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INTRODUCTION 

The SARAF radio-frequency quadrupole (RFQ) is a crucial element in the SARAF proton/deuteron 

accelerator complex - it makes acceleration of high intensity ion beams possible. The RFQ electrodes 

(Figure 1) consist of 4 four-meter long rods, with adjacent rods at opposite polarity and diagonal rods at 

same polarity, with the polarity oscillating sinusoidally at 176 MHz, thereby providing the element with 

very strong transverse focusing capabilities. In addition, properly designed longitudinal modulations on the 

electrode surfaces enable both acceleration and longitudinal focusing, and thereby the ability to bunch the 

beam. Bunching is a necessary feature for continuation of the acceleration with the superconducting half-

wave resonators.  

 

Figure 1. Schematic drawing of RFQ rods (top), and longitudinal cut showing focusing and bunching of 

beam (bottom). 

     The SARAF RFQ was designed for CW proton and deuteron acceleration. Proton acceleration requires 

RF voltage of 32.5 kV, which translates to about 62 kW of power. Deuteron acceleration requires twice the 

RF voltage and therefore four times the power, or 250 kW. Unfortunately, continuous CW operation of the 

SARAF RFQ has been successfully achieved only at RF power of somewhat above 170 kW
(1)

. 

      We have embarked on the re-design of the RFQ rods’ modulation parameters for deuteron acceleration 

at lower voltages to enable CW deuteron operation. This redesign has been done and optimized with the 

General Particle Tracer (GPT) code
(2)

, including code for an RFQ element developed at Soreq using the 8-

term potential expansion for the electric fields
(3)

.  The re-design is based on the SARAF RFQ modulation 

parameters designed for 65 kV, scaled down to the desired operating voltage of 53.6 kV, which would 

require 170 kW for CW. At this RFQ voltage, the deuteron energy at the RFQ exit is reduced to 2.56 MeV 

whereas the original SARAF design was for deuteron exit energy of 3.0 MeV. An energy decrease at the 

RFQ exit comes at the cost of lower exit energy at the end of the superconducting accelerator and higher 

beam mismatch at the superconducting linac entrance and so higher beam loss.  

 

RFQ MODULATION AND 8-TERM POTENTIAL EXPANSION 

Figure 2 shows a schematic diagram of the RFQ modulation. The quantity  represent the length a particle 

travels in one RF cycle, where  the particle velocity in units of c and  the RF wavelength. The quantity ɑ 

is the minimum transverse radius, and the modulation factor m determines the strength of the longitudinal 

component (i.e. in z-direction) of the field. One RFQ cell is defined as /2, which must be continuously 

up-scaled to accommodate for the increase in velocity as a particle traverses the longitudinal electric field. 



At first, weak modulation with only very gradual increase allows the RFQ bunches to form adiabatically. 

Once bunches are formed, the appropriate increase in cell length determines also at which phase the bunch 

enters into the next RFQ cell. Thus a very careful design and precise machining of the rods is necessary to 

obtain clean bunching and acceleration for the desired outgoing beam characteristics. 

      For a realistic RFQ design and simulation, the 8-term potential expansion provides precise electric field 

distribution. The 8-term potential is given by equation 1, 

 

where the In are modified Bessel function of order n, and k=/2. We determine the 8-term coefficients by 

performing a least 
2
 fit for a constant potential on the modulated pole tips surfaces. Further details of this 

fitting procedure are discussed in reference 3. 

 

Figure 2 Schematic drawing of RFQ electrodes showing modulation and RFQ cells. Red contours represent 

field direction. 

 

PROCEDURE FOR DOWN_SCALING EXISTING SARAF RFQ 

       The consequences of scaling down the RFQ design from 65 kV to 53.6 kV are as follows. To keep the 

high beam transmission, the transverse focusing strength must be kept the same. In order to do this, the 

average rod separation, or r0, must be down-scaled according to the square root of the ratio of voltages, as is 

suggested by the leading term of the 8-term potential, or 

 

     The second consequence of scaling down the voltage involves the energy gain (and longitudinal focusing 

strength) after each cell, which scales as the voltage V.  Naively, one can think of modifying the increased 

cell length following each energy gain according to the ratio of voltages, as suggested by the second term in 

the potential expansion. Unfortunately, when changing the cell geometry, the 8-term coefficients change, 

and the phase of the beam entering the next cell is somewhat difference. For proper longitudinal 

development, even small changes in the desired phase can have a detrimental effect for the developing of 

bunches. Different scaling profiles for the longitudinal cell length development must be attempted, where 

for each try the 8-term coefficients must be re-calculated using the optimization procedure, before a reliable 

simulation can be attempted. Once optimum 8-term coefficients are found, terms for the radial matching 

section must be appropriately adjusted to maintain the radial matching between the incoming beam and the 

subsequent RFQ modulation. 

REDESIGNED RFQ MODULATION FOR CW DEUTERON ACCELERATION  
  We have successfully obtained RFQ modulation parameters that will allow for deuteron acceleration with 

pole tip voltage at 53.6 kV, using the scheme described above, including simulation with the 8-term 

potential expansion for the RFQ electric field. The optimal scaled-down RFQ, with voltage of 53.6 kV,  

provides a deuteron beam at outgoing energy of 2.56 MeV, with a transmission of 95% for a 0 mA beam, 

and transmission of 92% for a 5 mA, both for initial beam at norm_r.m.s.=0.20 -mm-mrad. 



Figure 1. Simulatins for existing SARAF RFQ and re-designed SARAF RFQ 

 Voltage for 

Deuterons 

Required 

Power (kW) 

Deuteron 

Energy (MeV) 

Transmission 

@ 5 mA 

Existing SARAF RFQ 65 kV 250 1.5 87 % 

Redesigned SARAF RFQ 53.6 kV 170 1.256 92 % 

      Figure 4 shows the longitudinal phase space plot for the deuteron beam at the exit of the redesigned 

RFQ for simulation containing 10
5
 macro-particles at 5 mA. In the process of obtaining this optimization, 

great care was made to keep the E of the emerging beam as small as possible so as to minimize the 

longitudinal drift in the MEBT. 

 

Figure 4. Redesigned RFQ at 53 kV – Longitudinal phase space at RFQ exit 

 

ACCELERATING DEUTERONS FROM REDESIGNED RFQ THROUGH OLD SARAF LINAC  

The old design of the SARAF LINAC is flawed in several aspects. There is no buncher in the MEBT 

section, therefore severe longitudinal focusing is required which puts a strain on the first few HWR cavities. 

A second flaw is the mismatch between the RFQ emerging beam at ~0.052 and the first set of HWRs 

optimized for =0.09. This is especially severe for a RFQ beam at the lower outgoing energy of 2.56 MeV. 

    Nevertheless, to demonstrate the robustness of the redesigned RFQ concept, a tune of the old SARAF 

LINAC was made with the beam from the redesigned RFQ. The results for 10
5
 deuterons at 5 mA include 

longitudinal and transverse r.m.s. emittance growth of less than 5 %, with no lost particles, and acceleration 

up to 42.2 MeV for an initial beam with transverse r.m.s. emittance of norm=0.20 -mm-mrad.  



 

Figure 5.Tune of old SARAF linac for 10
5
 deuterons emerging  redesigned RFQ  

a) energy development, b) transverse envelope, c) transverse rms emittance  

d) longitudinal rms emittance, and e) 100% longitudinal emittance 
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