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Outline
• Sapienza University and INFN Collaboration (VHEE Linac for FLASH Radiotherapy);

• Compact C-Band System at 5.712 GHz (decade long experience, high electron beam energies
in small footprint)

• RF and beam dynamics

• Manufacturing

• Low-power measurements of linac prototypes

• SAFEST: Research Laboratory dedicated to VHEE FLASH (100 MeV nominal energy) to be
installed at Sapienza University;

Installation of a low-energy accelerator Lab (up to 24 MeV electron beams) at
Sapienza University, near the main campus, for Dosimetry, Radiobiology and 
Pre-clinics FLASH Experiments.

First step
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CONVENTIONAL VS FLASH

Courtesy of  V. Favaudon

FLASH Therapy: a revolutionary technique in the perspective of cancer
cure.

- Sparing of healthy tissues from
the damage of the ionizing
radiation maintaining the tumor
control as efficient as in
conventional therapy;

- For the implementation of the
revolutionary FLASH therapy
concept into actual clinic use,
electron linear accelerators are
required to deliver very high dose-
rate in the pulse (> 106 Gy/s) in
very short total irradiation time
(≤ 100 ms).
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DOSE 

MODIFYING 

FACTOR

The evidence seems robust, even if the exact features are yet to be explored. 

The first patient has been already treated!!!

Is the evidence robust?
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• Higher dose rate in the pulse, 

• Shorter irradiation time < 100 ms,
highest is the FLASH effect.

Conditions to hit or miss the FLASH effect

X rays

Protons

electrons

FLASH 

effect

NO FLASH 

effect

Montay-Gruel P, et al. Clin 

Cancer Res. 2021;27(3):775-784.
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Experience with Linac installed at Curie Institute
• S-Band Linac-based machine (7 MeV) for FLASH with SIT company, the

ElectronFLASH, commissioned and installed at the Curie Institute.

From LOW ENERGY

PATENT: Sapienza-SIT
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JOINT
STUDY GROUP

SAPIENZA – INFN
2021

2022

2022

1. VHEE BETTER THAT PHOTONS EVEN WITHOUT FLASH
2. VHEE COMPARABLE WITH PROTONS IN CASE OF FLASH

SIMULATIONS WITH MONTECARLO CODE SHOW THAT

(Prof. V. PATERA)

Towards HIGH 
ENERGY

Coordinator Prof. L. Palumbo
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PE6 : FLASH-LAB

Referente  Sapienza PNRR 
Prof. Vincenzo Patera

Project Coordinator
Prof. Luigi Palumbo

Treatment Plans VHEE
A. Sarti

RF Design : L. Giuliano 

LINAC VHEE-FLASH
M. Migliorati

RF prototype: A. Mostacci

Beam Dynamics : L. Giuliano 

Beam Delivery : A. Vannozzi 
(INFN) & A. Trigilio

Diagnostics : A. Mostacci 

Beam measur. : E. Chiadroni

Linac Parameters :  M. 
Migliorati & L. Giuliano

Linac Controls   :  A. Mostacci 

Magnets:  A. Vannozzi (INFN)

Online Beam Monitor : M. 
Marafini 

Dose engine: G. Traini & G. 
Franciosini

Optimization: A. Schiavi & A. 
Di Gregorio

Radioprotection: A. Di 
Gregorio & G. Franciosini, F. 

Perondi

Mech. machining: M. Magi 
WEB, Repository & Network   

M. Coppola

e-beam/dose character  L. Giuliano

SIT s.p.a.
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RF Design : L Faillace,  Alesini

RF prototype: Faillace, Alesini

Beam Dynamics :  L. Faillace

Diagnostics :  G. Franzini 

RF Linac Controls  :  S. Gallo 

Magnets: A. Vannozzi

LNF Collaboration

Beam  delivery : A. Vannozzi

C power test:  Cardelli/Pioli

G. Cuttone

P. Cirrone 

G. Torrisi (Pulse compresor)

LNS Collaboration

L. Ficcadenti

Facilities (off. Meccanica)

……….

Roma1 Collaboration

Controls: Piersanti

Brasatura:  Lollo, Di Raddo
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TOWARD VHEE LINACS 
FOR DEEP TUMORS : FUNDINGS 

INFN PROJECT 
2021

FRIDA

PNRR NATIONAL PROJECT 
2022

A compact C-band Linac for FLASH 

therapy: accelerator and dosimetry

study (2020)
- Commissione Scientifica Ateneo
- Sapienza medie attrezzature
- SBAI Contracts
- 260 kE

Basic VHEE Prototype
SAPIENZA 1.500 kE
SIT 230 KER&D RF Structure 120 kE

Pulse compressor 70 kE
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Description Proposed Value for 
New Linac #

E Beam Energy 60 - 130 MeV

f RF frequency 5.712 GHz

PRF Pulse repetition 
frequency

> 100 Hz

Pulse width 1 - 3 µs

Pulse Charge 200 - 600 nC

Pulse Current 200 mA

In-Pulse Dose-Rate >> 107 Gy/s

Electron Beam Parameters of the new VHEE-Linac

• Explore the FLASH effect both in the
fixed field and pencil beam case;

• Beam intensity modulation: Pulse-to-
pulse and intra-pulse;

Description Measured Value

E Beam Energy 7 MeV

f RF frequency 2.998 GHz

PRF Pulse repetition 
frequency

> 100 Hz

Pulse width 1 - 4 µs

Pulse Charge 500 nC

Pulse Current 125 mA

Dose in a single 
pulse

20 Gy*

In-Pulse Dose-Rate > 107 Gy/s

VHEE
LINAC

*∅ 3 cm applicator, homogeneous (95%) field size 
at 55 cm of the exit window
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SCHEME FOR 100 MeV Linac

Standing wave 
Injector 

Traveling wave  

Frequency 5.712 GHz

Beam Energy 65 - 100 
MeV

RF Repetition rate 100 Hz

Current 100 mA

C-band average 
accelerating 
gradient

45 MV/m

RF pulse duration 1.5 – 2.5 μs

In pulse dose rate > 106 Gy/s

Average dose rate > 100 Gy/s

Dose per pulse >> 1 GyTraveling wave  
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Asymmetric 
power splitter

Phase shifter
Attenuator

SW Injector

TW Structure

5.5 MW, 5 µs

Pulse compressor  17.5 MW, 1.6 μs

15 MW

- First step: funded with 
budget 1.7 MEuros

- Max energy, 24 MeV

LAB at Sapienza University for Low-energy FLASH

Courtesy of Prof. L. Palumbo
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Spherical Pulse compression

→ Fabrication is in-progress

Courtesy of G. Torrisi
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Electron source:

DC thermionic gun 

at 15 kV.

DESIGN AND PROTOTYPING OF SW injector
• Cavity type: standing wave, bi-periodic, on-axis coupling

cells

• Electromagnetic field: π/2 accelerating mode

•Nose - cone geometry: high electric field at the noses zone

• Bunching section for low-energy beam capture (> 45%)

• Beam energy up to ≈ 10 MeV and 100 mA beam peak

current

DC gun

Power in

Bunching section

Single cell parameters [mm]

D g L Rb Ro α

38.25 15.6 24.4 3 6 30°

10 MeV

100 mA

2023

Courtesy of L. Giuliano
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Mechanical drawing of the SW linac (SIT) 

prototyping on going

70 cm
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DESIGN AND PROTOTYPE  TW HIGH GRADIENT (2𝜋/3)
Single Cell design

Single cell RF parameters in mm

a b d R0 t r1/r2

5 21.03 17.5 6 3 1.25
Shunt impedance R = 95 MΩ/m
for r1/r2 = 1.25 and t=3 mm.

IRIS 
OPTIMIZATION

Courtesy of D. De Arcangelis
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Prototyping phase 1

Brazing alloy

Two pre-prototypes of 5-cells without couplers to test the brazing procedure, vacuum sealing and the in-house mechanical
design.

Main contributors: D. Alesini, R. Di Raddo, L. Faillace,
L. Giuliano, M. Magi, M. Migliorati

In house building of 
the accelerating 

cavities

Alignment 
Screws

Water 
channel
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Power  in

Power  out

Dual-feed different input and output 
RF power couplers

Single Cell design

a b d R0 t r1/r2

5 21.03 17.5 6 3 1.25

Asymmetric cell to facilitate in-
house mechanical processing.

Beam axis

Prototyping phase 2 Courtesy of L. Giuliano

3D Electric field on beam axis

On-axis E-field [a.u.]
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A prototype of 12 cells with couplers has been brazed @INFN LNF –FRASCATI oven to perform low-power RF tests.

In house building of the 
accelerating cavities

Structure in the 
INFN LNF –
brazed in 
FRASCATI oven

Prototyping phase 2

Main contributors: D. Alesini, 
R. Di Raddo, L. Faillace, L. 
Giuliano, M. Magi, M. 
Migliorati
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Measurement of electric field with  “bead-pull” @ Sapienza

RF cavity under test

Step- motor

Network 
Analyzer

PC

RF cavity 
under test

RF signal

1

23

4
1. A Radio Frequency (RF) signal is applied by the Network 
Analyzer (VNA)

2. A perturbing object (glue bead) is attached to a 
horizontal fish wire.

3. Using a step-by-step motor, the wire goes through     the 
structure and measures the electric field perturbations 
caused by the bead.

4. All the data are stored in a PC
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BeadPull measurements after tuning
• After tuning the structure presents a average phase advance is 120,38° , the petals are superimposed in the RF phase diagram

• The electric field presented still a stationary pattern: final coupler needed to be tuned

L. Giuliano,  F. Cardelli, D. Alesini, L.Faillace, L.Ficcadenti A. Mostacci

Tuning by deformation

Input coupler

Output coupler

tuners
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Prototyping phase 3 Courtesy of L. Giuliano
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Prototyping phase 3

To be tested with high RF power at INFN-LNF

Courtesy of L. Giuliano
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Prototyping phase 3

To be tested with high RF power at INFN-LNF

Courtesy of L. Giuliano
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Beam Dynamics for the SAFEST project (100MeV nominal case)
Energy gain and beam transport

Very low energy spread 
500 keV @ 100 MeV

T-Step code

Igun = 250 mA
Energy = 13 keV

(k
eV

)
energy spread 
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Beam Dynamics for the SAFEST project (100MeV nominal case)
Beam envelope

cm

c
m

deg
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• A proper evaluation of the radiation background induced by such machine has a crucial importance in order to put the 
realization effort on a solid ground;

RADIOPROTECTION STUDIES

1. The first step was to reproduce the geometry of 
the accelerator in FLUKA, both for the injector and 
the first accelerating section.

2. From the beam dynamics simulations, we 
extracted all the electrons exiting the beam pipe, 
which interact with the external material of the 
accelerator (copper), thus inducing a scattered 
flux.

3. We simulated and propagated the outgoing 
particles (and their respective interactions) using
FLUKA, and from these, we calculated dose and 
fluence.

electrons

Courtesy of A. De 
Gregorio

photons

Dose in air

2.886 10−6
𝐺𝑒𝑉

𝑔
/𝑝𝑟𝑖𝑚𝑎𝑟𝑦

Dose in air

𝟏𝟕𝟐𝒎𝑮𝒚

200 mA and

3 µs pulse

3.75 ∗ 1012

primary electrons

No confinement issues→ recipe for bunker design
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Conclusions and Future Work

Thanks for your attention!

• We are working on a VHEE linac for next generation FLASH with electrons in
the framework of the Sapienza-INFN collaboration: the SAFEST project;

• The new linac is based on C-Band System which is compact: large energy
range (60 – 130 MeV, 100 MeV Nominal) in small footprint to be installed at
Sapienza, including experimental hutches for dosimetry, radiobiology and
preclinics;

• Initial RF parameters analysis and design as well as Beam Dynamics
Simulations of the VHEE C-Band show promising results for trasport of high-
current electron beams (100 mA per RF pulse);

• Further BBU and Beam-loading analyses are in-progress;
• The C-band linac prototype was fabricated, brazing in-progess, soon to be

high-power tested at INFN-LNF.
• Bunker for low-energy accelerator Lab (24 MeV) for testing of basic VHEE

prototypes is being built (6m x 3m) at Sapienza University.
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