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Senior scientist at Fermilab and UChicago
Chair of the IOTA/FAST Scientific Committee
Research
• Master and PhD at U. Ferrara / Fermilab in particle physics: charmonium spectroscopy, 

hadron form factors, scintillating-fiber detectors
• Post-doc at Fermilab: antiproton source, charmonium experiments
• Researcher at INFN Ferrara/Legnaro: production and trapping of radioactive francium for 

atomic spectroscopy and parity violation
• Professor at Idaho State U. / Jefferson Lab: positron source for CEBAF
• Scientist at Fermilab: beam dynamics in Tevatron, IOTA and LHC, electron lenses, nonlinear 

integrable optics, dynamics of single electrons, optical stochastic cooling, synchrotron-light 
detection

Teaching
electromagnetism, accelerator physics, seminars for 
high-school students and teachers

Interests and hobbies
playing music, photography, running, swimming, … Al
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The Fermilab campus
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IOTA/FAST

Tevatron

Main Injector and Recycler
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IOTA and the FAST Facility at Fermilab
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The Integrable Optics Test Accelerator (IOTA) is part of the 
Fermilab Accelerator Science and Technology (FAST) facility, 
located on the north side of the Fermilab campus

IOTA/FAST
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Overview of IOTA/FAST
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2017 JINST 12 T03002

Figure 2. Schematic layout of the IOTA ring and its two injectors. The facility includes (from left to right):
normal conducting 5 MeV electron RF photoinjector, two 1.3 SRF booster cavities CC1 and CC2, magnetic
chicane, 12 m long 1.3 SRF cryomodule, high energy electron transport beamline, 2.5 MeV RFQ proton
injector, IOTA ring, and high energy electron beam absorber.

Table 1. Key design parameters of the IOTA ring and its injectors.
Parameter Value
Circumference 40 m
Experimental straight sections 4
Particle species protons/H-ions electrons
Particle momentum (max) 70 MeV/c 150 MeV/c
Maximum space-charge parameter �Qsc > 0.5 ⇠0

• capability of circulating either proton (up to 70 MeV/c momentum or 2.5 MeV kinetic energy)
or electron (up to 150 MeV) beams;

• significantly large beam pipe aperture to accommodate large-amplitude oscillations of pencil
beams and large size proton beam;

• significantly long straight sections to accommodate the experimental apparatus, including the
nonlinear insert(s), and small enough footprint to fit in the existing FAST machine hall;

• significant flexibility of the optical lattice to accommodate all experimental options;

• precise control of the beam optics quality and stability;

• cost-e�ective solution based on conventional technology (magnets, RF).

The IOTA ring parameters are listed in tables 2 and 3 and its layout is depicted in figure 3,
where the major magnetic and diagnostic elements are shown.

The ring geometry is defined by 8 main bending dipole magnets (4 30-degree and 4 60-degree
bends) and 6 long and 2 short straight sections. The 2 short sections between 60-degree magnets,
shown vertically in the figure, are used for dispersion suppression and chromaticity correction. The
top horizontal section is used for the beam injection. The lower-left diagonal section is occupied
by the accelerating RF cavity. The remaining 4 long sections are designated for the installation of
experimental apparatus, such as the nonlinear inserts for integrable optics, the electron lens, and
optical stochastic cooling. The ring circumference is 40 m. The nominal bending magnetic field of
0.7 T allows for the maximum electron beam energy of 150 MeV. The 2.5 MeV kinetic energy of

– 3 –

263-nm laser
3000 micropulses @ 3 MHz

5 Hz rep. rate

1.3-GHz rf gun
Cs2Te cathode

3 nC/pulse

srf Tesla-type  
booster cavities

Tesla type III+ cryomodule
8 9-cell cavities

Superconducting Linac

IOTA Storage Ring

Antipov et al., JINST 12, T03002 (2017)
Broemmelsiek et al., New J. Phys. 20, 113018 (2018)

Photoinjector
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Main features of IOTA
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• Dedicated to beam physics research
• Flexible layout and lattice, to accommodate 

several modular experiments
• Can store

• electrons up to 150 MeV
• fast synchrotron-radiation damping, 

nonlinear “single-particle” dynamics
• protons at 2.5 MeV

• studies with strong space charge
• Accurate beam optics
• Large aperture (50 mm)
• Advanced instrumentation

2021 JINST 16 P05002

will be maintained, both for commissioning and for physics. Installation of the IOTA electron
lens is tentatively scheduled for the second half of 2022. More information on the IOTA physics
program can be found on the Web page of the IOTA/FAST Scientific Committee [18].

1.2 Roles of the IOTA electron lens

Electron lenses are a flexible instrument for beam physics research and for accelerator operations.
Several applications were demonstrated experimentally. They were first used in the Fermilab
Tevatron collider for beam-beam compensation, abort-gap cleaning, and halo collimation [19–22].
In the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory, electron lenses
allowed experiments to reach significantly higher luminosities [23]. Recently, hollow electron
lenses for active halo control were included among the upgrades of the Large Hadron Collider at
CERN to reach higher luminosities (HL-LHC Project) [24–30]. Future applications also include
space-charge compensation in synchrotrons at FAIR [31].

The electron lens is based on low-energy, magnetically confined electron beams overlapping
with the circulating beam in a straight section of a circular particle accelerator or storage ring.
One of the main strengths of electron lenses is the possibility to shape the transverse profile and
time structure of the electron beam to obtain the desired e�ect on the circulating beam through
electromagnetic interactions [20, 32]. Moreover, the solenoidal magnetic field used in the overlap
region enhances the stability of the two-beam system.

Research with electron lenses is an essential part of the IOTA scientific program. First of
all, an electron lens can be used as a nonlinear element to create integrable lattices (section 2.1).
There are at least two ways to accomplish this: (i) the McMillan lens and (ii) the axially symmetric
thick lens. These studies will be carried out with circulating electrons first, then with protons.
Secondly, the electron lens can act as an electron cooler to enable experiments with protons that
require a range of beam lifetimes, emittances and brightnesses (section 2.2). Electron cooling

Table 1. Typical IOTA parameters for operation with electrons or protons.
Electrons Protons

Circumference, ⇠ 39.96 m 39.96 m
Kinetic energy,  1 100–150 MeV 2.5 MeV
Revolution period, grev 133 ns 1.83 �s
Revolution frequency, 5rev 7.50 MHz 0.547 MHz
Rf harmonic number, ⌘ 4 4
Rf frequency, 5rf 30.0 MHz 2.19 MHz
Max. rf voltage, +rf 1 kV 1 kV
Number of bunches 1 4 or coasting
Bunch population, #1 1 4� – 3.3 ⇥ 109

4
�

< 5.7 ⇥ 109
?

Beam current, �1 1.2 pA – 4 mA < 2 mA
Transverse emittances (rms, geom.), nG,H 20–90 nm 3–4 �m
Momentum spread, X? = �?/? 1–4 ⇥ 10�4 1–2 ⇥ 10�3

Radiation damping times, gG,H,I 0.2–2 s –
Max. space-charge tune shift, |�asc | < 10�3 0.5

– 4 –
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The IOTA storage ring
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The IOTA Storage Ring in May 2021 Ph
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The IOTA research program
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GOALS
• Address the challenges posed by high-intensity and 

high-brightness machines, such as instabilities and losses
• Carry out basic research in beam physics
• Provide education and training for scientists, engineers 

and technicians
Examples of RESEARCH AREAS
• mitigation of beam losses and coherent instabilities via 

Landau damping, with nonlinear magnets or electron lenses
• optical stochastic cooling and electron cooling
• classical and quantum properties of undulator radiation
• novel beam instrumentation
• statistical analysis of large data sets for accelerator 

optimization
SUPPORTED mainly by
• the high-energy-physics community at large (P5, Snowmass community planning), 

through the US DOE HEP General Accelerator R&D (GARD) sub-program
• external collaborators and research groups
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IOTA timeline
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Construction  
completed  
(July 2018)

• The machine runs beam a few months per year
• Experimental runs are interleaved with shutdowns for maintenance and installations

COVID-19 lockdown
(March 2020)

First circulating beam 
(Aug 21, 2018) 

First observations of 
optical stochastic cooling  

(April 20, 2021)

Nonlinear 
integrable optics 
demonstration

(Run 2)

2020 202120192018 2022
Run 1 Run 2 Run 3

commissioning of the  
proton injector

operation with stored electrons

2023
Run 4
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Nonlinear Integrable Optics (NIO)
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Accelerators are designed with linear forces to approximate harmonic particle motion. 
Nonlinearities are necessary and unavoidable. Can an accelerator be designed with 
intrinsic nonlinearities to improve beam stability and avoid particle loss?

Linear phase space
constant oscillation frequencies 
vs. amplitude, bound trajectories

Nonlinear forces are introduced
dependence of frequency with 
amplitude, chaos, restricted 
dynamic aperture, losses
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Nonlinear Integrable Optics (NIO)
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(1) In a real accelerator, is it possible to have a nonlinear lattice that stabilizes the beam via 
Landau damping, suppresses resonances and does not reduce dynamic aperture?
(2) How robust are nonlinear integrable lattices agains imperfections?
(3) Can the benefits of NIO be demonstrated in a high-intensity synchrotron?

Danilov and Nagaitsev, PRAB 13, 084002 (2010)
Valishev et al., PAC (2011)
Mitchell et al., PRAB 23, 064002 (2020)

(A) Segmented octupole channel
Quasi-Integrable (QI) system

(B) Segmented elliptic-potential magnet
Danilov-Nagaitsev (DN) system

Two implementations:

Both require fine control of beta 
functions (~1%) and phase advances 
(~10-3) through the nonlinear section

After making an s-dependent transformation to the dimen-
sionless phase space variables [1]:

x ¼
!

1

c
ffiffiffi
β

p
#
X; px ¼

!
α

c
ffiffiffi
β

p
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p
#
Y; py ¼

!
α

c
ffiffiffi
β

p
#
Y þ

! ffiffiffi
β

p

c

#
Py; ð8bÞ

where αðsÞ ¼ −β0ðsÞ=2, and using the bare lattice betatron
phase advance ψ (defined by ψ 0 ¼ 1=β) as the independent
variable, the Hamiltonian takes the autonomous form:

Hðx; px; y; pyÞ ¼
1

2
ðp2

x þ p2
yÞ þ Vðx; yÞ; ð9Þ

where the potential function V is given by (z ¼ xþ iy):

Vðx; yÞ ¼ 1

2
ðx2 þ y2Þ − τUðx; yÞ;

Uðx; yÞ ¼ Re
!

zffiffiffiffiffiffiffiffiffiffiffiffi
1 − z2

p arcsinðzÞ
#
: ð10Þ

Note that (10) is characterized by the single dimensionless
parameter τ (nonlinear insert strength). The nonlinear
potential V is shown in Fig. 2 for a typical value of τ.
In the remainder of this paper, the terms “singularity” and
“singular point” refer exclusively to the spatial points
ðx; yÞ ¼ ð%1; 0Þ where the potential V diverges.
The bare lattice optics in IOTA (from the exit of the

nonlinear insert to its entrance) is designed to provide equal
linear focusing in the horizontal and vertical planes, with
corresponding phase advance given by 2πk, for integer k
[21]. As a consequence, the transfer map between passes
through the magnetic insert is described in coordinates (8)

by the identity map, and (9) is sufficient to describe the
dynamics of the IOTA ring.
The Hamiltonian (9) admits an exactly-known integral of

motion (invariant) of the form:

Iðx; px; y; pyÞ ¼ ðxpy − ypxÞ2 þ p2
x þ x2 − τWðx; yÞ;

Wðx; yÞ ¼ Re
!

zþ z̄ffiffiffiffiffiffiffiffiffiffiffiffi
1 − z2

p arcsinðzÞ
#
; ð11Þ

where z̄ denotes the complex conjugate of z ¼ xþ iy. It
may be directly verified that fH; Ig ¼ 0, where f·; ·g
denotes the classical Poisson bracket [19]. In addition,
we will see that ∇H and ∇I are linearly independent
everywhere except on a set of zero measure (phase space
volume), so that the pair ðH; IÞ forms an integrable
Hamiltonian system [22–24]. The remainder of this paper
concerns the dynamics of the system described by (9)–(11).

III. CRITICAL POINTS AND THE
BIFURCATION DIAGRAM

A. The momentum mapping and its critical points

Suppose H is an integrable Hamiltonian for an n degree-
of-freedom system on a phase space M, and let H ¼
f1;…; fn denote its n invariants of motion. The momentum
mapping [9] is the smooth function F∶M → Rn given by:

F ðpÞ ¼ ðf1ðpÞ;…; fnðpÞÞ; p ∈ M: ð12Þ

At any point p ∈ M, the JacobianDFp of (12) using phase
space coordinates ðζ1; ζ2;…; ζ2nÞ is the n × 2n matrix
given by:

½DFp'jk ¼
∂fj
∂ζk ðj ¼ 1;…; n; k ¼ 1;…; 2nÞ: ð13Þ

A point p in M is a critical point of the momentum
mapping F if

rankðDFpÞ < n: ð14Þ

Let K denote the set of critical points. If p ∈ K, its image
F ðpÞ in Rn is called a critical value. The set of all critical
values Σ ¼ F ðKÞ is called the bifurcation diagram of H.
The following observations illustrate the importance of

these concepts.
(i) Since each f1;…; fn is invariant under the Hamil-

tonian flow, each orbit is confined to lie on a level set
of F . These invariant level sets partition the entire
phase space M.

(ii) A regular level set of F is one that contains no
critical points. Its compact connected components
are invariant n-dimensional tori, as described by the
Liouville-Arnold theorem [22].

(iii) A critical level set of F is one corresponding to a
critical value in Σ. The critical level sets include

FIG. 2. Contours of the nonlinear potential (10) for a typical
insert strength τ ¼ −0.4. Singularities occur at the points
ðx; yÞ ¼ ð%1; 0Þ. The potential is continuous away from these
points and real-analytic away from the branch cuts (jxj ≥ 1,
y ¼ 0). Symmetry exists under reflections x ↦ −x and y ↦ −y.
Note the presence of one minimum (black dot) and 4 saddle
points (yellow dots).

BIFURCATION ANALYSIS OF NONLINEAR … PHYS. REV. ACCEL. BEAMS 23, 064002 (2020)

064002-3
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NIO experiments
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Valishev et al., IPAC 2021
Kuklev, PhD Thesis, U. Chicago (2021)
Szustkowski, PhD Thesis, NIU (2020)

Crossed integer resonance without beam loss
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j@3 @RaCyRNj�I. q3ajC,�I �N0 0C�<RN�I cCN<I3AjnaN ja�Ncq3ac3
GC,GcY ;a�w URCNjc 03NRj3 a3E3,j30 0�j�Y i@3 cL�II 0Rjc �a3
j@3 a3cnIjc R8 NnL3aC,�I ja�,GCN< cCLnI�jCRNcY
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MC5: Beam Dynamics and EM Fields

D01 Beam Optics - Lattices, Correction Schemes, Transport

DN system (elliptic potential)
Achieved detuning of 0.08

Demonstrated integrable focusing systems experimentally
Observed large detuning with amplitude

Observed predicted transverse splitting 
into stable beamlets

1. Demonstrate large (as predicted by modeling) nonlinear 
amplitude-dependent tune shift without reduction of 
dynamical aperture
ü For QI system as a function of Q0 and strength = t

• Good agreement with simulations
ü For DN system as a function of strength = t

• Poor DA at some t or amplitude – need Stage 3 experiments

Run-2 Results

10/28/21 Valishev | IOTA NIO Experiments12

N.Kuklev S.Szustkowski

QI system (octupole channel)
Achieved detuning of 0.04
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Nonlinear integrable optics and instability thresholds

13

Tested the effect of the NIO QI system on 
instability thresholds, using a positive 
feedback (anti-damper) to excite the beam

Valishev et al., IPAC 2021
Eddy et al., Beams-doc-9171 (2021)

Observed a factor 2 increase in the instability thresholds
with the strength of the octupole channel

a3\nCa30 jR $3 NRLCN�I Ra $3jj3a $38Ra3 CN0n,CN< �NRj@3a CNA
cj�$CICjwY i@Cc �IIRs30 8Ra LnIjCUI3 CNcj�$CICjC3c jR $3 CN0n,30
8Ra 3�,@ CNE3,jCRNY i@3 UaR,30na3 s�c a3U3�j30 8Ra � q�aC3jw
R8 $3�L CNj3NcCjC3c �N0 R,jnURI3 ,naa3Nj c3jjCN<cY 7C<na3 :
c@Rsc j@3 L3�cna30 �NjCA0�LUCN< <�CN �c � 8nN,jCRN R8 R,A
jnURI3 ,naa3NjY � ,I3�a 3qC03N,3 8Ra � jsRA8RI0 CN,a3�c3 R8
j@3 CNcj�$CICjw j@a3c@RI0 sCj@ R,jnURI3 ,naa3Nj s�c R$c3aq30Y

7C<na3 :- K3�cna30 �NjCA0�LUCN< <�CN �c � 8nN,jCRN R8 [B
R,jnURI3 ,naa3NjY

QTiB+�H biQ+?�biB+ +QQHBM;
i@3 QUjC,�I bjR,@�cjC, +RRICN< VQb+W )lO.kz* Cc $�c30 RN

j@3 c�L3 UaCN,CUI3c �c j@3 s3IIAj3cj30 LC,aRs�q3 cjR,@�cjC,
,RRICN< )kS* s@CI3 ncCN< Ln,@ c@Raj3a RUjC,�I s�q3I3N<j@c
a3cnIjCN< CN � URccC$CICjw R8 ,RRICN< Ln,@ 03Nc3a $3�LY �
ja�NcCjCRN 8aRL j@3 LC,aRs�q3 cjR,@�cjC, ,RRICN<. s@C,@ nc3c
jwUC,�I s�q3I3N<j@c R8 �$Rnj 9 ,L �N0 a3I�jCq3 $�N0sC0j@ R8
9zX. jR j@3 Qb+ sCj@ � s�q3I3N<j@ R8 SĢl L׵ �N0 a3I�jCq3
$�N0sC0j@ R8 9ĢlzX �IIRsc CN,a3�cCN< j@3 ,RRICN< a�j3c $w
LRa3 j@�N k Ra03ac R8 L�<NCjn03Y QsCN< jR j@3 Ln,@ cL�II3a
s�q3I3N<j@. nc�<3 R8 ,RNq3NjCRN�I 3I3,jaRL�<N3jC, UC,GnUc
�N0 GC,G3ac Cc NRj URccC$I3 8Ra Qb+Y BNcj3�0. nN0nI�jRac �a3
nc30 8Ra $Rj@ j@3 UC,GnU �N0 j@3 GC,G3aY BN j@3 Qb+ �UU�a�jnc
� U�ajC,I3 3LCjc 2K a�0C�jCRN CN j@3 ~acj VUC,GnUW nN0nI�jRaY
i@3N. j@3 a�0C�jCRN Cc �LUIC~30 CN �N RUjC,�I �LUIC~3a VQ�W
�N0 Cc 8R,nc30 CNjR j@3 c3,RN0 VGC,G3aW nN0nI�jRa s@3a3
Cj UaR0n,3c � IRN<Cjn0CN�I GC,G jR j@3 c�L3 U�ajC,I3 s@C,@
<3N3a�j30 j@3 a�0C�jCRNY � L�<N3jC, ,@C,�N3 $3js33N j@3
nN0nI�jRac �UUaRUaC�j3Iw 03I�wc 3�,@ U�ajC,I3 CN j@3 $nN,@
sCj@ a3cU3,j jR Cjc a�0C�jCRN. cn,@ j@�j j@3 IRN<Cjn0CN�I GC,G
Cc ,Raa3,jCq3Y

BN BQi� j@3 Qb+ �UU�a�jnc )S9* s�c CNcj�II30 CN RN3 R8
j@3 jsR IRN< Vf LW cja�C<@j c3,jCRNcY i@3 L�<N3jC, ,@C,�N3
$3N0c U�ajC,I3c CN j@3 @RaCyRNj�I UI�N3 �N0 �IcR UaRqC03c
cU�,3 8Ra j@3 RUjC,�I 8R,ncCN< cwcj3LY i@3 ,@�a<30 $3�L
RUjC,c Cc �aa�N<30 cR j@�j @RaCyRNj�I �N0 IRN<Cjn0CN�I LRjCRNc
�a3 ,RnUI30 CN j@3 ,@C,�N3 a3cnIjCN< CN U�ajC,I3 ,RRICN< CN
$Rj@ 03<a33c R8 8a330RLY +RRICN< CN j@3 q3ajC,�I UI�N3 Cc
UaR0n,30 j@aRn<@ ,RnUICN< R8 j@3 @RaCyRNj�I �N0 q3ajC,�I
$3j�jaRN LR03c RnjcC03 R8 j@3 ,RRICN< cja�C<@jY

�Ij@Rn<@ Qb+ s�c UaRURc30 �c � ,RRICN< L3j@R0 jR $3
nc30 8Ra @�0aRNc Ra Nn,I3C. j@3 BQi� 3uU3aCL3Nj nc3c 3I3,A
jaRNcY i@3 nc3 R8 Szz K3p 3I3,jaRNc <a3�jIw a30n,3c j@3 ,Rcj
R8 j@3 3uU3aCL3Nj $nj 0R3c NRj ICLCj Cjc <3N3a�ICjw �N0 �UA
UIC,�$CICjw jR 8njna3 @�0aRN ,RIIC03ac �N0 cjRa�<3 aCN<cY i@3
BQi� a3c3�a,@ c,RU3 �IIRsc j3cjCN< LRcj R8 j@3 3uU3aCL3NA
j�I j3,@NC\n3c a3\nCa30 8Ra j@3 Qb+ �UUIC,�jCRN CN @�0aRN
,RIIC03acY /3cUCj3 j@3 3LCjj�N,3 �N0 LRL3NjnL cUa3�0 R8
j@3 BQi� 3I3,jaRN $3�L $3CN< cC<NC~,�NjIw cL�II3a j@�N CN �

jwUC,�I Szz K3p 3I3,jaRN cjRa�<3 aCN<. j@3Ca q�In3c �a3 ,IRc3
jR � jwUC,�I 3LCjj�N,3 �N0 LRL3NjnL cUa3�0 R8 @C<@ 3N3a<w
@�0aRN ,RIIC03acY i@3 03LRNcja�jCRN R8 Qb+ CN BQi� 0R3c
NRj a3\nCa3 j@3 c�L3 @C<@A<�CN Q� �c 8Ra � UaRjRN ,RIIC03a.
s@C,@ <a3�jIw cCLUIC~3c j@3 Q� 03cC<NY

i@3 Qb+ cjn0C3c �a3 ,�aaC30 Rnj CN jsR cj�<3cY BN j@3
~acj U@�c3. Ua3c3NjIw 3u3,nj30 CN anN k j@3 2K a�0C�jCRN Cc
a38R,nc30 8aRL j@3 UC,GnU nN0nI�jRa jR j@3 GC,G3a nN0nI�jRa
sCj@Rnj �LUIC~,�jCRNY i@Cc ȕU�ccCq3 ,RRICN<ȕ a3cnIjc CN �
,RRICN< a�j3 j@�j 3u,330c j@3 N�jna�I b` 0�LUCN< $w RN3
Ra03a R8 L�<NCjn03Y i@3 CLUI3L3Nj�jCRN R8 ȕ�,jCq3 ,RRICN<ȕ
CNqRIqCN< �N Q� Cc UI�NN30 8Ra j@3 c3,RN0 U@�c3 CN �aRnN0
lzlkY

i@3 CLUI3L3Nj�jCRN R8 Qb+ Cc � ,@�II3N<CN< 3N03�qRa-
CW j@3 3I3,jaRN $3�L �N0 j@3 IC<@j Lncj Rq3aI�U j@aRn<@ j@3
GC,G3a nN0nI�jRa sCj@CN j@3 sC0j@ R8 nN03a lzz L׵ �N0
�N<I3 R8 I3cc j@�N zYS La�0d CCW j@3 $3�L �N0 IC<@j Lncj
�aaCq3 cCLnIj�N3RncIw sCj@ j@3 �$cRInj3 jCLCN< $3jj3a j@�N
zYk 8cd CCCW j@3 L�<N3jC, $wU�cc �N0 j@3 IC<@j U�j@ Lncj $3
cj�$I3 jR Ln,@ cL�II3a j@�N j@3 s�q3I3N<j@ VS .LW׵ s@C,@
,Raa3cURN0c jR j@3 ECjj3a R8 JzYk 8cY

r3 �a3 @�UUw jR a3URaj j@�j j@3 BQi� j3�L cn,,3cc8nIIw
03LRNcja�j30 sRaI0ȕc ~acj fA0CL3NcCRN�I QUjC,�I bjR,@�cjC,
$3�L +RRICN< RN lz �UaCI lzlSY � ,RNqCN,CN< R$c3aq�jCRN
s�c L�03 ncCN< j@3 cwN,@aRjaRN IC<@j ,�L3a�c 8Ra j@3 ja�NcA
q3ac3 $3�L cCy3 �N0 � cja3�G ,�L3a� 8Ra j@3 $nN,@ I3N<j@Y

bmKK�`v �M/ QmiHQQF
BQi�g7�bi Cc � nNC\n3 `�/ 8�,CICjw 030C,�j30 jR �,,3IA

3a�jRa c,C3N,3 a3c3�a,@Y Qq3a j@3 I�cj ~q3 w3�ac BQi� c�s
a3L�aG�$I3 UaR<a3cc CN ,RNcjan,jCRN. ,RLLCccCRNCN< �N0
~acj a3c3�a,@ sCj@ 3I3,jaRN $3�LcY i@3 G3w a3cnIjc R8 j@3
~acj 3uU3aCL3Nj�I anNc �a3 CW j@3 03LRNcja�jCRN R8 MRNICN3�a
BNj3<a�$I3 QUjC,cd CCW U@RjRN c,C3N,3 3uU3aCL3Njcd CCCW �N0
j@3 03LRNcja�jCRN R8 QUjC,�I bjR,@�cjC, +RRICN<Y

BQi� cnUURajc � <aRsCN< URaj8RICR R8 ,RII�$Ra�jCq3 3uU3aA
CL3Njc �N0 c3aq3c �c � UI�j8RaL 8Ra j3,@NRIR<C,�I 03q3IRUA
L3Njc. cwN3a<CcjC, a3c3�a,@ �N0 ja�CNCN<Y

i@3 N3uj anNc sCII Unacn3 j@3 ,RNjCNn�jCRN R8 MBQ cjn0C3c.
CNq3cjC<�jCRN R8 cU�,3A,@�a<3 3{3,jc )kl. kk*. a3�ICy�jCRN R8
2I3,jaRN H3Nc sCj@ � $aR�0 UaR<a�L )S:*. �N0 ,RNjCNn�jCRN
R8 j@3 Qb+ UaR<a�L )S9*Y

�+FMQrH2/;K2Mib
i@3 a3cnIjc Ua3c3Nj30 CN j@Cc a3URaj s3a3 L�03 URccC$I3 $w

j@3 030C,�j30 �N0 UaR83ccCRN�I sRaG R8 L�Nw ,RNjaC$njRac �j
73aLCI�$ �N0 ,RII�$Ra�jCN< CNcjCjnjCRNcY r3 �a3 3cU3,C�IIw
<a�j38nI jR j@3 U3acRNN3I R8 73aLCI�$ȕc �,,3I3a�jRa /CqCcCRNY

`272`2M+2b
)S* bY �NjCURq 3j �IY. ȓBQi� VBNj3<a�$I3 QUjC,c i3cj �,,3I3a�jRaW-

7�,CICjw �N0 3uU3aCL3Nj�I $3�L U@wcC,c UaR<a�Lȓ. DY BNcjanLY.
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)l* KY +@na,@. bY M�<�Cjc3q. �N0 TY TCRj. ȒTI�Nc 8Ra � e9z K3p
2I3,jaRN #3�L i3cj 7�,CICjw �j 73aLCI�$ȓ. CN TaR,Y T�+ȕze.
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Optical Stochastic Cooling (OSC): design and apparatus

14

van der Meer, RMP 57, 689 (1985)
Mikhailichenko and Zolotorev, PRL 71, 4146 (1993)
Zolotorev and Zholents, PRE 50, 3087 (1994)
Lebedev, Jarvis et al., JINST 16, T05002 (2021)

Can a particle’s radiation be used to manipulate its phase space and yield cooling?
Stochastic cooling uses microwave electromagnetic pickups and kickers (bandwidth ~GHz, 
sample length ~cm). An optical analogue (~10 THz, ~μm) could increase cooling rates by 
3 orders of magnitude.

Technological challenges:
• overlap of beam and radiation in the kicker undulator within 0.2 mm, 0.1 mrad, 0.3 fs
• relative stability of radiation path and magnetic bypass much smaller than wavelength (μm)

Phase I: no 
optical amplifier
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Optical stochastic cooling: first results

15

Measured cooling rates 8x faster 
than natural radiation damping

Observed heating and cooling of a single electron!

Simultaneous cooling in 
all degrees of freedom
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Dynamics of single electrons

16

Stancari, FERMILAB-FN-1116-AD (2020)
Romanov et al., JINST 16, P12009 (2021)
Romanov, IOTA/FAST Collab. Meeting (2021)
Lobach et al., JINST 17, P02014 (2021)
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Fermilab Integrable Optics Test Accelerator
IOTA Run 2
Feb. 20−21, 2020

G. Stancari for the IOTA team

Single electrons (or a known given number of electrons) can be stored 
for minutes to hours (in a single bucket or multiple buckets)

2021 JINST 16 P12009

Figure 10. Evolution of the measured oscillation amplitudes for a single electron in IOTA. The top and
bottom plots show the horizontal and vertical betatron amplitudes at a location with 1 m beta functions. The
middle plot shows the contribution to horizontal amplitude from synchrotron oscillations, at a location with
1 m dispersion. The red lines show the calculated equilibrium amplitudes for 100 MeV/c electrons, accounting
only for fluctuations of synchrotron radiation.

equilibrium emittance is nG = 38.2 nm. This value is very close to the lattice model prediction
(table 1), confirming that horizontal dynamics was dominated by synchrotron radiation. This slightly
larger horizontal emittance could be explained by lattice imperfections and heating from collisions
with the residual gas. A higher beam energy might also have this e�ect, but this explanation was
ruled out by further analysis (see also below).

Figure 12 shows the autocorrelation of squared oscillation amplitudes in the horizontal plane
as a function of delay. The seemingly regular oscillations of the background are a result of two
big excitations that appeared about 30 seconds apart and are within random fluctuations for the
background level. The resulting damping time, according to the model described in section 4, is
gG = 6.7(0.6) s. This value is in good agreement with the lattice model (table 1).

– 13 –

Tracking 1 e- in all 3 dimensions 
yields “single particle” lifetimes, 
emittances, tunes, damping 
times, beam energies and gas 
scattering rates

kicked beam

Tune vs. amplitudeDiscrete steps in 
intensity decay

Synchrotron oscillations 
of a single electron

Vertical betatron 
amplitude

Gas scattering events 
and radiation damping
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Detection of synchrotron radiation in IOTA
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vacuum 
window

mirror 1

mirror 2

synchrotron  
radiation

M3L 60-degree 
dipole

electron  
beam

lens

photomultiplier
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Classical and quantum properties of undulator radiation
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Lobach et al., PRAB 23, 090703 (2020)
Lobach et al., PRAB 24, 040701 (2021)
Lobach et al., PRL 126, 134802 (2021)
Lobach, PhD Thesis (2021)

Intensity fluctuations can be used to infer small beam emittances

Editors’ Suggestion, Featured in Physics
Winner of the 2022 APS DPB Award

The horizontal emittance ϵx of the flat beam can still be
reliably measured by the SLMs; σeffz and σp can still be
measured by the wall-current monitor. However, the seven
SLMs provided very inconsistent estimates for the much
smaller ϵy—the max-to-min variation for different SLMs
reached a factor of 8. We believe this happened because
the beam images were close to the resolution limit, set by a
combination of factors, such as the diffraction limit, the
point spread function of the cameras, chromatic aberra-
tions, the effective radiator size of the dipole magnet
radiation (≈20 μm), and the camera pixel size (≈10 μm in
terms of beam size). Therefore, the monitor-to-monitor
emittance variation primarily came from the Twiss beta-
function variation (βðmaxÞ

y =βðminÞ
y ≈ 12). Although the res-

olution of the SLMs may be improved in the future [22], at
present, ϵy of the flat beam is unresolvable by the SLMs,
and, therefore, is truly unknown. However, the measured
fluctuations for the flat beam, shown in Fig. 2(b), were of
the same order as for the round beam, with the same
statistical error. Hence, we were able to reconstruct ϵy in
the same way as ϵ in Fig. 2(c). The results are shown in
Fig. 2(d) (red points, right-hand vertical scale) along with
the SLMs data for ϵx (blue line, left-hand vertical scale). In
addition to the statistical error of ϵy, shown in Fig. 2(d),
there was also a systematic error due to the 1 MeV
uncertainty on the beam energy (from 2.5 nm at lower
currents to 5 nm at higher currents), and a systematic error
due to the 50 nm uncertainty on ϵx (from 1.3 nm at lower
currents to 2.4 nm at higher currents). The measured
vertical emittance is 5–15 nm, most likely due to a
nonzero residual transverse coupling. The expected
zero-current flat-beam emittances were ϵx ≈ 50 nm, ϵy ≳
0.33 pm (set by the quantum excitation in a perfectly
uncoupled ring).

The vertical emittance ϵy of the flat beam in IOTA could
also be estimated from the measured beam lifetime
jI=ðdI=dtÞj, assuming that it is determined solely by
Touschek scattering [33], which is a good approximation
at beam currents I ≳ 0.5 mA [29]. In storage rings, the
Touschek lifetime is determined by the effective momen-
tum acceptance δðeffÞacc [34], which is smaller than or equal to
the rf bucket half-height, δrf ¼ 2.8 × 10−3 in IOTA. We
measured the IOTA beam lifetime (550–1000 s) for both
round and flat beams as a function of beam current.
Using the known round-beam emittance and the bunch
length, we arrived at the following estimate for IOTA,
δðeffÞacc ¼ 2.0 × 10−3, by comparing the calculated [35,36]
Touschek lifetime and the measured beam lifetime (for
details, see Appendix D of Ref. [22]). The black triangles in
Fig. 2(c) illustrate the emittance of the round beam ϵ,
determined from the measured beam lifetime using the
Touschek lifetime calculation with δðeffÞacc ¼ 2.0 × 10−3.
Then, we used this value of δðeffÞacc and the values of ϵx,
measured by the SLMs, to estimate the vertical emittance ϵy
of the flat beam via the Touschek lifetime. The results are
shown in Fig. 2(d) (black triangles). The error bars
correspond to the $50 nm uncertainty on ϵx.
During our measurements, the rms and the effective

bunch lengths σz, σeffz were 26–31 cm and 24–30 cm,
respectively, primarily due to intrabeam scattering. They
were different because the longitudinal bunch shape was
not exactly Gaussian due to beam interaction with its
environment [37]. The relative rms momentum spread was
σp ≈ 9.1 × 10−6 × σz ½cm&, based on the rf cavity and
ring parameters. The expected zero-current values are
σz ¼ σeffz ¼ 9 cm, σp ¼ 8.3 × 10−5. The uncoupled case
Twiss beta functions in the undulator were βx ¼ 204 cm,
βy ¼ 98 cm; for more details, see Ref. [22].

FIG. 2. Panels (a) and (b) show the measured fluctuations for the round and flat beams, respectively. The statistical error of each point
is 2.7 × 106 (not shown). (c) The round-beam mode emittance ϵ, determined via SLMs, via undulator radiation fluctuations, and via
Touschek lifetime, assuming the effective momentum acceptance 2.0 × 10−3. (d) The flat-beam horizontal emittance measurement via
SLMs (left-hand scale), the vertical emittance measurement via fluctuations and via Touschek lifetime (right-hand scale). The SLMs had
a monitor-to-monitor spread of $8 nm (round beam) and $50 nm (horizontal emittance of flat beam); these error bars are not shown.
All emittances are rms, unnormalized.
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var(𝒩) = ⟨𝒩⟩ +
⟨𝒩⟩2

M

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

source; Dx, Dx0 are the horizontal dispersion and its
derivative, and the vertical dispersion is assumed to be
zero; ϵx, ϵy are the unnormalized rms emittances; σp is
the relative rms momentum spread. The following two
useful relations exist, σ2x ¼ Σ2

x þ σ2x0Δ
2
x, σ2y ¼ Σ2

y þ σ2y0Δ
2
y,

where σx and σy are the transverse rms beam sizes. The
complex radiation field amplitude Ek;sðϕÞ, generated by a
reference electron, is given by the following expression,
see [5,26], [[1] p. 38],

Ek;sðϕÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αk

2ð2πÞ3

s Z
dtesðkÞ · vðtÞeickt−ik·rðtÞ; ð7Þ

where k ¼ kðϕx;ϕy; 1 − ϕ2
x=2 − ϕ2

y=2Þ, α is the fine-
structure constant, esðkÞ is the considered polarization
vector (s ¼ 1, 2), rðtÞ is the trajectory of the reference
electron in the synchrotron radiation source, vðtÞ is the
velocity of the reference electron as a function of time,
c is the speed of light. The electrons are assumed to be
ultrarelativistic, γ ≫ 1, where γ is the Lorentz factor.
The parameter hN s:e:i in Eq. (2) is the average number

of detected photons per turn for a single electron (s.e.)
circulating in the ring. We consider the case of an
incoherent radiation (σzk ≫ 1). Therefore, the average
number of detected photons for the entire bunch can be
obtained as

hN i ¼ nehN s:e:i: ð8Þ

The integrals in Eqs. (2) and (5) are taken from minus to
plus infinity over all integration variables except for k,
which goes from zero to plus infinity. The spectral
sensitivity and the aperture of the detector are assumed
to be included in the detection efficiency ηk;sðϕÞ, which is a
function of polarization, k, and ϕ for that reason.
The derivation of Eq. (2) is largely analogous to [5]

and is outlined in Appendix A. Appendix B provides an
illustrative closed-form expression for M, based on Eq. (2)
in the approximation of a Gaussian spectral-angular dis-
tribution of the radiation.
In IOTA, we study undulator radiation, because the

quadratic term in Eq. (1), sensitive to bunch parameters,
is larger for undulators and wigglers than it is for dipole
magnets [5]. The complex field amplitude Ek;sðϕÞ, generated
by a single electron, can be numerically calculated by our
computer code [28], based on the equations from [29], or by
using the SRW package [30]. Then, the integrals in Eqs. (2)
and (5) can be calculated by a Monte-Carlo algorithm. Our
C++ code with Python bindings for calculation of Eqs. (2)
and (5) is provided in the repository [31].

III. APPARATUS

In our experiment, a single electron bunch circulated in
the IOTA ring, see Fig. 1(a), with a revolution period of

133.3 ns and the beam energy of 96.4% 1 MeV. We
studied two transverse focusing configurations in IOTA:
(1) strongly coupled, resulting in approximately equal
transverse mode emittances and (2) uncoupled, resulting
in two drastically different emittances. Henceforth, we will
refer to the beams in these configurations as “round”
and “flat” beams, respectively. In both cases, the bunch
length and the emittances depend on the beam current due
to intrabeam scattering [32,33], beam interaction with its
environment [34], etc. The longitudinal bunch density
distribution ρðzÞ was measured and recorded by a high-
bandwidth wall-current monitor [35]. It was not exactly
Gaussian, but this fact was properly accounted for by
Eq. (6) for σeffz , which works for any longitudinal bunch
shape. The IOTA rf cavity operated at 30 MHz
(4th harmonic of the revolution frequency) with a voltage
amplitude of about 360 V. The rms momentum spread σp
was calculated from the known rf voltage amplitude,
the design ring parameters and the measured rms bunch
length σz. In our experiments, the relation was

σp ≈ 9.1 × 10−6 × σz½cm': ð9Þ

It is an approximate equation, because of the bunch-
induced rf voltage (beam loading) and a small deviation
of ρðzÞ from the Gaussian shape. However, the effect of σp
in Eq. (2) in IOTA was almost negligible. Therefore, such
estimation was acceptable.
For the round beam, the IOTA transverse focusing

functions (4D Twiss functions) were chosen to produce
approximately equal mode emittances at zero beam current,
ϵ1 ≈ ϵ1 ≈ 12 nm (rms, unnormalized). It was empirically
confirmed that they remained equal at all beam currents
with a few percent precision. The expected zero-current
emittances for a flat beam were ϵx ≈ 50 nm, ϵy ≳ 0.33 pm

FIG. 1. (a) Layout of IOTA. (b) Light path from the undulator to
the detector (not to scale).
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Verified that intensity fluctuations contain a calculable 
term that depends on beam sizes (interference)
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Interferometry of radiation from single electrons

19

What is the coherence length of undulator radiation from a single electron? Is 
radiation in a coherent Glauber state or in a Fock number state? Can quantum 
optical techniques be used for beam diagnostics?

Mach-Zehnder interferometer
~300 electrons

1 electron

Observables: count rates vs. delay, distributions of arrival times, correlations
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IOTA Run 4 program (2022-2023)

20
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Construction of the IOTA proton injector (2022-2024)

21

Next key facility upgrade for the research program 
on space-charge-dominated beams

Typical IOTA proton parameters
(bunched beam):

2.5 MeV 
1.3 mA, 4 μm (geom.)

Δνsc ∼ 0.5

50-kV 
duoplasmatron 

source

RFQ

Electron injector

to IOTA
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Examples of research areas planned after Run 4

22

Research with the IOTA electron lens
• Novel implementations of NIO schemes
• Electron cooling
• Tune-spread generation for Landau damping
• Space-charge compensation
• Beam diagnostics

Instabilities, Space Charge and Controlled Feedback
• Excite and detect instabilities with a wake-building 

feedback and intra-bunch monitor over varying wake 
amplitudes and space-charge intensities

Stancari et al., JINST 16, P05002 (2021)

Ainsworth et al., ECA Grant

ELECTRON  
GUN

MAIN SOLENOID

COLLECTOR

TRANSPORT 
SOLENOID 1

TRANSPORT 
SOLENOID 2

TOROIDAL  
SECTION 1

DIAGNOSTIC  
STATION

TOROIDAL  
SECTION 2 BPM1BPM2

GUN 
SOLENOID

COLLECTOR  
SOLENOID

ELECTRODES

The system design will be similar to the head-tail monitor already present at CERN [23]. The
system will be made up of stripline pick-ups connected to a wide-band 180� hybrid which generates
the sum and di↵erence signal. These signals would be passed to a fast scope capable of recording
and storing signals with a high enough resolution to see motion within the bunch.

Currently, the Recycler and Main Injector both have striplines already installed in horizontal
and vertical locations with the di↵erence and sum signals already available at the MI-60 service
building. Only a scope and the software to process the data would be needed to complete this
system. When the system is eventually moved to IOTA, an additional two stripline pickups will be
required and installed in the IOTA ring.

Figure 8 shows a schematic of how the IBM system would look (left) along with examples of
how di↵erent transverse modes will be observed on the system (right). These examples correspond
to the same modes as seen in Figure 1. Each line corresponds to signal seen by the pickups on
consecutive revolutions.

oscilloscope
pickups

hybrid

A

B

A-B

A+B

180o

Figure 8: A schematic of the IBM setup is shown on the left. On the right are example measurements
of the intra-bunch motion. These are the same transverse modes from Figure 1 as measured with
pickups.

4.4 Recycler Studies

The first part of the research program will make use of the Fermilab Recycler with the initial focus
on the commissioning of the waker system. The PI will perform simulations of the system and
prepare a study plan for once the commissioning of the system is complete. The major components
of the vertical system (kicker, board and amplifiers) will have been purchased with LDRD funds
and will be installed in the 2020 summer shutdown which occurs from May-September 2020. In year
1, an engineer will program the logic required for the feedback board. The search for a post-doc
to work on this project will begin in the first year such that they are ready to start in year 2. The
post-doctoral researcher will contribute to both the experimental plan and the simulations and so,
we will target a hire that has excellent knowledge of collective beam instabilities.

The IBM system will be commissioned alongside the waker system. The major addition required
is the purchase of a high resolution oscilloscope as stripline pickups are already present in the
Recycler. The postdoctoral researcher will write software to control the IBM system remotely from
the Main Control Room.

At the end of year 2, the horizontal waker system will be installed and it is expected that the
vertical waker system and IBM will have been commissioned. After this, the focus will then be on
the experimental plan with the first goal will be to demonstrate the excitation of an instability using

12

Figure 5: Consider 3 time slices in a bunch where the first time slice is at the head, the second
is in the center and the final time slice is at the tail. A user will program a wake function W (s)
to be used. On the first turn, the waker system will measure the transverse position of the time
slices as x0, x1, x2. The first time slice is at the head of bunch and will receive no kick. The second
time slice will see the wake from first time slice and thus receives a kick proportional to x1 ⇤W1(1).
The third time slice will see the wake from both the first and second time slices, receiving a kick
proportional to x1 ⇤W1(2) + x2 ⇤W2(2). W2(s) is equal to W1(s) except it is delayed to start at
particle 2.

BPM1 BPM2Kicker

Feedback
board

protons

Amplifiers
Figure 6: A schematic of the waker system for one plane. Two BPMs which are 90� apart in
betatron phase advance which measure the position and angle of the beam. These positions are
sent to the feedback board which is used to determine the kick based on the user defined wake. On
the next revolution, this kick is applied to the beam using the kicker.

9



Giulio Stancari      Beam Physics Research in IOTA/FAST at Fermilab GSI     Apr 18, 2024

Examples of research areas planned after Run 4
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Optical Stochastic Cooling with Amplification
• Development of optical parametric amplifier, transverse 

sampling, specialized optics
• Demonstration of achievable cooling rates
• New types of beam manipulations

Quantum Computing with Stored Crystalline Ion Beams?
• Preliminary feasibility and scalability studies. Study and 

mitigation of heating mechanisms in a storage ring.
• Major upgrades: ion source, laser cooling

Jarvis et al., ECA Grant

FIG.  10: Conceptual schematic of OPA integration 

 
To reduce the complexity of 

and delay of the optical system, 
we will couple the pump into the 
OSC apparatus with near-collinear 
propagation in the vertical plane. 
In this configuration, which is 
shown schematically in Figure 11, 
the pump laser is offset in the 
vertical plane from the nominal axis by ~0.15°.  This creates ~1cm of separation from the axis at IOTA’s 
upstream and downstream windows, maintains the Type-0 (eee) configuration with all polarizations at 
90° to the crystal’s optical axis, and ensures that the particle beam and laser do not interact in the 
undulators.  Repeating the calculations in Figure 10 for the non-collinear case shows negligible difference 
in the amplifier performance.  Matching optics will be situated outside the vacuum system so that the 
pump laser can be properly positioned and focused using the same telescope as the undulator radiation.  
As an example, assume the telescope will have a magnification factor of ~0.1 so that the ~0.2-mm 
coherent modes (from the undulator) will be demagnified to ~20 µm in the OPA.  With ~200 µJ per pulse, 
1.1GW/cm2 would correspond to a pump radius in the OPA of ~150-µm.  For a TOS experiment, this 
configuration would then accommodate a distributed source (particle beam) in the undulator of ~1.5 mm 
radius, which corresponds to a reduction in number the sample particles by ~40x.  
 

The OPA will be developed in the first and second years of the program and will be tested both in the 
laser lab and with undulator radiation on the FAST high-energy beamline prior to integration with the 
amplified-OSC apparatus in year 3.  With successful development of metalenses for OSC, the system can 
be reconfigured with a ~3-mm crystal with significantly higher gain and added flexibility in pumping.  

3) Diffractive Optics for OSC: 
Diffractive optics is a broad and impactful area of R&D that focuses on the generation of specialized 

phase masks using micro- or nano-fabricated phase elements [ML REVIEW].  These masks alter the 
phase profile of input radiation to produce a desired structure in the radiation field downstream.  In the 
case of focusing elements, these optics are known as metalenses, and recent innovations in design and 
fabrication techniques have resulted in ultra-thin, all-dielectric optics with large physical and numerical 
aperture, high transmission, and broadband, diffraction-limited focusing [5PRE].   

FIG.  11: Anticipated performance for the OSC OPA: (left) OPA power gain vs signal 
wavelength and crystal temperature; (right) linescans of the gain at and around the 
nominal operating point. 
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Examples of possible collaborations with GSI
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Physics and technology of electron lenses

Beam dynamics with nonlinear forces and space charge

Commissioning of the IOTA proton injector

New ideas and projects are welcome
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Resources

25

IOTA/FAST web site
fast.fnal.gov

IOTA/FAST Scientific Committee
cdcvs.fnal.gov/redmine/projects/ifsc/wiki/

Collaboration Meeting 2024
indico.fnal.gov/e/62181

Special Issue of the Journal of Instrumentation
iopscience.iop.org/journal/1748-0221/page/extraproc90

https://fast.fnal.gov
https://cdcvs.fnal.gov/redmine/projects/ifsc/wiki/
https://indico.fnal.gov/e/62181
https://iopscience.iop.org/journal/1748-0221/page/extraproc90
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Conclusions

26

Many exciting opportunities for experimental, theoretical and 
computational research in accelerator physics and technology at 
IOTA/FAST

Several resources for students: summer schools, internships, 
master theses, joint PhD program, …

New ideas and proposals are always welcome

Thank you for your attention!



IOTA/FAST Collaboration Meeting, March 2024


