16 um). InGaAs p-i-n photodiode

Wide band (~ 0.14 um FWHM). Large acceptance angle > 1/y

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

Measured: 8.8 x 10~ photoelectrons/electron

2% Fermilab
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Format of collected data

Revolution number Number of photocounts, N

0 9994352
] 9997379

2 10002465 V&I(N) —

3 9999452 2\ 2
4 9996153 <N > <N>

11273 1.5 ms 10000362

The initial goal was to systematically study var(NN') as a function of:

« Electron bunch charge (0-0.5 nC)
« Electron bunch transverse emittances, bunch length
« Transmission of optical filters

Then, we realized that we can reverse this procedure and infer the electron bunch
parameters from the measured var(V)

2% Fermilab
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Previous research about statistical properties of

synchrotron radiation

Both theoretical and experimental results:
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Outline

Theoretical consideration

Detalls about the apparatus and measurement
procedure

« Measurements of the fluctuations

e Measurements of electron beam emittances via the
fluctuations

2% Fermilab
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Theoretical predictions

var(Non) = (M) + 27 (Npa)?

Discrete quantum Turn-to-turn variations in

nature of light relative electron positions

(Poisson fluctuations) and directions of motion
Page 28:

M is conventionally called the number

Synchrotron
of coherent modes Radiation and
Free-Electron
LaSGI‘S -

rong Huang,

Kwang-Je Kim, Zhil
and Ryan Lindberg

2% Fermilab
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Origin of the second term

Var(Nph) = (Nph>

e Simplified 1D model:

Pulses emitted by the electrons:

W o / dt F—t;)| = >
i=1 —
The set of arrival times of the electrons {t;} is different
during every revolution in the ring. Hence, the radiated

9 _ (‘A»‘—ufu)2
|E(w)|” ce 29

=

M = \/1 + 40207

Ne 2

E P—’.’:Ldfﬂg

=1

iE(f?)

[awlB@r

energy W fluctuates from turn to turn. 4, — , [{12) — (t;)2

If we also consider transverse electron bunch
dimensions and a Gaussian angular radiation profile:

M = \[1+ 4032\ 1 + 4kGo3 oy [1 + 4Gy o)

F. Sannibale, et al, Phys. Rev. ST AB, 12, 032801 (2009)
|. Lobach, et al, Phys. Rev. Accel. Beams, 23, 090703 (2020)

& Fermilab
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Realistic 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', 6,

I We accounted for this
part for the first time

Measurements of undulator radiation power noise and comparison
with ab initio calculations

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

o gy
Phy’SICS See synopsis: Using Fluctuations to Measure Beam Properties u m

& Fermilab

Ilhar Lobach, Sergei Nagaitsev, Valeri Lebedev, Aleksandr Romanov, Giulio Stancari, Alexander Valishev, Aliaksei o
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The obtained expression is very complex and includes a multidimensional integral:

L 1/ \/_fdkdz'i’ldzﬂbzdz'lpk(r’ b1 =) Ty ¥ )T (o 7)) 5
TR Wy | ”
with
_,7\_”2_‘_‘.!&
( — ) = e ?\/_ oy kA (Primtbo ¥ —ikA, (bry=hay )y =K B (bri=:)* KT} (¢hry~b3y ) | (3)
droyoy

e Transversely
)= Y EPEGr). ot = 1/ (M / f’z(z)dZ)- (©) Gaussian beam
where p(z) is the electron bunch longitudinal density ® Arbltrary IongltUdlnaI

2 2
Nie) Z”/dkd Griks (@) |Exs (D). (5)  distribution function, [p(z)dz =1, and o is equal to
N the rms bunch length o, for a Gaussian bunch; ¥’ = (x,y') d 1 d 1 : b 1
represents the direction of motion of an electron at enSIty IStrI utlon
the number of electrons in the bunch, k = 2z/4 is the ::; ?dggihze:$irb;z:ztgieioeiczfe;gnc_e EI:CEOSQ 62
magnitude of the wave vector; ¢ = (¢, 0h), ¢ = 8 . v

(@11 ¢1y) and @y = (¢yy, ¢2y) represent angles of direc- 6,2 = TyEy I3 = ex/ra+ (rDs +D a,)’pre 0'2/” .
tion of the radiation in the paraxial approximation. Here- 23 =¢&/ry, A= (axe,—DDyo )/Uz A =a/e,
inafter, x and y refer to the horizontal and the vertical axes, where a,, B, ¥y, @y, By, ¥y are the Twiss parameters of
respectively, and an uncoupled focusing optics in the synchrotron radiation

ak / dre icki—iker(
2(2m)?

The code for numerical computation is available at https://github.com/lharLobach/fur

where s = 1, 2 indicates the polarization component, n, is

Despite the complexity, there is an important conclusion:

If only one parameter of the
eff) electron bunch is unknown, it
can be inferred from the
measured fluctuations

& Fermilab

M= (N /(var(N) = (N))  Mppeas = M(€y. €y, 6,05
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Detalls about apparatus

*the circuit was built by Greg Saewert

InGaAs PIN photodiode

HAMAMATSU Integrating RC circuit :
= : . +V=33V (2 pF, lOCk.Q) Number of
ocuse
S - GaAs —{ |— detected photons

G11193-10R

at ith revolution:

f

radiation D:A PIN AA ARf
photodiode +V .

- N i =X Ai

—0
I y = 2.08 x 107 photoelectrons/V

I
|
|
|
|
|
|
|
|
|
I
|

A, €0.12]V

| Ro

Sensitive area: P1mm
Quantum efficiency at 1.16 um: 80%

*Many thanks to Mark Obrycki, The expected relative fluctuation of 4;
Peter Prieto, David Johnson, Todd -4 -3 "
Johnson and Greg Saewert for the Was very _Sma“ 10 10 (rms-). comp'flrable to the '
equipment for the setup and for It was a big challenge 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

Integrator output (V)

Comb (n(itch) filter A(t) = E(A;— A ) f(t)
gTTTTTTmmmmm T k.
Aif(1) =
©
1.0t ( 170ns i = 0.0
i Heliax 4" /) S
- — ’ H oa ; _ : _ . :
05 S'lg?ta =" | Hybrid 25100 200 300 400 500
splitter = Time (ns)
0.0f h - - sl - i(t) =&(A, + A ) f(t)
Time (ns) E 0.5
S
1 # E
Exactly one IOTA % 0.0
revolution (133 ns) delay o
between the two cables 0 00 200 300 400 500

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

2% Fermilab
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Noise filtering algorithm

* The instrumental noise due to 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:

1502107
1.25}
% 1.00
=0.75}
3 \
§ 0.50F heam = 3.0mA, (V) = 2.2 x 107, var(V) = 1.3 x 10% NG
— Tyeam = 2.0mA, (N) = 1.4 x 107, var(NV) = 7.2 x 107 constant noise level
0.257— I eum = 0.9mA, (N) = 6.7 x 10, var(N) = 2.4 x 107
— Ibeam = OO mA
0.00—5 20 0 60 80 100 120

Time within one IOTA revolution ¢ (ns)

2% Fermilab
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Measurements and simulations

Beam current (mA)

x10° 1.5 2.0 2.5 3.0

1.5f § Fluctuations measurement .- L eff
o e = )+ (/M) Y - M = M(e;, €y,0,,0%")
S Simulation uncertainty range
S 3 ) o vrA) = (W) + 1/ MR )WYz | |
-8 LI, For the simulation,
35 - ¢, and €, were estimated
:° using bending magnet

i synchrotron radiation

Variable beam current, no light attenuation ;
- Roundheariil AENIIS, monitors and known

Twiss functions.

- ofMand g, were
estimated using the wall-

.

N
gL
o
=
—
-

$ Measured M

Number of coherent
modes M

of — Mg, . :
M — M) " Sim. uncertainty current monitor signal
. beam i jl_i,:'lmtb div.)
sim.
0 bs 1.0 1.2 14 16 18 20 22
Photoelectron count mean (\) x107

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

2% Fermilab
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Measurement of transverse bunch size:
7/ synclight stations

Bending magnet radiation (not undulator)

B 8PM client

Visualisation | 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, ...

2% 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 amplifier to reconstruct the shape of the electron

bunCh < c @ @ & lobach-esb-pi3.fnal.gov:8080/bunch-profile-monitor?bokeh-session-id=0 - @ nmeaol|=

Last updated: 2020-03-20 23:17:20.977120

T e e e e o
Files are saved to the following folder 4 : : | &
bunch_profile_meas_03-20-2020 ] : : B
Save full plot data L : 4 op
Calculation limits (ns) for RMS length and Current: : : : o
Manual Auto ‘ q : : ?
103.748 111.662 i . ' | o
CHET device | Quantity Valu . 5 E
NWWCH FUiHN lengt 474 5 . .
NWCHI RMS lengt 22.96¢ ; E E
N:WWCH mA 0848 3 5 H E
NIRFEPA 5067 B H '
! 13 H ‘
0, =20—30cm
e === QOriginal
= Reconstructed
2 o T a ‘nm e w o
Valeri Lebedev and Kermit Carlson helped with measurement of the transmission function.
Dean Edstrom helped with network communication with the oscilloscope.
JE i
3¢ Fermilab
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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

[ : = =

\ B
— D -3
- 4 2 <
- \
N e
Bt ' = > _
'. . 3 \
i s R
d y ol . <
: ‘ y
\B 1 . / Sy 3
A ” » '

The filter wheel was built
by Sasha Romanov

2% Fermilab
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Measurements with ND filters (right-hand side)

a Beam current (mA) b _
@ 15 2.0 2.5 30 | ® L Fixed Jpeam = 2.66 mA
1.5F ¢ Fluctuations measurement o 1.5t ¢ Fluctuations measurement
- —var(N) = (V) + (1/ M) (N? —d | —var(N) = (V) + (1/ M) (N)?
EC Simulation uncertainty range %C‘ == var(N) = (N)
S 2 b varV) = W) + (/MR T2 S 1ob
§ & |- varwW) = () | 58
88 88
g2 0.5 = 0.5
E g phH E E ot
A A
0.0 Variable beam current, no light attenuation 0.0 Fixed beam current, variable light attenuation
(c) %10 Round beam (¢, = €, = ¢) (d) %106 Flat beam (e, > ¢,)
B B
: : ==
S S af 5= 4 I
et (7] o w
bS] -°g’ - e $ Measured M ° §
8 g2 — M, _ ZE2 M = const = 4.38 x 10°
= M = M(Ipeam) Sim. uncertainty = { Measured M
=] N i"r-f(-nﬂ div.) = — M.
Z 1 ' 1 1 1 i Slml i i Z 1 1 1 1 L i ﬁ[ i i
0 UIB— D — 2 Al — a8 U a2 0 08 10 12 14 16 18 20 2.2
Photoelectron count mean (\) x 107 Photoelectron count mean (N) x 107
€x, €y, UZEff, g, change with the beam current due to
intrabeam scattering and interaction of the bunch
with its environment. Therefore, M changes too.
2% Fermilab
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Reconstruction of transverse emittances from the
measured var(NV)

[ 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

o~
Phy5|cs See synopsis: Using Fluctuations to Measure Beam Properties u m

We verified our method with a “round” beam, whose Then, we used our fluctuations to measure the unknown
emittances could be independently measured by small vertical emittance of a “flat” beam, (b) and (d):
synchrotron radiation monitors, (a) and (c):

Photoelectron count mean (N %107 Photoelectron count mean (NV) x107
*»16° 08 10 12 14 16 18 20 22 %ig® 08 10 12 14 16 18 20 22 24

(a) . ; ; (b) 6 18 20 2
| » Round-beam fluctuations e | . | * Flat-beam fluctuations gm BT
21.0 == var (N) = (N) .“,*o' 21.() -=var(N) = (V) ......o’o
~— LN ] ol L ]
§0.5_ o o® ® o %000 ‘§0.5 ”.....oooo L]

IO, TS e O o o o 5 5 5 e e 2
(c) - (d)
E r / 7 +
£ 100 W s ” ; é {* t t5
(5]
g ol £ H Hgghﬂ bt s foe
S5 _ - 250} R via sEMs -
E T: s ﬁ&ylfations ; 44 $ ¢, via fluctuations 5 "
m .Round-bearfl (€, =6 = f) A ¢ via Touschek lifetime . F al‘—beam (e, ‘>> €) § ¢, via Touschek lifetime

0—3o 15 2.0 2.5 3.0 0—10 5 2.0 25 30
Beam current (mA) Beam current (mA)
Strong coupling Uncoupled
£& Fermilab
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Usage of slits and masks

¢, (mrad)

22

600 < 600 = ((m‘—=
400 S E 400 S E 400 <
200 = ¥y 200 = > 200 =
0: 5 0: 5 —4 0 =3
—6 —4 -2 0 2
¢, (mrad) ¢, (mrad) ¢, (mrad)

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

Original angular distribution:

(nn—
400 S
) mn\

—-6 —4 -2 0 2

(mrad)
= \/1+40302\ /1 +4Ko3 o o3\ /1 + 43 o3

¢, (mrad)

2% Fermilab
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Limitations

« The fluctuations must not be dominated by the Poisson noise

<N>5%<N>2 » @:a(f)%phucu)%m

3 v

* M must be sensitive to changes in gy, o0, (€, €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

23 5/12/2021 Ihar Lobach | LEAPS WG2 Workshop
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Conclusions

24

Turn-to-turn undulator radiation power fluctuations have two
contributions: (1) quantum due to discrete nature of light and
(2) classical due to variations in relative electron positions
and directions of motion.

We derived the second contribution, accounting for electron
beam divergence, for the first time.

We obtained a good agreement for the fluctuations var(N")
between measurements and calculations.

The process can be reversed, i.e., the measured fluctuations
var(N') can be used to infer the transverse electron beam
emittances. This method can be especially useful for low-
emittance high-brightness ultraviolet and x-ray synchrotron
light sources.

2% Fermilab
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Origin of the first term

1
var(Npn) = + i (Non )’

* For the case of negligible electron recoil each mode of the
radiation field is in a coherent state: )

T
1 |‘1|2 ‘¥
o) = 7212y " — |n)
PHYSICAL REVIEW VOLUME 131, NUMBER 6 15 SEI’TEMBER.I')GS n'
Coherent and Incoherent States of the Radiation Field* n

Roy J. Grauvner

(n) = (afd'dla) = |a*

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

Vvar(n) 1 Poisson fluctuations
)V T

However, this is correct only for a deterministic classical current,

l.e., fixed relative positions of the electrons in the bunch
£& Fermilab
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Number of coherent modes (in our notation M)

Average Number of Coherent Modes for Pulse Random Fields

arXiv:physics/9712011 [physics.optics]

Alexander M. Lazaruk, Nikclay V. Karelin (Institute of Physics, Belarus Academy of Sciences, Minsk, Belarus)

« Modal decomposition of the transverse radiation coherence

function [g(r,r') = /th(r,t)E*(rf,t) = Zungn(r)g:(rf)

] &2rE, (v)EX(T) = 6

« Effective number of terms in the decomposition:

Neg = (Snua)’ [ (S, )

The value of N g specifies the ability of the total field to produce interference
effects between two arbitrary separate points of the beam cross-section[6, 12] and
changes from unity for spatial coherent one-mode wave to infinity for completely
incoherent field.

2% Fermilab
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Testing the setup with an independent test light
source --- laser diode with a modulated amplifier

29

Pulse-to-pulse fluctuations due to pulse generator
and amplifier errors are high and can be
measured without noise filtering.

By using ND filters, the fluctuations, in terms of
var(V"), can be decreased down to the level,
observed in our experiment with undulator
radiation.

At this level, noise filtering is required. However,
we can see that the measured var(V) still agrees
with the expected parabola. This proves that the
noise filtering algorithm works well.

(N)

Photoelectron count variance var

%10
at— Signal/Noise = 1

-- var(\) = (\) , .

— var(N) = (V) + B(N)? Signal/Noise>> 1
3 9=331x10
21-

Subtraction of noise
is required

—
T

Noise level

ll

1.0 L5
Photoelectron count,

0.5

7

‘g %108

T |--varW) = (N)

> L5[—var(N) = (N) + 6(N)?

S

e

= 6 =331x10"°

f_j 1.0r

=

=

©

Q

=

g 0.5

i-Lg Inferred statistical
8 error = 2.7 x 100
B ———————————— 'l--""--_.'--'_—-_'.'--_---'._ ------

Photoelectron count mean (N)
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Bonus plots
Round-beam lifetime

o Measurement

“ *. . » Calculation, 60 = 6= 2.8 x 103
“E’QOUO— * e ., » Calculation, 67 = 2.0 x 103
el ® e .
EF':; * o L ] L ] ™ e o °
‘= 1000F * 2 o
S 2 2 s 2 2 2 0 90 9 2 2 02 02900%¢ 2
aal

0710 15 7.0 2.5 3.0

Beam current (mA)

Round-beam emittance and bunch length

i
o
(=]

-._’_‘-_---—"'—"'
Round beam (by design ¢, = ¢, = ¢€)

— ¢ via SLMs

Emittance (nm)
on
=

=

)

m

230t

== RMS bunch length o,
— Effective bunch length ¢
1.0 5 2.0 2.5

Beam current (mA)
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