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Abstract: 

Florida State University's John D. Fox Superconducting Accelerator Laboratory is operating a 

Tandem-LINAC system for heavy ion beams at energies of 5-10 MeV/u. Recently, the 

accelerator has been used as the driver for the radioactive beam facility RESOLUT, which poses 

new demands on its high-intensity performance and time-resolution. These demands motivated 

us to optimize the RF bunching system and to switch the bunch frequency from 48.5 to 

12.125MHz. We installed a four-harmonic resonant transformer to create 3-4 kV potential 

oscillations across a pair of wire-mesh grids. This setup is modulating the energy of the beam 

injected into the tandem accelerator, with the aim to create short bunches of beam particles. A 

sawtooth-like wave-form is created using the Fourier series method, by combining the basis 

sinusoidal wave of 12.125MHz and its 3 higher order harmonics, in a manner similar to the 

systems used at ATLAS [1] and other RF-accelerators. A new aspect of our setup is the use of a 

digital 1GHz function generator, which allows us to optimize and stabilize the synthesized 

waveform. The control system was realized using Labview [2] and integrated into the recently 

updated controls of the accelerator. We characterize the bunching quality achieved and discuss 

the optimization of the bunching wave-form. The bunching system has been successfully used in 

a number of LINAC-experiments performed during 2011 and 2012. 
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Figure 1: John D. Fox Linear Accelerator Laboratory at FSU [3] 

Introduction 

 

I. John D. Fox Accelerator Laboratory 

 

The RESOLUT facility at The John D. Fox Linear Accelerator Laboratory re-creates and 

investigates nuclear reactions as they occur in astrophysical phenomena. The FSU lab runs a 

9MV tandem Van De Graaff accelerator with a superconducting LINAC booster. (For the 

following discussion, see also Figure 5). The beam begins at a sputter ion source, where 

negatively charged ions of the desired beam type are created. The ions are initially accelerated 

using a 120kV pre-accelerator. They then enter the pre-tandem buncher. Here, the particle’s 

energy will be modulated, such that, as they proceed towards the tandem, the particles pile up 

into “bunches”. Once the beam enters the Tandem it is further accelerated due to the +9MV 

center terminal. The beam goes through a thin carbon foil, called the stripper foil where the ions 



are stripped of some of their electrons giving them an overall positive charge. They are then re-

accelerated by the positively charged terminal. After exiting the tandem the beam then goes 

through periodic vertical deflecting fields contained in the chopper. Here, particles not included 

in the bunch timing window will be discarded decreasing noise between the bunches. The beam 

then goes through a 90 degree analyzing magnet, where a unique momentum over charge ratio is 

selected. Before entering the LINAC the particles are bunched to higher time-resolution using 

the so-called superbuncher, a superconducting resonator. Unlike the tandem the beam must be 

bunched in order to be accelerated through the LINAC. Superconducting resonators switch 

polarity at 97MHz, which accelerates incoming particles by being of opposite polarity when the 

bunches arrive. As they pass through the center of the resonator the polarity switches repelling 

the bunch. This can be seen in Figure 2. This process is repeated with all 12 resonators, four to 

each cryostat. Once the beam exits the LINAC it is rebunched again using the rebuncher before 

entering one of the target areas.  

 

Figure 2: Illustration of LINAC acceleration process [3] 

It is much easier to modulate the beam before the tandem acceleration due to the low 

energy of the beam particles. This increases interest in the pre-tandem buncher when looking to 

improve the beam bunch density. The design of the buncher was based on an earlier description 

by Lynch [4]. The buncher was originally constructed by Dave Spingler and Dr. E. Myers at 



Florida State University with a design for three harmonics. It was tested, but the difficult tuning 

and stabilization of the bunch wave-form led to the project being abandoned. The project was 

picked up again by a physics undergraduate at Florida State University Matthew Hoza [5], once 

it was realized an adequate digital waveform synthesizer was in production. This project installed 

a fourth harmonic to the circuit and improved its resonance, but it was still not installed into the 

beam line.  

At most labs, such as ATLAS at Argonne National Laboratory, the common practice for 

tuning the buncher is to manually tune each waveform while monitoring it on an oscilloscope 

until the desired waveform is achieved. While a four harmonic buncher has been pursued by 

other labs, the digital synthesizer will give the FSU system a unique edge, as its waveform can 

be synthesized and stabilized automatically. The goal of this project was to complete the upgrade 

and permanently replace the existing pre-tandem buncher. This will increase the beam intensity 

for RESOLUT experiments in addition to lowering the bunching frequency from 48.5MHz to 

12.125MHz. 

 

II. Beam Bunching 

 

An oscillating electric field varies the amount of energy, which varies the velocity 

imparted onto each charged particle. Ideally, the charged particles that arrive first are slowed 

down and the ones that arrive last are sped up. As these particles proceed through empty space, 

they form bunches of particles at a given focal length. The existing buncher at the FSU 

accelerator was operating at 48.5MHz, and creating the resonant high voltage through an “organ 

pipe” resonator, a hollow copper pipe with adjustable length. Using a single-harmonic sine wave 



for the oscillating electric field, allowed to bunch 50% and debunch 50% of the beam particles, 

as depicted in Figure 3.  

 

Figure 3: Beam Bunching with Sine Wave Electric Field 

 

This was adequate for most beam experiments at the FSU LINAC, but the radioactive 

beam experiments utilizing RESOLUT placed a higher demand for beam intensity, bunch timing 

resolution and a larger time-separation between individual bunches. In particular, the last 

requirement, reducing the bunch frequency while maintaining or improving the time resolution 

required a more elaborate bunching system. This was attempted by replacing the sine wave 

electric field with a sawtooth waveform, which will allow for an improved bunching fraction of 

the beam particles maintaining or improving the bunch time resolution, translating into higher 

beam intensity. 



Figure 4 illustrates a sawtooth shaped electric field for beam bunching. This wave-form allows 

for the longest possible constant slope and then, ideally, a discontinuous jump to the next period. 

As a result, the maximal beam bunching and minimal de-bunching of particles is achieved.  

 

Figure 4: Beam Bunching with Sawtooth Electric Field 

 

Figure 5: Energy vs. Distance of the Particles through the accelerator 

Figure 5 illustrates the need for beam bunching through FSU’s linear accelerator. The 

graph also depicts the energy vs. distance correlations for the particle bunches, necessarily not to 

scale. Once the particles are produced in the ion source they enter the pre-accelerator where they 

are well defined in energy but widely dispersed spatially. As they enter the pre-tandem buncher, 

highlighted in yellow, the energy of the beam particles are modulated to induce a gradual pile-up 



of particles, in effect forming bunches. Viewing the buncher as a lens, the focal point of the 

bunches is set at the center of the tandem. Here the ellipse is standing straight up which 

correlates to a well-defined position but wide range in energy. As they are accelerated, the 

particles increase in energy until they exit the tandem and enter the chopper. As the beam 

proceeds, the ellipse begins to lean over as the faster particles continue to get ahead and the 

slower particles continue to lag behind. Once the periodic vertical deflectors “toss out” 

unbunched beam and before it enters the LINAC, it is required that the bunches be rebunched by 

the superbuncher resonator. Here, the ellipse is reset, slowing down the fast particles and 

speeding up the slower ones. The focal point here is ideally at the center of the LINAC. Again, 

once the beam exits the LINAC the bunches become less defined. Therefore, before entering the 

target area, the rebuncher resets the bunches again such that a sharp time-bunching is achieved. 

Experimental Details 

I. Buncher Construction 

 

It has been calculated that peak electric field strength on the order of 3-4kV is needed to 

adequately bunch heavy ion beams [5]. Since almost all commercially available RF-equipment is 

matched to a 50 Ohm impedance, such high voltages need to be created using some type of a 

step-up transformer. Due to the high frequency of 12.125MHz and high field strength required, 

an air-core resonant transformer with a high quality factor is the technology of choice. In order to 

be able to synthesize a saw-tooth wave-form, the transformer needs to have at least three, better 

four, harmonic frequencies. Each term in the series will be a harmonic of the fundamental 

frequency 12.125MHz. It has been shown that limited gains in bunching efficiency are achieved 

after the 4
th

 term in the series is utilized. Goldstein [6] has indicated an efficiency of 86% with 



the first, second, and third harmonic while an increase up to only 89% is achieved when 

including the 4
th

 harmonic. To be compatible with the frequency of the LINAC running at 97 

MHz, our bunching circuit will resonate at the following sub-harmonic frequencies: 12.125, 

24.25, 36.375, and 48.5 MHz.  

A resonant circuit consists of a capacitor and an inductor, also “LC” circuit. The energy 

in this system is passed back and forth between the capacitors electric field and the inductors 

magnetic fields. The resonant frequency is given by: 

�� � � 1�� 

 By varying the inductance through coil diameter, the number of coil turns, and the 

capacitance of the capacitor we can vary the resonant frequency of each circuit. For fine-

adjustments, some of the capacitors are chosen to have mechanically adjustable area and thus 

variable capacitance. 

The circuit diagram of the four-harmonic resonator is displayed in Figure 6, a photograph 

of the actual resonator is displayed in Figure 7. The four individual LC-circuits each contain two 

inductors forming a symmetric circuit, such that the symmetry axis, including the center of the 

buncher-capacitor remains at ground potential. This arrangement minimizes the potential 

differences between the coils and the housing walls, and thus, reduces losses influence of 

parasitic capacitances. 

The signal which drives the circuit is first created by a GAGE 11G 1GHz function 

generator [2]. The user has the ability to set amplitude and phase coefficients for each of the four 



sine waves. The digitally calculated signal-form is sent to a 100W power amplifier. This 

produces a signal matched to 50 Ohm impedance which is sent to the buncher’s driver coils seen 

in Figures 6 and 7. They are placed next to the 12.125MHz, 24.25MHz, and 36.375MHz circuits. 

The additional 48.5MHz LLC circuit was found to be sufficiently excited through the other 

driver coils, therefore it was decided there was no need to drive it with its own driver coil. The 

LLC resonators are excited, creating a large emf in the buncher field gap, which also is the main 

capacitance of the fundamental (12.125MHz) resonant circuit. The final product of the buncher’s 

resonant circuit can be seen in Figures 6, 7.  The load of the circuit is placed across two wire 

mesh grids 3-4mm apart located in the fundamental 12.125MHz circuit, which are displayed in 

Figure 8. 

 

Figure 6: Circuit Diagram of Buncher 



 

Figure 7: Aerial View of Buncher Circuit 

 

Figure 8: The beam enters from the right. The electric field is applied at the center. 

 

During initial test runs of the buncher it was found that the heat was significant enough to 

install a water cooling system. A significant problem occurred on the first attempt, when using 

the “chilled water” circuit supply of the laboratory. This water has a high content of dissolved 



ions which make it a conducting liquid, and therefore the water flow became a part of the circuit. 

If we ran the water lines too close to each other a spark would be created breaking the water 

lines. This can be seen in Figure 9. 

 

Figure 9: Running chilled water, water lines were run too close creating a spark, which in turn destroyed the tubing. 

 

In addition to the sparking, the “chilled water” was creating a resistance in the circuit limiting the 

maximum field levels in the buncher. To overcome this problem, we installed a bi-directional 

water cooling system using deionized water. The inductor coils are two-layered. The water runs 

on the inside layer first through the entire circuit. Once it reaches the buncher the water hits a 

dead end and backflows on the outside layer. The water then runs through the entire circuit again 

before exiting. Running the water lines in the longest possible path and creating the source and 

drain connections at ground potential assured us we were allowing the water to create the least 

amount of RF losses in our circuit. 



 

II. Stabilizing the Waveform  

 

Once the electric field is produced across the buncher grids, two capacitively coupled 

antenna probes pick up the derivative of the voltage across the buncher gap. We can now utilize 

the advantage of digital controls by applying corrections to the incoming signal to stabilize the 

waveform. Using Labview we customized the Virtual Instrument (VI) that came with the 

function generator. To make the amplitude and phase corrections to the incoming signal we 

perform a Fourier Transform of the waveform. This places the signal in the frequency domain. 

We normalize each resonance to the fundamental 12.125MHz signal and then read off the 

amplitudes and phases. We take the ratio of the target amplitudes, which the user set, over the 

incoming amplitudes. We then apply this linear correction term to the driver-signal until we 

arrive at the desired amplitude and phase values approximating a sawtooth. We included a digital 

oscilloscope allowing us to the view the incoming waveform. This is depicted in Figure 10. 

 



 

 

Figure 10:Front panel of Labview program 

 

 

III. Approximation of a Sawtooth using four harmonics  

 

 Calculating the amplitude coefficients for a Fourier series up to the fourth term leads to 

the following results in Figure 11. 

�	
� � �sin	��� � 0.4 sin	2��� � 0.18 sin	3��� � 0.06sin 	4��� 



 

Figure 11: Sawtooth Approximated with Four Harmonics 

Looking at the derivative in Figure 12 we have the following results. 

 

Figure 12: Derivative of Sawtooth Approximated with Four Harmonics 

Since we are approximating the sawtooth using a Fourier series a consequence will be ringing in 

our waveform, otherwise known as Gibbs Phenomena. When we view the ringing in the plateau 



of the derivative this corresponds to ringing in the slope of our sawtooth. These side effects will 

correspond to lower bunch time resolution. 

To overcome the ringing we can introduce the Lanczos Sigma Factor [7] into our Fourier 

series.  

 

  

By increasing the power of this correction term we can increase its effectiveness. This can be 

seen in Figures 13, 14, and 15. 

 

Figure 13: Correction Term to the First Power 
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Figure 14: Correction Term to the Third Power 

 

Figure 15: Correction Term to the Fifth Power 

 

To benefit from these results we created an excel spreadsheet which simulated the waveform of 

the buncher. We were then able to include the correction into our calculations of the amplitude 

coefficients. This procedure has given our buncher setup an additional edge over the manually 



controlled systems. We can now systematically calculate the most ideal bunching waveform. 

Referring back to Figure 10 you can see our resulting waveform in the digital oscilloscope. 

Results 

 

We have been able to produce a stable sawtooth waveform using four harmonics. This 

has translated into a bunched beam with a time resolution ~1ns seen in Figures 16 and 17. We 

were able to obtain an essentially zero slope in the plateau of the derivative using the Lanczo 

sigma Factor correction. This increased both bunching efficiency and stability in the waveform. 

The buncher was successfully operated with a sawtooth of ~70% duty-factor for beams of 

Carbon and heavier.   

 

Figure 16: Bunches Before the Chopper 



 

Figure 17: Bunches After the Chopper 

 

 Utilizing the Lanczos Sigma Factor in calculations we were able to produce the following 

amplitude coefficients: 

Optimal Amplitude Coefficents with Fourth Order Lanczos Sigma Factor Corrections 

 

 12.125MHz  

Amplitude 

Coefficient 

24.25MHz  

Amplitude 

Coefficient 

36.275MHz  

Amplitude 

Coefficient 

48.50MHz  

Amplitude 

Coefficient 

80% 

Sawtooth 

1 -0.5902 0.2270 -0.045 

60% 

Sawtooth 

1 -0.2254 -0.0867 0.0458 

 



For lighter beams, which require higher voltage slopes, the sawtooth duty factor needed 

to be reduced, due to the onset of sparking in the buncher gap at the highest voltages. A 

modification of the buncher-acceleration gap to achieve high voltages without breakdown seems 

necessary. In addition our amplifier does not react linearly with increasing gain, yet we have a 

linear correction term. One improvement that should be pursued is a correction term that 

properly fits the saturation curve of the amplifier. Once this correction is made, a stronger and 

more stable electric field can be attained allowing for adequately bunched light ion beams. 

 

Conclusion 

 

We have successfully installed a digitally controlled four harmonic buncher into the FSU  

LINAC. The buncher will ease operations when tuning the beam and give the user a large 

amount of control over the electric field waveform. The lowered bunching frequency from 

48.5MHz to 12.125MHz has proved to be essential in recent RESOLUT experiments involving 

the new particle detector ANASEN. The buncher has been used in a number of other recent 

experiments and will be utilized as the new pre-tandem buncher for future experiments. 
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