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Abstract 

Linear accelerator capabilities are improved steadily to fulfill the demands on driver beams 
for new beam facilities. At high beam energies above 200 AMeV and towards β → 1, well-
established concepts exist for both room temperature (r.t.) and superconducting (s.c.) linacs, 
while for low and medium beam energies many different solutions have been developed 
and realised to meet specifications for individual cases. However, there is still no low - and 
medium - energy standard concept for “long” linacs. This paper mentions a main limitation 
of present technology, namely field emission already at modest surface fields and, as a 
result, limited acceleration rate. Moreover, current cavity developments and trends are 
discussed. 

 

Introduction 

Proton beam currents up to 100 mA and at duty factors up to cw operation have been 
demonstrated successfully at low-energy test stands – up to a few MeV beam energy [1]. 
At present, the most powerful linac in routine operation is the spallation neutron source 
SNS in Oak Ridge, Tennessee. It accelerates negatively charged hydrogen ions H– to beam 
energies around 940 MeV approaching the 1 MW level of averaged beam power at pulse 
lengths around 1 ms and beam currents around 30 mA. One main limitation in beam loss 
reduction is the intra – beam scattering of ions where the weakly bound additional 
electron is easily lost followed by particle loss and activation of the accelerator 
equipment [2]. Upgrades to 3 MW beam power levels seem feasible. There is the 590 MeV 
sector cyclotrons at the Paul Scherrer Institute PSI, Villigen, Suisse, which holds the beam 
power record with a 1.4 MW beam, 2.4 mA, cw operation [3]. This case shows some 
potential for an upgrade in beam power. 

The 6 MW European Spallation Source ESS has been under investigation for many 
years and will be realised in the forthcoming years in Lund, Sweden. This facility will be 
driven by a 2.5 GeV proton beam. The layout of the proposed linac is shown in Figure 1. 
An averaged voltage gain of 7 MV/m along the linac results in a total length of 357 m. This 
relatively high averaged value is due to the most efficient high beta section. 

Figure 1. Layout scheme of the 2.5 GeV driver linac for ESS [4] 
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Acceleration by linacs starts with an electrostatic beam extraction from ion sources 
followed by a main acceleration along RF cavities. While at low beam energies the voltage 
gain is typically at the 1 MV/m level, it is seriously increased at the high energy end. 
Another parameter to increase the voltage gain is a reduced duty factor; this is true for 
room temperature as well as for superconducting structures. 

Transverse beam focusing along linacs is provided by magnetic quadrupoles. Only at 
low-energy sections are magnetic solenoid focusing and electrostatic focusing used 
alternatively. The quadrupole focusing lattice along the linac is FODO along Alvarez – 
type DTL’s and doublet or triplet channels with magnet free drift tube sections between 
lenses in most other cases. It has been demonstrated in many cases that the separated 
function linacs mentioned last achieve considerably higher effective acceleration fields. 

One severe disadvantage of linacs is the great extension along the beam axis, which 
often causes problems during the acquisition of a suited building site. 

Another important issue is the RF amplifier costs. Linacs offer the fastest acceleration 
but with the disadvantage that every gap voltage is exploited only once per beam particle. 

This article presents the following topics:  

• higher acceleration fields; 

• accelerator cavities; 

• linac front end concepts; 

Field emission 

A typical behaviour of cavities is an increase in cavity power losses over-proportionally to 
the square of the voltage amplitude beyond a certain field level. This effect is due to 
“field emission” between cavity surface spots. There is a great variety of effects in detail, 
differing also between r.t. and s.c. cavities [5]. The local field emission current density is 
predicted by the Fowler –Nordheim equation: 

Figure 2. Fowler-Nordheim equation and sketch of the effective surface potential 

 

d [ln (IF/E2.5)/d (1/E)=-k/β; 

IF= outflow channel  E=inflow channel; 

K=f (Φ), field emission current;  

β=electric field; 

EF=β ⋅ E; 

E=Esurf material dependent  
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In this case, IF is the current from an added sum of cavity surfaces exposed to the 
maximum surface field E. The enhancement factor β indicates by which factor the 
calculated field at a given cavity operation level has to be increased to explain the 
measured field emission current. In experiments β is derived from data points in the so-
called Fowler-Nordheim plot, which allows directly evaluating the value 1/β. Figures 3 
and 4 show some results from measurements at r.t. and s.c. H – type cavities. It should be 
noted that β typically varies in the range from 100 to several hundred. There should still 
be a potential for improvements with respect to effective voltage gains. 

Figure 3. The 19 gap, 359 MHz s.c.CH – cavity, quality factor Q over acceleration field (left), 
Fowler-Nordheim – plots after two separate BCP treatments (centre), and 3D – sketch of the 

cavity (right) 

 

Figure 4. Results from measurements on the r.t. CERN Linac3 IH2-cavity at field gain levels up 
to 10.7 MV/m and at peak surface field levels up to 54 MV/m /6/: dark current dependence at 

field level, Fowler – Nordheim-Plot, photo from the 1.5 m long IH2 cavity 

   

The Kilpatrick criterium gives additional orientation for the layout of cavity 
parameters: It predicts a maximum for the surface fields at a given RF frequency before 
sparking occurs: 

 

 

Table 1 predicts the maximum surface field levels from the Kilpatrick – criterium at 
RF frequencies: 
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A comparison with experiments shows that this criterion for frequencies below  
300 MHz is too pessimistic while it is too optimistic for frequencies above 10 GHz. 

Many studies about surface treatment and about sparking limits have been performed 
during the last decades but there is still no breakthrough towards surface preparation 
techniques resulting in field enhancement factors β closer to one. 

However, progress was achieved with respect to maximum operable field levels in 
superconducting cavities. In that case, the critical magnetic field level sets another 
barrier, and this limit has been nearly achieved in the case of superconducting bulk 
niobium elliptical cavities for a relativistic β=1. They reach 40 MV/m voltage gain.  

Figures 5 and 6 show results from prototyping work on superconducting cavities for 
lower beam velocity [7] [8]. 

Figure 5. Single spoke cavity development: performance of the 352 MHz, β = 0.35 cavity from IPN 
Orsay (top left) and of the 350 MHz, β = 0.175 cavity at LANL, Los Alamos (top right), from [7] 

  

     

Below from left to right: First single spoke (LANL, 1991), 350 MHz (LANL), 352 MHz (IPN 
Orsay). 

Figure 6. Quarter wave resonator development for FRIB and  
achieved performance, 80.5 MHz, β= 0.08 [8] 
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Effective voltage gain 

Room temperature structures at low beam energies improved a lot with respect to 
acceleration gradients after applying multi-cell H-type structures. One example is shown 
in Figure 7. This 217 MHz IH – type cavity follows the “Combined Zero Degree Beam 
dynamics” KONUS and is in use at medical facilities for cancer treatment by carbon 
beams in several places now [9]. The effective shunt impedance is as high as 125 MΩ/m, 
resulting in 830 kW thermal losses.  

Figure 7. 19.8 MV, 217 MHz IH-cavity accelerating C4+ ions from 400 AkeV to 7 AMeV  
within an outer tank length of 3.8 m  

 

It contains 3 quadrupole triplet lenses for transverse focusing. 

In a next step, a CH – cavity is under development at IAP [10] to reach even higher 
acceleration fields (see Figure 8 and Table 2). This stainless steel cavity will be operated at 
325 MHz, there will be tests on two different galvanic copperplating techniques (shining 
against mat surface). The geometry was optimised for a high shunt impedance and at the 
same time for maximum local field maxima below 100 MV/m. 

Figure 8. High-field test cavity, 325 MHz 

 

  



NEA/NSC/DOC(2015)7 

334 TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015 

Table 2. The main CH – cavity parameters for the high – field prototype cavity 

Number of gaps 7 

Frequency (MHz) 325.2 

Voltage gain (MV) 6 

Eff. Accel. length (mm) 529.6 

Eff. Accel. field (MV/m) 11.2 

 

Power loss (MW) 1.58 

Q0 – value 13500 

Effective shunt impedance (M
Ω/m) 57.3 

Beam aperture (mm) 27 

 

Maximum electric field levels appear locally on the drift tubes at a radius of 19.43 mm. 
Maximum field spots are up to 97 MV at the envisaged amplitude level. Figure 9 shows 
the electric and magnetic field distributions, respectively. 

Figure 9. Electric (left) and magnetic field levels in the cross-sectional area 

         

 

A first CH – type proton linac is under development for the FAIR Facility at GSI 
Darmstadt [11]. It will provide 70 MeV protons at beam currents up to 70 mA for 
synchrotron injection. The CH – section has a length of only about 20 m. 
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Figure 10. Electric field levels along the beam axis (path 1)  
and along the aperture radius (path 2) (upper left), indication of a path on the drift tube 

surfaces, containing the maximum field spot (upper right) and showing a variation along Φ 
with two maxima at 0 (lower left) and at 180 deg (lower right) 

 

               

         

Amplifier technology 

Solid state amplifiers have been increased rapidly, their maximum RF power levels at 
frequencies being attractive for ion acceleration. At the same time the investment costs 
per watt are sinking. This trend might influence future accelerators in such a way that 
room temperature structures could become attractive again in some large linac projects, 
where pulsed beam operation is acceptable and pulsed beam current levels can be 
handled [12]. 

Transverse focusing 

After reaching a certain beam energy the transverse beam focusing is achieved by 
quadrupole doublets or quadrupole triplets located in intertank sections between cavities. 
At lower beam energies several techniques are applied: at superconducting linacs 
superconducting solenoids can be integrated into a long cryostat containing cavities and 
lenses. This technique was applied successfully at ATLAS, ANL, Argonne for the first time, 
and later at the TRIUMF- ISAC Facility. At ALPI, INFN, Legnaro and at SPIRAL2, GANIL, 
Caen (under construction) room temperature quadrupole doublets between s.c. cavities 
provide the transverse focusing. In the latter case, an easy control of the transverse lens 
position is guaranteed, while lens integration into the cryostat reduces the drift between 
cavities, providing better longitudinal beam acceptance. 

At Alvarez – type DTL’s every drift tube is equipped with a magnetic quadrupole. 
Recently, also permanent magnetic quadrupoles are used to save in transverse space and 
by that reducing the outer drift tube diameter. This technique was used at the SNS DTL 
front end and will now be applied at the CERN Linac 4 and probably at the ESS Alvarez – 
type DTL section in Lund, Sweden. 
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In IH – type linacs quadrupole triplet lenses are integrated between slim drift tubes 
for acceleration at the low energy end to minimise the drift between neighboured 
acceleration sections. Moreover, this technique allows matching the RF power 
requirement of the first cavity to the available amplifier power class, reducing 
investment costs for traditional tube-driven amplifier systems. The following lenses are 
mounted on the intertank sections between the cavities. 

RFQ development 

The RF ion linac begins with an RFQ, providing a high acceptance for low energetic beams 
– down to several 10 keV for protons and down to several AkeV for heavy ions (the ion 
source needs only electrostatic voltages on the 30 kV to 100 kV level typically). The RFQ 
forms the bunch structure and accelerates the beam to energies of some 100 AkeV for 
heavy ions and to some MeV for protons. For 30 years, RFQs have been used in most ion 
beam facilities as the first element of the RF linac. 

Two types of RFQ resonators are in use – the 4 Vane Cavity and the 4-Rod- type 
resonator (see Figure 11). For proton acceleration, at frequencies around and beyond  
300 MHz the 4 – Vane cavity is mostly used. For ion acceleration, at frequencies up to  
220 MHz 4-Rod-RFQs are commonly chosen. 

Studies about 4-Rod RFQs for higher frequencies have not been successful so far. At 
IAP, a new attempt was made to develop a 325 MHz RFQ of the 4 –Rod type, namely the 
“ladder – RFQ”. This geometry should allow achieving reasonable transverse dimensions 
at high frequencies [13]. Figure 11 shows the design concept. 

Figure 11. 402.5 MHz SNS 4-Vane RFQ (left), 176 MHz 4-Rod-RFQ  
and 325 MHz ladder type 4-Rod RFQ (right) 

            

MYRRHA front-end design 

The ADS project MYRRHA in Mol, Belgium needs a very safe linac layout with very 
restricted rules for beam delivery failures [14]. To secure these needs, the front end is 
doubled up to energies of 17 MeV. Both lines will be in operation and only one will deliver 
beams to the main linac. If a fault occurs in this line the second one can immediately 
overtake the duty. Both lines have to achieve as much independence from each other as 
possible with respect to supplying systems. Figure 12 shows two versions discussed for 
the front end: one is operated at 352 MHz, the main linac frequency, the other one uses 
176 MHz. A warm section is followed by a superconducting CH – section in both cases. 
The subharmonic frequency is feasible at the relatively low beam current foreseen at this 
facility. It allows a classical 4-Rod RFQ design and a low transition energy to the more 
efficient DTL – section.  



NEA/NSC/DOC(2015)7 

TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015 337 

Figure 12. Conceptual design options for the MYRRHA front end  

 

Focusing is provided by quadrupole triplets along the room temperature section and afterwards by superconducting 
solenoids, integrated in the cryostat. 
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