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* Science with Free Electron Lasers (FEL) from infrared to X-rays,
* Nuclear photonics with Compton back-scattering y-rays sources,
* Fundamental physics with low energy linear colliders

* Advanced Neutron sources by photo-production,

* Science with THz radiation sources
* Physies with high power/intensityas V2

 R&D on advanced accelerator concepts including plasma accelerators

and polarized positron sources
* [LC technology implementation
* Detector development for X-ray FEL and Linear Colliders
« R&D g accelerator technology and industrial spin — off



I RID E is a large infrastructure for fundamental and applied physics research.
Conceived as an innovative and evolutionary tool for multi-disciplinary investigations
in a wide field of scientific, technological and industrial applications, it will be a high

intensity “particle beams factory”.
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a combmaﬁon*@ a high duty ycle rad 10—frequency superconducting electron
LINAC) and of hig rgy lasers it will be able to produce a high flux of

electrons, photons (from 1nfrare‘E B ), , neutrons, protons and eventually positrons,

hat will be avallable for a ational and international scientific community
interested proﬁ a the nost advanced particle and radiation sources.




The main feature of a SC linac relevant for IRIDE is the possibility to operate the
machine in continuous (CW) or quasi-continuous wave (qCW) mode with high
average beam power (>1 MW) and high average current (>300 uA).

Pulsed operation (DC 1%), 1GeV model linac CW operation, 1 GeV model linac

30 pA average, 30 kW beam, 10 Hz pulses 0.4 mA, 0.4 MW beam at 2 MHz repetition rate
3 mA pulse current, 5 MHz intrapulse repetition rate
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The CW or qCW choice, combined with.a proper bunch distribution scheme, offers the most
versatile solution to provide bunches to @number of different experiments, as could be
envisaged in a multi-purpose facility.

L




IRIDE LINAC
possible pulsed
Configurations
(single linac)
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Pulse 1

Pulse 2

Pulse 3

E [GeV] 1 1,5 2
[ (within pulse) [mA] 4 3 )
I (average) [mA] 0,4 0,28 0,12
Pulse rep. rate [Hz] 100 100 100
RF pulse duration [ms] 1,5 1,5 1,5
RF Duty cycle [%] 15 15 15
Beam pulse duration [ms] 1,16 0,93 0,60
Beam Duty cycle [%] 11, 9,3 6,0
E.cc IMV/m] 7,53 11,29 15,05
Cavity length L [m] 1,038 1,038 1,038
R/Q [Ohm] 1036 1036 1036
Q 1,50E+10 1,20E+10 1,00E+10)
Qey_Opt 1,89E+06 3,77E+06) 7, 54E+06
Qeyt 3,50E+0 3,50E+0 3,50E+06
Reflected RF power [%] 9,0 0.14 135
Cavity BW [Hz] 185,71 185,71 185,71
Cavity rise time [ms] 0,8 0,86 0,8

Rise-time to target V.. [ms] 0,34 0,5 0,90
# of cavies 128 128 128
# of modlules 1 16| 16
Ppeam/Cavity (pulse) [kW] 31,25 35,16 31,25
Ppeam/Cavity (ave) [kW] 4,69 5,2 4,69
Pre/cavity (pulse) [kW] 34,06 35,20 35,44
Pre/cavity (ave) [kW] 5,11 5,28 5,32
Avallable Pge/cavity (pulse) [kW] 40,00 40,00 40,00
unloaded asyntotic voltage [MV] 24,09 24,09 24,09
Peryo_RF (@ 2 K) [W] 75,41 212,09 452 46
Peryo_static (@ 2 K) [W] 56,00 56,00 56,00
Payo_total (@ 2 K) [W] 131,41 268,09 508,46
Total Pye., (peak) [kW] 4000 4500 4000
Total Pyear, (ave) [kW] 465,60 417,95 241,39
Linac length [m] 192 192 192




IRIDE LINAC
possible RF sources

- X 3 pulse duration (from 0.5 to 1.5 ms);
- 1/3 peak power (from 5.1 to 1.7 MW);
- same rep rate (100 Hz) and ave Power (250 kW) i

Reasonable but to be verified with manufacturer!

RF performance TH2104C (TH2104D ( TH2104U
Frequency 13 13 13 GHz
RF output power

* peak 5.1 5.1 102 MW

* average 100 250 250 kW
Peak RF drive power 200 200 320 W max.
RF pulse duration 2000 500 250 ps max.
- 1dB bandwidth 8 8 8 MHz min.
Saturated gain 47 47 50 dB typ.
Efficiency 46 45 45 % typ.




INFN 1s in a leading position in the SC RF technology, with knowledge and strong
capabilities in the design, engineering and industrial realization of all the main
component of a superconducting radiofrequency accelerator.

2 K return

80K return

8§ Kreturn —§—

L cool down/
warmup

INFN strongly participated to TESLEA since the early design stages through the final
engineering and shares the know-how and has the recognized intellectual property of several
main components y
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/ IRIDE

XFEL Italian In-Kind contribution

* INFN contributed to linac design

 |talian industry, with INFN supervision provides
— 400/800 of the 1.3 GHz cavities

e Fabricated, processed, ready for RF tests

— 45/100 of the cryomodules

* INFN provides also
— High QE photocathode preparation/transport system
— Cavities/Cryomodule for the 3.9 GHz linearizer

* i.e. main components for a 9 GeV SC linac...

3/2/2013 Giornate di Studio Iride 9



Electron Guns

L

Hybrid Schemes

SC RF guns

* CW operation

* High field

* Low pressure

* Low Dark current

Low freq. (<~ 700 MHz) NC CW RF guns
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The LBNL VHF Gun

The Berkeley normal-conducting scheme satisfies all the
LBNL FEL requirements simultaneously.

NEG modules

injection/extraction
channel
- Cathode

J. Staples, F. Sannibale, S. Virostek, CBP Tech Note 366, Oct. 2006
K. Baptiste, et al, NIM A 599, 9 (2009)

Frequency 186 MHz
Operation mode CW
Gap voltage 750 kV
Field at the cathode 19.47 MV/m
Q, (ideal copper) 30887
Shunt impedance 6.5 MQ
RF Power 100 kW
Stored energy 23]
Peak surface field 24.1 MV/m
Peak wall power 25.0 W/em?
density
Accelerating gap 4 cm
Diameter/Length 69.4/35.0 cm
Operating pressure ~ 10 Torr

* At the VHF frequency, the cavity structure is large enough to withstand the heat load and operate

in CW mode at the required gradients.

* Also, the long A, allows for large apertures and thus for high vacuum conductance

* Based on mature and reliable normal-conducting RF and mechanical technologies.
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Gun0.1 and Gun0.2 JLab RF Test Results
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The laser system complex is deputed to deliver optical photon beams able to fulfill the
several requirements of the IRIDE facility:

S 2 50MH:z 1nJ 50MHz
i 200fs 1030nm 500ps 1030nm <t

Yb oscillator — stretcher —_—) regenerative
amplifier

100mJ 100Hz

1,5J 100Hz _ 500ps 1030nm g%plofogzmm
500ps 1030nm Main

@mmmm booster

amplifier Fig. 133. Schematic view of the re-circulating principle

compressor
600mJ 100Hz
2-3ps 515nm
Second
Frequency interaction

convertor :
1J 100Hz point

2-3ps 1030nm

Fig. 134. Schematic view of the motorized mirror pairs used in the re-circulator

 drivers of photo-cathodes for electron beam generation

* colliding laser pulses to drive the back-scattering Compton
( , 100 W, 1], 0.1% bw)

 drivers for high advanced acceleration experiments
( 1 PW, 102 W/cm?)



Free electron Lasers

The IRIDE project will provide a new concept of FEL facility by merging the two technologies
of FEL oscillators and fourth generation radiation sourees by developing a facility providing
radiation from IR to EUV to the nm ¥€gion (ﬁn to'A¥evel using a mechanism of emission
already successfully tested at SPARC. -




Integrated «architecture»

IR oscillator (b) SASE or Seeded FEL B/
y source {(backscat.) (d) N A undulator chain {c), (e), (f)
stacking
~\‘m—o-m a® Cavity (h) (O O] o e e e = [F=\c2 —»A
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EA&® ° R oscillator (b) Qa ||| @] | a® UV oscillator (g)

y source (d)

30 MeV e 1.5GeVe /
N Linac 1 (a) )

S-C-LINAC structures with 3-4 GeV maximum energy

Between the two Linacs a double FEL oscillator, with a manifold role, is inserted

The undulator chain can be powered by the beam operating at full energy (3-4 GeV) or less

A second FEL oscillator is added for the operation in the UV region and for intra-cavity
backscattering for the realization of a gamma source to be exploited for Nuclear Physics studies
and the production of polarized electrons

The third FEL section may operate in SASE or SEDEED mode

The seeding will be achieved by exploiting a conventional seeding procedure or by using the self-

seeding scheme based on a kind of oscillator-amplifier device, according to the scheme first
developed in Barbini et al. “In prospects for 1 Angstrom FEL” Sag Harbor 1990
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From the SPARX bio-scientific case
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e Time-Resolved diffraction from protein nanochristals with
spontaneous radiation: sub-picosecond pumps & probe structural and
spectrometric investigations

e Structural characterization of biological systems, muscle
contraction

* Small angle X-ray scattering of biological molecules

e Low density Atomic and Molecular processes with two photons
spectroscopy

* X-ray microscopy with nanometer resolution
* Femtosecond Raman spectroscopy

» Single molecule imaging with hard X-rays



THz radiation source

The interest for having high-power, sub-ps pulsed radiation covering the spectral range from
THz to MIR is rapidly growing, both as it is a powerful tool for investigating the behavior of
matter at low energy, and as it allows for a number of possible applications spanning from

medical science to security. s

THE ELECTROMAGNETIC SPECTRUM

Wavelength

(o meters)

Siec ol a
wavelength

Cormmon
name of wave

Frequency
(waves per
weond)

Energy of
one p’\nQ-‘m
{electron volts)




THz radiation source

Condensed Matter Physics

Superconductivity
Energy gap
Symmetry of the order parameter

Direct determination of the superfluid density
Dynamics of Cooper pairs

Low-dimensional materials

Dimensionality crossover
Non-Fermi liquid normal states
Broken symmetry ground states

Coherent Phase Transitions
Polarons

Structural Phase Transitions

Magnetic sub-ps Dynamics

Physical and Analytical Chemistry
W L
! Polar liquids
Hydrogen bond
Van der Waals interactions

Acoustic-Optic phonon mixing in water
Solutions

Static and dynamic interactions between solvated

ions and solvent

Life Sciences

Macromolecules conformation
Secondary and tertiary structure
Coherent dynamic development

Imaging
3D tomography of dry tissues
Near-field sub-wavelenght spatial resolution

New Technologies

THz technologies
Array THz detectors
Metamaterials
Medical diagnostic
Skin cancer detection
Industrial production
Material inspection
Production line monitoring
Defense industry/Homeland security
Detection of explosives and biohazards




THz radiation source

Electron beam parameters

Electron energy (GeV)

1.5-0.5

Charge/bunch (pC/bunch)

250

RMS bunch length (um)

60

Normalized emittance (mm mrad) 1

Undulator

Period (cm)

40

Number of periods

10

Magnetic field (T)

0.1-1

Coherent Undulator Radiation parameters

Wavelength (um)

20 - 200

Peak power (MW)

100

Micropulse energy (m]j)

10

Micropulse duration (fs)

200

Coherent Diffraction Radiation parameters

Wavelength (um)

> 60

Peak power (MW)

100

Micropulse energy (u])

> 10

Micropulse duration (fs)

200




Neutron Source

A Neutron Source can be realized by photo-production sending high energy electrons on a

"

suitable high Z target. This kind of source allows to obtain neutrons with an energy spectrum

that spans over more than 9 decades of energ from fequev up to hundred of MeV, even &
most of them have energy arout d the - equili ten

(for W, it is around

el

: 1.5
GeV GeV GeV

CRYO CRYO




Neutron Source

This source may be suitable for multiple applications, ranging from material analysis for
industrial and cultural heritages purposes to chip irradiation and metrology. These
applications envisage the development of properly designed beam lines with neutron
moderation and possibly cold/thermal neutron transport systems. The proposed new facility
will represent a great opportunity for research and development of neutron instrumentation

(e.g. detectors) as wellhas training of young scient ‘the use and development of neutron
' =y i

s o
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Neutron Source

Neutron Resonance Capture Analysis (NRCA): Each resonance is the fingerprint of a
nuclear specie (isotopical recognition) thus allowing for the elemental material analysis
(qualitative and quantitative) especially on metallic samples (e.g. cultural heritages).

‘the may provide an almost
$ii agmtude more intense.

B Radiography and Tomeography ( NR, 'By means of radiography it is possible to obtain
an image of a object that@vidences the internal structure by rotating the sample with respect
to the incident beam an "'c;ollectmg images for each angular position a 3D image of the
object is obtained (tomography).

»

talian National Institute of Ionization radiation
ing in Italy (and especially in Roma area) a high
velop primary standards for neutron emission rate and

Neutron metrology: In this context, t

. Metrology (INMRI) is interested in k
energy neutron source in order to ¢
energy speslm calibration
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The special feature of Neutrograph
is.it's inténsity together with a
moderatg collimation.

These properties allow the
investigation of dynamic processes
\Nlth an excellent tlme resoluyon
ahd the transmittance.. through
strongly absorbing and bulky
materlals .. , .

SN

~

A toﬁ?y.new spectrum of scientifi
and engineering applications could
be deVeIoped. N
\ \ i i}

Among the experlments are
.investigations of heat exchangers
and combustion engines, parts
from aircrafts, fossils and historical

h'gfitage

IAstltut Laue- Langevm (ILL) in
Grenoble .. - ’

-
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GeV GeV ' GeV

CRYO CRYO

* colliding laser pulses to drive the back-scattering Compton

(Yb:YAG, 100 W, 1J, 0.1% bw)




Parameters
for ELI-NP case

Recirculator

Thomson

Compton
Source

arameters
for SC-qCW case

Fabry-Perot

Advanced y-ray Compton Source

Thomson

Compton
Source

Beam energy

Beam energy

1

Charge

Charge

0.5

Bunch length rms

Bunch length rms

300

Peak current

Peak current

200

effective Rep. rate

Effective Rep. rate

9400x100

Average current

Average current

470

rms spot size at
collision

rms spot size at
collision

5

coll. Laser eff. Power

coll. Laser eff. Power

coll. Laser pulse
energy

coll. Laser pulse
energy

rms norm. emittance

rms norm. emittance

beta-funct. at coll. (1
GeV)

beta-funct. at coll. (1
GeV)

#y/shot
#y/s

#y/shot
#y/s




Advanced y-ray Compton Source

.

. .
studies of the nucleus strueture at the Pigmy and Giant Dipole Resonance with unprecedented
resolution in reconstructing the nuclear states: this is crucial also to understand some

unknown processes in the stellar nucleo-sinthesys

studies of two level barionc stafes in the high energy resonance of the nuclei, above 20 MeV
and up to 60 Me¥k, crucial to reconstruct the equation of state of the nuclear matter

_
aterial with isetopic reconstruction of the
rity scemario
—

detection and imaging Ofifissile and, stratégic
components with large impact'on the national
remote sensing and diagnosys of nucléagwastes in containers, with reconstruciotn of the
isoptope and nuclear composition of the waste material, with large impact on the atomic
energy scenario

medical imaging and therapy



y-¢ Linear Collider

The precise measurement of the ni® width through the progess ey — n® e (Primakoff effect),
and the search for light dark bosons in the energy rei:glg’n of few to hundreds MeV. These
measurements, which provide important tests of th@ !Staﬁdarct“f\/[odel are not possible at
present electron-photon colliders due to the low phofon, J‘hjensltles of the machines.

"‘. > 4 P

P 5 ¥
n° width measurement: the ax1aff aﬁomaly of Adler, Bell and Jackiw (non-conservation of
the axial vector current) is responsrﬁle;for the decay of the neutral pion into two photons. It
bridges in QCD the strong dynamics of infrared physics at low energies (pions) with the
perturbative description in terms of quarks and gluons at high energies. The anomaly
allows to gain insights into the strong interaction dynamics of QCD and has received great
attention from theorists over many years.
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Intra-cavity Compton source driven by FEL oscillator

2 sect. linac
~200 MeV
uv FEL

FEL Electron beam:

Linac
~1.5GeV  Compton

AR

Compton

500 pC/bunch (5600 bunches/macrobunch for
0.28mA average current)

1ps length

Electron y: 380 (200 MeV, 2 cryomodules)
Matched spot: 350um

FEL radiator:

Undulator period: 4.8 cm
Number of periods: 42 (201.6 cm)
Magnetic field on axis: 2.445 kG

FEL wavelength: 266 nm
Mirror loss: 3 104 (x12 pass./fel)

Ky = 1.1; Guyc*(1-1)/m = 181

# of FEL pulse >0.95 FEL saturation: ~3950/
macrobunch

# of Y ompton/Shot: 3.4 10°

Electron y: 3050

Focus dimension: 5 um

energy: 153 MeV

Ycompton

y-e” interaction

FEL intracavity intensity at saturation: 6.0 10 W/cm?

(23 mJ/pulse)

S

Electron y: 3050

CM energy: 977 MeV

IP dimension: 0.25 um

Luminosity: 0.5 103° cm= s* (other sources 1.3 103°
cm2stin 15t h) x0.25 in 2" h, x0.09 in 3™ h




Conceptual scheme

2 sect. linac Linac
~200 MeV ~1.5 GeV Compton V€ 2" linac
2 P | '{ ~1.5 GeV
h I
uv FEL ], \ P

Yet to study:

* Electron beam characteristics after saturated FEL emission and dogleg
* Long two foci uv photon cavity

* Last mirror damage by Compton and synchrotron gamma radiation



y-y Linear Collider

The vacuum of QED poses some still unsolved challenges which are central not only in the
context of field theory, but also of super-symmetry a:nd strm!g theory as well. The elastic
photon-photon scattering offers unique opportumtles#'tq“prbbe the nature of QED vacuum.
We propose an experiment to observe photon- pho i §éatterfng in the range 1 MeV — 2
MeV CM energy, i.e., near the peak of the QED; chss/spctlon In addition a low-energy
photon-photon colhder investigation could lead to; "the ‘necessary technology developments
and_prepare the ground for a higher energy complex while still providing assich”testing

Interaction Point —

Spent Electrons Deflected
in a Magnetic Field

Collision Point— Spot Size

— -\ ‘ -~ for Hard y

— Spot Size
for Softy

Polarized
Laser Beam




y-y Linear Collider

The most striking failing of QFT is the huge mismatch bétween the measured energy density of
vacuum and the energy density of the ground level of the gundamental fields which is wrong by

Mel

something like 120 orders of magnitude. . P

$f

N

1077
0.1 1 10 100 1000

Figure 18: total cross-section (ubar) vs. CM energy (MeV). Solid line: cross-section
averaged over initial photon polarizations. Dotted line: incoming photons have the same
circular polarization. Dashed line: incoming photons have opposite circular polarization.

£ F 3
a photon-photon scattering expermienif with photon energies in the 0.5-0.8 MeV range —
where the cross-section is reasonably large, would be an important test of our understanding
of the QED vacuum.
This experiment needs a low-energy photon-photon collider, and a photon detection apparatus

which is very similar to that current PET scanners



Luminosity and

Parameters

for ELI-NP case

Thomson

Compton
Source

Y-y
collider

e-y
collider

Parameters

for SC-qCW case

Thomson

Compton
Source

Y-Y
collider

beam requirements

e-y
collider

Beam energy

1

1

1

Beam energy

1

1

1

Charge

0.5

0.5

0.5

Charge

0.5

0.5

0.5

Bunch length rms

300

300

125

Bunch length rms

300

300

125

Peak current

200

200

1600

Peak current

200

200

1600

effective Rep. rate

60x100

60x100

60x100

Effective Rep. rate

9400x100

9400x100

9400x100

Average current

3

3

3

Average current

470

470

470

rms spot size at
collision

5

1

rms spot size at
collision

5

1

0.25

coll. Laser eff. Power

coll. Laser eff. Power

1000

coll. Laser pulse
energy

coll. Laser pulse
energy

0.01

rms norm. emittance

rms norm. emittance

beta-funct. at coll. (1
GeV)

beta-funct. at coll. (1
GeV)

#y/shot
#y/s

#y/shot
#y/s

Luminosity (coll)

Luminosity (coll)




et e Linear Collider

An electron-positron collider with luminosity of 10°? cm™2s™! with center of mass energy
ranging from the mass of the ¢-resonance 1 .GeV up to" ~3.0 GeV, would complement high-

energy experiment at the LHC and future
collect an integrated luminosity of about 5

GeV GeV GeV

CRYO CRYO

This will allow one to measure the e"e” €ross section to hadrons with a total fractional accuracy
of 1%, a level of knowledge that has relevant implications for the determination of SM

observables, like, the g-2 of the muon and the effective fine-structure constant at the M, scale.

The latter are, through quantum effects, sensitive to possible bSM physics at scales of the order
of hundred GeV or TeV.




ete- collider

Physics opportunities with an e*e collider with c.o.m.
energy tunable within [~ 0.5, ~ 3.0] GeV

v" hadronic cross-section meas. e‘e” — y* — had.

* hadronic contribution to muon a.m.m. g,
* hadronic contribution to «,,,

v’ two-photon physics efe” — e*e y*y*— e*e + had.

* had. =x% n, n’ — light-by-light contribution to a /¢
* meson spectroscopy

v' exotics ete >y U — vy L,
— Y Emiss.
* possible existence of low-energy (0.1 + 1 GeV) new

gauge interactions (dark forces)
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LNF-10/17(P)

AAAAA see also Eur. Phys. J. C50 (2007) 729

Proposal for taking data with the KLOE-2

detector at the DA®NE collider upgraded in
energy
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Requests:

v' luminosity ~ 10% ecm 2571
v’ energy Vs = (0.6 =+ 3.0) GeV (in steps of ~ 25 MeV)
v' tagging systems for yy-physics

Positron source — Bethe- vyZ— ete L

Hes'ﬂ%ﬁlation (G4) in progress (collaboration w/ Rm?2)

case under study: Ey = 60 MeV on Pb (0.4 X,)



e - target

v’ parity violating asymmetry meas. ellZ—eZ
* Q2-evolution of weak mixing angle 6,

0.245

0.240 -

Q=Vys

1 —cosfenm
=

0235
APV(Cs)

sin*6y(Q)

0.230 |-

0.225 -
L L L
1074 0.01 1 100 104

Q[GeV]

Requests: v polarized beam (P ~ 90%; AP ~ 1%)
v’ average current > 200 uA

v dark forces searches eZ—eZuw



Table 12: Comparison between Conventional and ICS positron source performances

Conventional

ICS based

RMS source size

400 um

50 um

N. particles/driving pulse

one 600 MeV electron

one 60 MeV photon

Target thikness 6Xo 0.4Xo
RMS transverse momentum 5 MeV 1 MeV
RMS emittance 0.001 m rad 50*10° m rad
N. positrons/pulse 1 0.4

7 o
.\.9' >

-~ P
¢ it

For the peak brightness the m,atln ﬁdvantage of driving the conversion directly with a
photon beam relies on the possﬂ)llfty of using thinner targets. The emittance of the

positron beam emerging from the target is determined by the source size and the beam

divergence.




A primary effect of the electron-positron interaction is an enhancement of the luminosity due
to the pinch effect, i. e. the reduction of the cross section of both beams occurring at the IP
due to self focusing forces that 1s included in the luminosity definition through the factor Hy,.

Y (nm)

400
0.
X (nm)
400,
-3.e+005

-6.e+005




Under the previous condition
the positron beam spot size”
remains constant during the'"
interaction due to the balafce

between its own defocusing -

emittance pressure and the
counter-propagating electron
beam focusing effect.
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Parameters

Units

Electrons
><L

Electrons

Electrons
><

Positrons

Reduced
Positron

quality

Beam energy

Beam power

AC power

Charge

Bunch length rms

Peak current

Rep. rate

Average current

Transverse rms spot at IR

Norm. emittance

Beta at IR

Aspect ratio

Disruption parameter

Beam-strahlung parameter

Luminosity enhancement
factor

Luminosity




grch —> June — Working Groups Meeting with int. experts







