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1) RF – RF accelerator – RFQ

Reference documents:

M. Weiss, “Radio-Frequency Quadrupole”, CERN Accelerator 

School, Aarhus, p. 196 (1986).

A. Lombardi, “Radio Frequency Quadrupole”, CERN Accelerator 

School, Zeegse, (2005).

A. Lombardi et al., “Beam Dynamics in a High Frequency RFQ”, 

IPAC15, Newport News, (2015).

M. Vretenar, “Introduction to RF Linear Accelerators”, CERN 

Accelerator School, Frascati, (2008).

M. Vretenar, “Low-Beta Structures”, CERN Accelerator School, 

Ebeltoft, (2010).

F. Gerigk, “Cavity Types”, CERN Accelerator School, Ebeltoft, 

(2010).

M. Weiss†

A. Lombardi

M. Vretenar

F. Gerigk

+ A. Grudiev, E. Montesinos, C. Rossi, M. Timmins, ….
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1) RF – RF accelerator – RFQ

1.1: Electromagnetic waves in a free space:

Frequency (Hz)

Gamma Rays

X-Rays

Infra-red

Micro-wave

Radio-wave
Accelerators
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1) RF – RF accelerator – RFQ

1.1: Electromagnetic waves in a free space:

● In a free space: the electromagnetic waves are TEM (Transverse Electric and Magnetic fields) 

E


B


kz



ω=2π f  where f is the frequency (ω is often called frequency as well)

𝑘𝑧 =
𝜔

𝑣𝑝
is the wave number or propagation constant.

vp is the phase velocity

Real wave = wave group

𝑣𝑝 =
𝜔1 + 𝜔2

𝑘1 + 𝑘2

𝑣𝑔 =
𝜔1−𝜔2

𝑘1−𝑘2
=

𝑑𝜔

𝑑𝑘

vg is the group velocity 𝑘𝑧

𝜔

𝜔 = 𝑘𝑧 c

Dispersion curve

In vacuum and free space, vp = c 
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1) RF – RF accelerator – RFQ

1.2: Electromagnetic waves in a tube:

𝑘𝑧

𝜔

𝜔 = 𝑘𝑧 c

Dispersion curve

For a uniform waveguide

(Infinite tube)

● In a tube: we have modes with E // kz (Transverse Magnetic, TM) or B // kz (Transverse Electric, TE) 
   

𝜔𝑐

𝑣𝑝 =
𝜔

𝑘𝑧
> c

𝜔𝑐 is a cut−off frequency (𝜆𝑐 = 2.61𝑎 𝑓𝑜𝑟 𝑎 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟)

Can be used for the acceleration of the particles (ions)

But: 

A particle traveling in the tube must be at a speed

𝑣 = 𝑣𝑝 > c to see a constant accelerating E field !!!
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𝜔2 = 𝑘2𝑐2 + 𝜔𝑐
2

𝑡𝑔 𝛼 =
𝜔

𝑘𝑧
= 𝑣𝑝



● In a “loaded” cavity: we have modes with vph < c : E can be used for the acceleration of ions. 

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1) RF – RF accelerator – RFQ

1.3: Electromagnetic waves in a periodic structure:

𝑘𝑧

𝜔

Dispersion curve

For an infinite periodic structure

𝜋

𝐷

2𝜋

𝐷

3𝜋

𝐷
0

−𝜋

𝐷

−2𝜋

𝐷

−3𝜋

𝐷

𝐹𝑜𝑟 𝑘𝑧 =
2𝜋

𝐷
=

𝜔

𝑣𝑝
=
2𝜋𝑓

𝑣𝑝
𝑤𝑖𝑡ℎ 𝑐 = 𝜆𝑓

2𝜋

𝐷
=
2𝜋𝑐

𝜆𝑣𝑝

𝐷 =
𝜆𝑣𝑝
𝑐

= β𝜆
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● In a finite cavity: the longitudinal wave number is restricted to discrete values (modes) required to satisfy the boundary conditions. 
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1) RF – RF accelerator – RFQ

1.4: Electromagnetic waves in a finite structure:

The DTL (Drift Tube Linac) is an example of “Mode 0” TM cavity

DTL Linac 1 

(CERN, 1958)

202 MHz, for protons 

up to 50 MeV

Note: In an RF accelerator, the particle beam is bunched!

𝑘𝑧 =
2𝜋

𝐷

𝐷 = β𝜆

𝑘𝑧 =
𝜋

𝐷

𝐷 = β
𝜆

2

𝑘𝑧 =
𝜋

2𝐷

𝐷 = β
𝜆

4
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Linac4 DTL

M. Vretenar – CAS 2008
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1) RF – RF accelerator – RFQ

1.5: The use of Transverse Electric Mode (TE)

Quadrupolar mode

E


B


+
𝑉

2

−
𝑉

2

+
𝑉

2

−
𝑉

2

With Electrodes (Vanes)

 RF Field produces alternating gradient focusing

(Electric Quadrupole)
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1) RF – RF accelerator – RFQ

1.6: Electromagnetic wave in an RFQ (Radio Frequency Quadrupole)

Perturbation (Modulation*) of the Electrodes (Vanes) produces a longitudinal electric field for 

the acceleration of the ions.

T. P. Wangler (2011)

RFQ Performances:

- The RF field allows the Focusing, Bunching and Acceleration

- Is the only linear accelerator accepting a low energy 

continuous beam

- Acceleration up to 5 - 10 MeV for protons
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1) RF – RF accelerator – RFQ

1.7: Synchronism between the modulation and the velocity of the particle in an RFQ

2
.6

cm

4
.1

 c
m

Views of the high energy side of the vane for two RFQ’s at same 

frequency, same ion but different end-energy. 
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1) RF – RF accelerator – RFQ

1.8: RFQ gallery 4-Vanes RFQ’s: Higher frequency, higher duty cycle (or CW), light ions

IPHI (2005) TRASCO (2003) IFMIF (2010) Linac4 (2010) HF-RFQ (2016) PIXE-RFQ (2019)

4-Rods RFQ’s: lower frequency, lower duty cycle, heavy ions

Frankfurt (1988)Frankfurt (1981) INFN, Legnaro (2002) ISIS (UK) (2004)
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2) RFQ Construction (4-Vane)

2.1:  Principle

Four vanes: top and bottom major vanes, 

left and right minor vanes.
 Machining of the four vanes

 Assembly by vacuum brazing

 Flat surfaces for the brazing planes, 

between the minors and major vanes

 Brazing in two steps:

- Horizontal for the vanes

- Vertical for the flanges

MME CAS 2020 – RFQ – S. Mathot
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2) RFQ Construction

2.1:  Principle

Since Linac4 and HF-RFQ:

 Brazing surfaces “between” edges of the cavity!

 “2D” machining for the cavity!

MME CAS 2020 – RFQ – S. Mathot
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2) RFQ Construction

2.1:  Principle

(Without edges)
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2) RFQ Construction

2.2:  Material

1) Copper:

Cu OFE Dia. 150 mm, multi-way forged + hammer 

hardened – SCEM 44.09.47.610.0

2) Stainless Steel:

Forged blanks – 1.4429 (316LN) – UHV applications -

SCEM 18.60.19.202.6

MME CAS 2020 – RFQ – S. Mathot
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2) RFQ Construction

2.3:  Procedure

MME CAS 2020 – RFQ – S. Mathot

The machining procedure is governed by the presence of a high temperature thermal cycle for the brazing.

The thermal cycle releases the internal stresses of the material and thus the presence of internal stresses leads to deformation.

The machining itself produces internal stresses.

 One stabilization before machining is not sufficient.

 It is necessary to alternate machining and heat treatments.

Demonstration with a major vane:

(IPHI project - 2007) Brazing plane Brazing plane
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2) RFQ Construction

2.3:  Procedure

MME CAS 2020 – RFQ – S. Mathot

Geometry of the brazing planes after machining.

Dimensions are in mm. The flatness is better than 10 µm 

over one meter.

(Note: This major vane has been rough machined and 

heat treated at 600 °C before final machining)

-0.015

0

0.015

Beam Axis

0

965

292

Z

50
242

5

X

-0.02

0.06

0.04

0.02

0

-0.04

Beam axis

965

5 0

50

292

X

Z

242

Geometry after a heat treatment at 800 °C.

The deformation is more than 80 µm, not acceptable for 

vacuum brazing! (≈ 20 µm)
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2) RFQ Construction

2.3:  Procedure
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Additional tests of a LINAC4 major vane:

After final machining: 28 µm

After first heat treatment at 800 °C : 65 µm

After second heat treatment at 800 °C : 60 µm

After re-machining of the brazing planes : 15 µm

After a new treatment at 800 °C : 28 µm

Flatness measured for the brazing surface :

A stabilisation even at 600 °C is not sufficient before the

final machining of the piece.

The last stabilisation should be at the brazing temperature

(800 °C) and the following finishing machining should be

as limited as possible to avoid the creation of residual stress.
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2) RFQ Construction

2.3:  Procedure
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2) RFQ Construction

2.4:  Tolerances

MME CAS 2020 – RFQ – S. Mathot

HF-RFQ

750 MHz 

Vane shape ± 5 µm

Vane relative position ± 15 µm

Cavity shape ± 20 µm

Displacement max (X-Y) ± 50 µm

Displacement max. (Z) ± 50 µm

Gap between modules ± 10 µm

Linac4 RFQ

350 MHz 

± 10 µm

± 30 µm

± 20 µm

± 25 µm

± 20 µm

± 15 µm
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2) RFQ Construction

2.5:  Toolings

MME CAS 2020 – RFQ – S. Mathot

Diamond tool



2) RFQ Construction

2.6:  Metrology
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Metrology of the vane modulation is used to determine 

the “optimum beam axis” of the vane, where the errors 

for the modulation are minimum.

All other points of the vane are measured relative to this 

beam axis. 



2) RFQ Construction

2.7:  Module alignment before brazing

MME CAS 2020 – RFQ – S. Mathot

- Reference points measured outside the 

cavity on the vanes after finishing are used 

to align the module.

- The optimized beam axis for each vane 

must be on a same line!



2) RFQ Construction

2.8:  Module machining before the first brazing

MME CAS 2020 – RFQ – S. Mathot



2) RFQ Construction

2.9:  First brazing
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Copper surface treatment: Chemical etching – Cr passivation

Brazing surface preparation

Brazing alloy: Pd5Ag68.5Cu26.5 (PD1V following BS 1845; PD106 following EN 

1044), solidus 807°C, liquidus 810°C

(Grooves on one side for

the minor vanes and on

the brazing surface of the

top major vane)



2) RFQ Construction

2.9:  First brazing
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Assembly and alignment:



2) RFQ Construction

2.9:  First brazing
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Brazing fixtures



2) RFQ Construction

2.9:  First brazing

MME CAS 2020 – RFQ – S. Mathot



2) RFQ Construction

2.10:  Metrology after first brazing
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2) RFQ Construction

2.11:  Re-machining and second brazing
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2) RFQ Construction

2.12:  Final machining and module assembly
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3) RFQ Applications

3.1: High energy physic – The RFQ as an injector
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CERN Cockcroft-Walton (1976-1993)

The RFQ is a single cavity able to Accelerate, Focus and Bunch an ion beam.

Ion sources produce a beam with a few tens of keV in energy. The acceleration up to

a few MeV, where the beam is then accelerated with an RF cavity (DTL for example)

is one of the most complicate part of a high energy, high intensity accelerator.

Before the RFQ, the solution was to increase as much as possible the end energy of

the source, for example with an electrostatic accelerator (750 keV – 130 mA

Cockcroft Walton at CERN up to 1993). But the buncher cavities needed after have

an efficiency of 50 to 65 %.

The RFQ, which is the sole RF accelerating cavity that we can connect directly after

the ion source, can have an efficiency of more that 95% ....

With the RFQ, the high energy accelerators have been able to profit of the high 

intensity ion sources.

CERN Linac2 RFQ (1993-2018)



3) RFQ Applications
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3.2: Medium energy accelerator – The RFQ as an injector

The RFQ: A compact injector for Linac

used for hadrontherapy



3) RFQ Applications
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3.2: Low energy accelerator – The RFQ alone!

3.2.1 Isotope production

Isotopes for PET scan:

2 RFQs
Input energy = 40 KeV
Total Length = 4.0 m
Output Energy = 10 MeV 
Frequency 750 MHz
Average current = 20 mA
Peak current = 500 mA
Duty cycle = 4 %
Peak RF power < 800 kW
Total weight (RFQ): 500 kg
Mains power < 65 kW
Cooling ~ 100 l/min 

 No radiation around accelerator 
and target, no casemate!

 Easy operation (one button 
machine).

 High reliability 

 Minimum footprint (15 m2)

Advantages vs cyclotron:



3) RFQ Applications
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3.2: Low energy accelerator – The RFQ alone!

3.2.2 Material analysis … with a transportable accelerator

MeV proton beams are commonly used for the analysis of

materials using the PIXE technic.

G. Deconninck, “Introduction to radioanalytical physics”, LARN (BE) (1978)

p+

Si
RX [E = 1.74 keV]

P. A. Mandò (2000)



PIXE examples
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AGLAE – external  3  MeV proton  beam

L. Giuntini – ECAART 14th



PIXE examples
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Questions: 

1. Tongguan origin?

2. Tang period?

3. Co-blue?

Answers:

1. Tongguan area

2. Tang period

3. No Co-blue: Cu-blue!

Jyväskylä - 3 MeV proton PIXE 
bowl from 

Tang Dynasty L. Giuntini – ECAART 14th



The PIXE-RFQ / MACHINA project
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Proton source

RFQ modules

RF source

Movable support

Window for the
beam extraction

X-Ray & g-Ray
detectors

RF Frequency (MHz) 750

Length (mm) 1000

Input Energy (MeV) 0.02

Output Energy (MeV) 2

Average Current (nA) 100

Peak Current (µA) 1

Repetion Rate (Hz) 200

Pulse Duration (µs) 500

Duty Cycle (%) 10

Vane Voltage (kV) 35 HF-RFQ

Min Aperture (mm) 0.7 0.929

Max Modulation 2 2.848

Ro (mm) 1.4 2.000

Rho (mm) 1.4 1.504

Rhol (mm) 1.7 1.862

Transmission (%) 30

(for matched beam)

Output Beam Size (mm) ± 0.1

Acceptance (π mrad mm) 0.15

(Total norm.)

Output Energy Spread (keV) 10

RF Peak Power (kW) 50

RF Efficiency (%) 35

Coupleur number (#) 1

Plug Power  (Total) (KVA) 14.3

Plug Number (#) 2

Power per Plug (kVA) 7.1

Tranportable PIXE-RFQ
   Main Parameters @ 2 MeV
Main parameters for the HF-RFQ

PIXE-RFQ construction accepted in March 2017

MACHINA (Movable Accelerator for Cultural Heritage In-situ Non destructive 

Analysis) kick-off meeting – Opificio delle Pietre Dure – Florence – April 2018

MACHINA (Decembre 2020)



3) RFQ Applications
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3.2: Low energy accelerator – The RFQ alone!

3.2.3 Accelerator for education

The ELISA project @ Science Gateway

The PIXE-RFQ designed at CERN is a very safe accelerator:

- Source HV limited at 20 keV : No X-Ray, reduced protection

- Vane voltage limited at 35 kV: No X-ray out of the cavity

- Final energy limited at 2 MeV : No neutron

 < 2.17 MeV, Eth
65Cu(p,n)65Zn

- Vane voltage limited at 35 kV: No X-ray out of the cavity

- Beam dynamics ensuring no lost particle at high energy

 No radiation

March 2019, proposition for the construction at

CERN of a new PIXE-RFQ, which will produce a

proton beam of 2 MeV which will be extracted in

air.

This accelerator will be installed for a permanent

exhibition at Science Gateway. For the first time

in the world, the public will be able to approach at

a few tens of centimetres, without barrier, and see

with their eyes a beam of particles entering the

atmosphere.

 Accepted in January 2020 and currently under

construction!
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What we want to show:

2 MeV - 200 nA continuous in air 

(Distance 75 mm)

2 MeV - 30 nA continuous in Helium 

(Distance 385 mm)

A compact proton accelerator for Science Gateway

2 MeV - 30 nA continuous in air (Distance 75 mm)
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Experiments with the beam:

Observation of the Bragg peak: The beam is more visible at the end of

the trajectory. This explains the advantages of the hadrontherapy!

Different colours with 

different gas: as 

observed in the stars 

…

Air (Nitrogen)

Argon

Helium

Effects of gas / pressure / density
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Experiments with the beam:

Effects of absorbers / materials

Effects of electric fields

Effects of magnetic fields (Quadrupole ,…

Fluorescent 

screen

Quadrupole

Beam without quadrupole Beam with quadrupole

Beam

Open glass tube with 

Helium flow

High voltage plates

-

+

Beam

Glass tube (≈ 20 cm) in vacuum
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“Surface Analysis” is on the name of ELISA …

The ELISA accelerator is the exact copy of the

MACHINA accelerator.

We will set up some detectors to perform live

analysis for public demonstrations and also for

scientific collaborations.

Madonna dei Fusi, Leonardo da Vinci, 

courtesy OPD, Florence

Aerosols, courtesy 

LABEC, Florence

Ink, courtesy LABEC, 

Florence

Liquid. courtesy 

LARN, Namur

Jewellery, courtesy 

AGLAE, Paris
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The RFQ’s

Conclusions

The RFQ’s are fantastic accelerating cavities. They are the sole RF accelerators than we can

connect directly after an ions source. With the capability of focusing, accelerating and

bunching, these cavities have open the doors of high intensity RF accelerators.

The construction is however challenging. Vacuum brazing is often the critical step in the

manufacturing process. At CERN, we have developed a procedure alternating machining and

heat treatments to minimize the deformations during brazing.

This development was only possible thanks to open discussions between RF & beam dynamics

design and construction and this from the beginning of the project.

With the recent development of a high frequency RFQ at CERN, compact ion accelerators can

be designed for a large variety of applications.
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