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1 Introduction 

In early 1988 administrators and physicians at Rush Presby­
terian St.-Luke's Medical Center decided to pursue the possibility 
of building a neutron therapy facility at Rush. Their decision was 
greatly influenced by the encouraging clinical results reported a Fer­
milab's Neutron Therapy Facility. They were also aware of the ex­
cellent reliability of the Fermilab linac, which supplies the protons 
for the facility's beryllium production target. However, because of 
the linac's size and unavailability from ·a commercial source, they 
believed their only option for obtaining a proton generator was to 
purchase a commercially available medical cyclotron. In response 
to this issue some Fermilab staff members described a scenario [l] 
in which a proton linac for medical purposes compared favorably 
with commercially available cyclotrons. This linac would provide 
66 MeV protons with a peak current of 50 milliamps at a 60 Hertz 
rate and a 60 microsecond pulse width. The linac tank would be 
about 40 cm in diameter and the machine length, including source, 
low energy beam transport(LEBT), and radiofrequency quadrupole 
(RFQ), would be about 70 :feet. Power consumption was estimated 
to be 200 kW. 

This paper describes a design study which establishes the physi­
cal parameters o:C the LEBT, RFQ, and linac, using computer pro­
grams available at Fermilab. Beam dynamics studies verify that the 
desired beam parameters can be achieved. The machine described 
here meets the aforementioned requirements and can be built us­
ing existing technology. Appendix A explores other technically fea­
sible options which could be attractive to clinicians, though they 
would complicate the design of the machine and increase construc­
tion costs. One of these options would allow the machine to deliver 
2.3 MeV protons to produce epitherma.1 neutrons for treating brain 
tumors. A second option would provide 15 MeV protons :for isotope 
production. 

1 



2 Systems 

2.1 Low Energy Beam Transport (LEBT} 

One of the most commonly used and reliable proton sources is 
the duoplasmatron [2]. The technology of this source is well de­
veloped, and duoplasmatrons can be easily constructed or obtained 
commercially. The proton kinetic energy from the duoplasmatron is 
assumed to be 30 keV in the following. 

The beam from an ion source is relatively large in radius and 
divergence and must be matched to the radio frequency quadrupole 
(RFQ). Lenses are required to focus the beam onto the RFQ en­
trance. There are two common choices of lens for beam energies 
below 100 keV, namely the solenoid and the electrostatic lens. In 
the case of the Loma Linda medical accelerator [3] [4], solenoid lenses 
are being considered. With solenoid lenses the length of the low en­
ergy beam transport (LEBT} line will be approximately one meter, 
which is rather long. In the case of solenoid lenses the beam may be 
neutralized by background gas which reduces the space charge ef­
fect. The neutralization time constant depends upon pressure. Dur­
ing this neutralization time the space charge forces change. Because 
of this the beam phase space ellipse rotates, making it difficult to 
match the beam to the RFQ acceptance. On the other hand, there is 
no space charge neutralization in the case of electrostatic lenses and 
the length of the LEBT is greatly reduced (22 cm). Einzel lenses are 
simple to fabricate, require minimal space and require no power and 
no cooling in comparison with magnetic focusing (solenoids) and no 
extra power supply. The excitation of these lenses can be derived 
from a high-voltage divider system on the ion-source power supply. 

The LEBT consists of two Einzel lenses. Two lenses were cho­
sen to provide two degrees· of freedom to match to the RFQ ac­
ceptance. (Two degrees of freedom are sufficient for the matching 
requirement). The present design provides 5 cm of space between 
the lenses for a steering magnet and beam diagnostic elements. The 
calculations for these lenses are shown in Fig 1. Calculations were 
done using the program AXCEL [5], which includes space charge 
and ion image calculations. In these calculations there was no space 
charge neutralization. Since it is very difficult to know the actual 
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boundary values, it is necessary to provide the freedom for longi­
tudinal movement of the lenses. This can be done by using three 
bellows in between the lenses. It is worth noting that the ratios 
of beam radius to lens bore are 1:2 and 1 :3 in the first and second 
lenses, respectively. The gap between the high voltage electrode and 
ground electrode is one cm, which is large enough to hold the high 
voltage (30 kV). The main parameters of the LEBT are shown in 
Table 1. 

Table 1: Lens Param.eter• 

ht Lens 

----------------------------------------------
Voltage 
Length 
Spacing between electrodes 

2nd Lens 

Voltage 
Length 
Spacing between electrodss 

29.45 kV 
7.2 cm 
1.0 cm 

29.3 kV 
6.2 cm 
1.0 cm 

Because of spherical aberrations in electrostatic lenses, approxi­
mately 90% of the beam can be focused into the RFQ acceptance. 
For proper beam matching it is required to have better than .1% 
voltage regulation, which can be done with present technology. With 
this lens system Ht and H;t cannot be separated. They may repre­
sent 30% of the beam but should cause very little extra space charge 
effect in the RFQ, which has a space charge current limit of 100 mA. 

2.2 Radio Frequency Quadrupole (RFQ) 

A radio frequency quadrupole (RFQ) is 1elected to accelerate pro­
tons up to 2.3 MeV because it is a simple device and does the job 
of acceleration, bunching and focusing simultaneously, with mini­
mum injection energy and minimum emittance growth. It produces 
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a strong electric quadrupole field near the axis. The transverse com­
ponents of this field (uniform in space and alternating in time) give 
rise to a strong, alternating-gradient focusing effect that can focus 
ion beams traveling along the axis of the structure. By scallop­
ing the vane-tip geometry, a longitudinal component is introduced 
into the electric field near the axis that can be used to bunch and 
accelerate the ions. 

The RFQ contains four regions: the radial matching section, the 
shaper, the gentle buncher, and the acceleration section. In the 
radial-matching region, the vane aperture is tapered to adjust the 
focusing strength from almost zero to its full value in a few cells. 
This allows the DC injected beam to be matched into the time­
dependent focusing of the RFQ. In the shaper the acceleration ef­
ficiency, A, and the synchronous phase increase linearly to bunch 
the beam. In the gentle buncher, the modulation is increased such 
that the longitudinal small oscillation frequency at zero current and 
the spatial length of the separatrix remain constant, and the beam 
is adiabatically bunched as it accelerates. In the acceleration sec­
tion, modulation and phase angle are conventionally kept constant 
[6]. In the present design the modulation is increased in order to 
keep the transverse current limit more than 100 mA. This results 
in the same transmission efficiency and same emittances but a 33 
3 shorter length than a conventional RFQ. The higher longitudinal 
field gradient ( 3.97 MV /m ) makes matching the RFQ to the drift 
tube linac (DTL) easier. 

2.2.1 Choice of Parameter• 

The frequency for this RFQ is chosen to be 425 MHz for reasons 
of RF power source availability and the beam current (50 mA) re­
quirement [7]. The bravery factor is 2.2 Kilpatrick for this design 
[8]. Sparking rates can only be crudely estimated, and at this volt­
age (112.5 kV) the sparking rate is approximately 0.2 spark per day 
[9]. The injection energy is 30 keV (energy from ion source) and is 
sufficient for this current [7]. The output energy is 2.3 MeV which is 
selected for producing epithermal neutrons (see Appendix A). The 
bore radius is 3mm to accommodate the beam emittance from the 
LEBT as well as to provide adequate alignment tolerances and opti-
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mization of the RFQ length which, in the present design, depends on 
the transverse space charge current limit. The bore radius of 3 mm 
is also required for the 40 degree transverse phase advance ( zero 
current), which is approximately the same phase advance per unit 
length as in the drift tube linac (DTL ). Thls condition is required 
for easier transverse matching between the RFQ and the DTL. The 
main parameters are shown in Table 2. 

Table 2: RFQ Parlll!lllters· 

Frequency 
Ion 
Number of cell• 
Length 
Vane voltage 
Bravery Factor 
Average Radius 
Final Modulation 
Final •ynchronous phase 
Transverse phase advance 
Longitudinal phase advance 

2.2.2 Beam D:ynamic1 Calculation1 

425 MHz 
Proton 
131 
100.67 cm 
112.6 ltV 
2.2 B:ilpatriclt 
3 mm 
3.7 

-30 deg 
40 deg 
18 deg 

The RFQ performance was analyzed with the RFQ-linac design 
and simulation code RFQSCOPE [10] and PARMTEQ [6]. The 
acceptance is 0. 75 11' mm mrad. Transmission for zero current is 
98% and for 50 mA it is 92%Table 2 shows the main parameters for 
the RFQ and Fig. 2 shows the beam size, phase and energy profiles. 
Fig. 3 shows the input and output beam emittances in all three 
planes. The emittance growth for 90% of the beam is 32% as shown 
in the simulation results of Table 3. 

5 



Table 3: Simulation Results 

Tran1mi1sion 
so m.A 

0 m.A 
Emittance 

(90 percent[rm.1]) 
(pi cm mm) 

x-xp 
y-yp 
phi-• 

Emittance growth 
(90 percent) 

2.2.3 RFQ Structure and Power 

92 percent 
96 percent 

.0464 [.0101] 

.0439 [.0104] 

. 8166 [.1746] 

32 percent 

We have three choices for the RFQ structure: (1) Four vane 
[6]: this structure is conventional and has some voltage stabilization 
problems (which can be removed by using different coupling rings), 
and it is complicated to fabricate in comparison with the following 
structures. (2) Four rod (University of Frankfurt design)[ll]: this 
design does not have the voltage stabilization problems, and it is 
easier to fabricate. The power requirement is higher than for struc­
tures (1) and (3). (3) TAC design[l2]: this structure was recently 
developed at the Texas Accelerator Center (Fig. 4). It is very simple 
to fabricate, is smaller in size, and has a lower power requirement. It 
has no voltage stabilization problems. Table 4 shows a comparison 
of these structures (for detailed calculations see Appendix B). 

For each of these structures the power is less than 210 kW and 
the beam power is 115 kW. For this purpose we can use the same rf 
tube which is used in the cue of the Loma Linda RFQ[l3). 
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Table 4: RFQ Structures 

Structure 
Characteristic 

Four Vane Four Rod 

Voltage stabilization 
problem yea DO 

Fabrication complicated simple 
Tank diametar(cm) 15 30 
Pover(kW) 190 210 
Quality Factor 11000 8600 

2.2.4 Matching the RFQ to the DTL 

TAC 
design 

DO 

simple 
20 

200 
8800 

The beam from the RFQ should be matched to the DTL accep­
tance for the design current ( 50 mA) in all three planes. There 
are three ways to match the beam to the DTL: (1) In this method 
the matching section consists of three qua.drupoles and one rf ga.p 
(buncher ). All three planes can be matched exactly. (2) This 
method requires four more RFQ cells a.t the end of the RFQ and 
a. half length quadrupole in the DTL. The transverse planes can 
be matched exactly with fairly good matching in the longitudinal 
plane. (3) This method requires only four RFQ cells. We will call 
this section a post radial matching section, PRMS. The transverse 
planes can be matched for the both zero current and full current ( 50 
mA) with fairly good matching in the longitudinal plane. We will 
discuss here only the last method. The other two will be discussed 
in Appendix B. 

The vane in the PRMS is modified such that it tapers out (with 
no modulations), as shown in Fig. 5 and provides the transverse 
matching condition at zero current for the DTL acceptance. The 
DTL is about 10 cm away from last cell in the PRMS (Fig. 6). 
Fig. 7 shows the experimental and simulation results (14] for the 
Los Alamos RFQ. If we increase the voltage from the design voltage 
by 10 3 , the transmission efficiency remains almost the same and 
the phase space ellipse rotates. We use this fa.ct to match the a.c-
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ceptance of the DTL at full current (Fig. 8). This method produces 
a mismatch factor ( as defined in TRACE3D) in the longitudinal 
plane of 1.4. The phase spread is 45 degrees, which iir smaller than 
the rf bucket width (91 degrees, synchronous phase -30 degrees ) of 
the DTL. 

2.3 Drift Tube Linac (DTL) 

2.3.1 Cavit;y Specification• 

The most general figure of merit for an accelerating cavity is the 
shunt impedance. The shunt impedance is defined as 

E~ 
z = Po/L' 

where E0 is the average accelerating field gradient, P0 is the power 
loss and L is the cavity length. It represents how high a field we can 
produce with a certain power per unit length. In a proton linear 
accelerator, and in general in any cavity using a standing wave, we 
only use the electric field component having the same phase velocity 
as a particle. Taking this into account, a more convenient quantity 
is the effective shunt impedance, 

ZTT = (Eo. T)2 
Po/L ' 

where T is called the transit time factor 

T= Eol·Lj dz E0 coskz. 

Herek is the wave number of the RF. 
In the following procedure for the structure design, we try to 

find the dimensions of the cavity which result in the largest effective 
shunt impedance. But at the same time, we have to consider the 
ratio of the maximum field gradient E. to the average field Eo to 
avoid sparking. Also some technical issues should be considered so 
that the design would be a feasible one. 

In order to estimate the various quantities of the RF cavity, 
namely the resonant frequency, shunt impedance, maximum field 
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gradient and so on, SUPERFISH is most commonly used. The SU. 
PERFISH code assumes an axially symmetric cavity. Although in 
the case of the DTL structure, the supporting stem breaks the axial 
symmetry, we first calculate these quantities without the stem and 
later introduce the effect of it as a perturbation. Many experimental 
results show that this procedure is good enough because the electric 
field line is perpendicular to the stem at the place where the stem 
is installed. A description of the use of SUPERFISH for this design 
is given in Appendix C. 

As the tank radius is inversely proportional to the resonant fre­
quency, the choice of 425 MHz makes the diameter about a half 
that of a DTL operated at 200 MHz. Figure 9 shows the relation 
between the tank radius and the effective shunt impedance at certain 
f3(=v/c). At each f3 there is a maximum. In this design, because of 
the desire for simplicity of the RF power system and tank fabrica­
tion, the whole DTL should be constructed as one tank. As a result 
of the compromise among the different optimum points with {3, we 
chose 21 cm as the tank radius. 

Figure 10 shows that the smaller the drift tube (DT) radius, the 
higher the effective shunt impedance. But the electric field concen­
tration on the DT also makes a higher maximum field gradient E, 
on the nose corner as shown in Fig. 11. Besides that, we have to 
allow enough room to install a quadrupole magnet inside the DT. 
The radius of a quadrupole would be the same independent of en­
ergy, so it might be better not to change the DT radius with {3. We 
chose 4 cm as the DT radius, which seemed to be adequate. 

Figure 12 shows that a smaller stem radius improves the effective 
shunt impedance. But there are some constraints on its size. First, 
the stem must have enough mechanical strength to support the DT. 
Secondly, in order to install a water pipe to cool the DT, it should 
have a large enough cross section. From these considerations, we 
chose 0.5 cm as the stem radius. 

Figure 13 shows that the smaller the nose corner radius is, the 
higher the shunt impedance is taking f3 as a parameter. But from the 
point of view of the maximum field gradient, there is the minimum 
point in each fJ curve as shown in Fig. 14. Moreover, if the nose 
corner radius is reduced below a certain value, the maximum field 
point moves to the bore nose corner and increases rapidly. In the 
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case of the nose corner radius, we can change its value with /3. We 
chose 0.5 cm from /3=0.065 to 0.150, 1.0 cm from /3=0.150 to 0.250 
and 2.0 cm from /3=0.250 to 0.350, respectively. The only problem 
with changing the radius with f3 is the frequency adjustment at the 
transition point. But this is not so serious because one might be able 
to estimate it by using the computer code for the field calculation. 

The bore radius is the most important dimension in the DTL 
because it determines the acceptance. Therefore we cannot decide 
its value without an estimation of the beam dynamics. Here we 
chose 0.5 cm because of the proportional reduction of the tank radius 
compared with a 200 MHz DTL. It must be reexamined after the 
beam dynamics study. 

Workers at Los Alamos proposed a tilted drift tube face to in­
crease the effective shunt impedance. But we did not adopt this idea 
because it might add some mechanical and alignment complexity. 

The bore corner radius is chosen 0.3 cm. There is no strict reason 
to choose this value. 

Figure 15 shows the individual cell geometry and its electric field 
lines ( H.p = canst ) at certain f3. In the shortest cell, the mechanical 
tolerance is also indicated. The error value corresponds to a change 
of the resonant frequency of 0.1 MHz. From this we notice that 
the DT length must be precisely machined but the bore radius need 
not be. Figures 16 and 17 show the effective shunt impedance and 
the maximum field as a function of /3, respectively. From these 
figures, we can see that ZTT has a maximum value at about /3=0.15 
( Energy=lO MeV) and decreases on the both sides. After /3=0.15, 
the maximum field gradient decreases with increasing /3. The step 
changes at /3=0.15 and 0.25 in both figures are due to the transition 
of the nose comer radius. 

2.S.2 RF Properiie1 

Based on the optimized dimensions of each individual cell, we 
can design the whole linac system. II the required beam parameters 
are determined and the average field gradient Eo is fixed by some 
constraint, we can estimate the RF parameters, especially peak and 
average RF power. Then the detailed dimensions of the whole struc­
ture are determined for the beam dynamics study and construction. 
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These procedures are done by using the computer code GENLIN in 
PARMILA (Appendix D). 

The be&m requirements of this DTL are shown in Table 5. 

Table 6: Kain Beam Parameters 

Output Peak Current 
Repetition Rate 
Beam Width 
Input Energy 
Output Energy 

60 mA 
60 Hz 
60 micro sac 
2.3 KeV 
66 KaV 

To make a compact machine, it is obvious that we should take 
as high a field gradient as possible. But there are some factors that 
limit Eo. Above a certain value of E0 , the possibility of sparking 
increases rapidly. To estimate this phenomena there is an empirical 
law called the Kilpatrick limit [8]. Although there are many different 
interpretations of this law and it, in fact, should depend on the 
details of each individual case, usually we take between one and 
two times this value as the sparking limit. The Kilpatrick limit is a 
function of frequency, and is about 20 MV /m at 425 MHz. Table 6 
shows the ratio of the maximum field gradient to this limit and the 
expected sparking rate per day using a formula of R.J.Noble [9] for 
a range of average field gradients. 
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Table 6: Ratio of the Maximum Field Es to 
the Kilpatrick Field Ek and 
Probability of Sparking. 

Average Field Eo Ratio Es/Ek Probability 

4 MV/m 
5 
6 

1.3 
1.6 
1.9 

0.7 sp/day 
4.0 

33. 

From the point of view of the bea.m dynamics, Eo determines the 
strength of the longitudinal restoring force. It determines the longi­
tudinal acceptance but in combination with the transverse restoring 
force it can result in a coupling resonance condition. We will men­
tion this more in the section on bea.m dynamics. 

As the first iteration, we chose 5 MV /m for E0 mainly because 
of the ratio to the Kilpatrick limit and the sparking estimates. The 
sparking probability was calculated to be about four sparks per day. 

The GENLIN subroutine in PARMILA produces the whole DTL 
para.meter table (Appendix D), when provided with the SUPER­
FISH output parameters like the shunt impedance and transit time 
factor and the beam and RF factors like E0 • Table 7 shows the 
summary of the parameters of this DTL system. The peak and av­
erage RF power includes the safety factor 1.3 in the result of the 
SUPERFISH shunt impedance. 
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Table 7: Main DTL Parllllleters 

Total Length 18.04 m. 
Cell Rum.ber 116 
Average Field 5. MV/m. 
Structure Power 6.59 MW 
Belllll Power 3.20 MW 
Average Power 70.5 ltW 

• Filling Time ( Tf ) 60. micro sec 
RF Pulse Width 120. micro sec 
11.epeti ti on II.ate 80 Hz 

• Tf • 3(Loaded Q/(pi•fo)) 
• 3(27000/(3.14•42SMHz)) 

2.3.3 RF Power Con1ideration1 

For our design, a. suitable klystron is the VA-812E ma.de by Va.ria.n. 
It is the same klystron designed for the PIGMI [15] [16] project a.t 
Los Ala.mos. Table 8 shows the specifications for it. One problem is 
the RF pulse width. We need a. longer pulse width than the typical 
usage. There is the empirical law [17] between the pulse width a.nd 
the peak power, 

P2 =Pi• JT1/T2, 

where P1 and T1 a.re the peak power and the pulse width of the 
typical usage, and T2 the width of this design. Then P2 becomes 
about 8.16 MW. It comes out & little bit lower than the power 
required. 

Table 8: Varian llystron, Model VA-812E 

Frequency range 
Peak Output Power, min 
Gain 
Average Power 
Pulse Duration, RF 

13 

400 to 450 MHz 
20 MW 
40 dB 

300 ltW 
20 micro •ec 



Whether we make the whole DTL as one tank or a multi-tank 
is a matter for argument. There are some factors to be considered. 
First, it strongly depends on the available power source. If there is 
not enough power for a whole tank by one tube or klystron, we need 
to divide the tank so that each tank has an equal power dissipation. 
On this point, there is no problem as mentioned above. 

Secondly, if we make the whole DTL as one tank, the total cell 
number in one tank becomes large and the mode separation between 
the operating mode (T M 010 ) and the nearest mode (T M 011 ) becomes 
small. According to the linear chain model, the mode separation 
between these two is 

A/= 4.3*10-2 MHz. 

In fact, to stabilize the electric field on the axis and to make a larger 
mode separation, we would also use post-couplers [18]. On the other 
hand, the frequency spread due to the quality factor Q is 

A/= 4.6*10-3 MHz. 

We have enough mode separation and there is no reason to divide 
the tank from this point of view. 

Thirdly, if we divide the tank then we can use the intermediate 
energy beam by extracting it from the transport line between tanks. 
There is, in fact, the option to use a 15 Me V energy beam for isotope 
production (Appendix A). 

Finally it is obvious that the fabrication and alignment methods 
are related to this issue. 

We chose one tank at the first iteration. But the case of a multi­
tank DTL is mentioned in Appendix A. 

2.ll., Beam D:rnamic1 Calculation• 

The most fundamental parameters to be determined in the DTL 
are the transverse and longitudinal phase advance, µ 1 and J.11 when 
we study the beam dynamics. In general, µ1 is a function of the 
strength of the quadrupoles, while J.11 is a function of the accelerating 
field gradient and the synchronous phase. We should determine 
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them first. Then the aperture, namely the bore radius, is calculated 
corresponding to the input beam emittance. 

There are some interesting phenomena concerned with the dy­
namics of this DTL. First, compared with the conventional DTL, 
this design has a higher field gradient and a different relation be­
tween the longitudinal and transverse phase advance. We have to 
study the longitudinal and transverse coupling resonance more care­
fully. 

Secondly, we consider that permanent magnet quadrupoles (PMQ) 
are the best choice because of their simplicity and adequate strength. 
However, a PMQ has a larger fringe field compared to an ordinary 
electromagnetic quadrupole. The coupling between the two trans­
verse directions becomes an important issue. 

Thirdly, the high brightness beam derived from the RFQ has a 
strong space charge force. This reduces the phase advance in both 
directions and causes emittance growth. The problem of how to 
handle this space-charge-dominated beam may be the main issue 
when we design a modem DTL. 

Finally, alignment errors of the quadrupoles produce a distortion 
of the orbit. This effect plays a more important part in this 425 
MHz DTL because the bore size is relatively small. We have to 
estimate this effect assuming some kind of error pattern rather than 
only a random distribution. 

The purpose of the beam dynamics study is to determine the 
phase advances taking into account these considerations. Here we 
will give the preliminary results of the longitudinal-transverse (L­
T) coupling and the space charge effects. A description of the beam 
dynamics codes used in this study is given in Appendix D. 

We start with the following assumptions to study the beam dy­
namics. The quadrupole strength is determined to keep the phase 
advance µ, constant. Here µ1 is 

cosµ1 = 1- (3 - 2A)/6 · A20~ - 2t.. 

where A is the packing factor of quadrupoles, 0~ is the quadrupole 
strength and t.. is· the RF defocusing parameter. First, we will 
include the RF defocusing force but not apace charge. We chose 
A = 1/2 and µ1 ~ 75 de!J'f'eea. For the longitudinal direction, we 
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chose -30 degrees as a synchronous phase and 5 Me V as the field 
gradient. 

H we take 5 mm as the bore radius, the 95 % normalized accep­
tance becomes, 

a, = 1.1 7rcm · mrad, 

a,= 9.0 deg· MeV. 

The wave numbers of each direction are in the ranges 

k, = 22 to 6 1/m (smoothed), 

k1 = 18 to 2 1/m. 

There are two coupling mechanisms between the longitudinal and 
transverse direction [19]. First, the RF defocusing force depends on 
the longitudinal phase. It produces a different transverse phase ad­
vance for each longitudinal initial phase. Secondly, an off-axis beam 
has a different energy gain due to the dependence of the accelerating 
field on the radial coordinate. 

Here we only take note of the transverse equation for small oscil­
lations 

z" + k,z = EZ1/, 

where 1/ = </> - </>.. H E is small, then we can suppose x and 1/ are 
described as 

z = cos k,z, 1/ = cos k1z. 

Substituting these into the above equation, we obtain 

z" + k,z = E cos k,z cos k1z 

E = 2[cos(k1 + k,)z + cos(k1 - k,)z] . 

From this, the resonance condition is, 

2k, - k1 = 0. 

The wave number is a function of the field gradient, energy, syn­
chronous phase and frequency, 
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1 

ki = (-2ireEo sin¢,) 
2 

, 

moc2 fJ3-y3 Ao 

where Ao is the RF wave length and µ is the phase advance per 
focusing unit. The typical numbers for a conventional 200 MHz 
DTL and this design are shown in Table 9. 

Table 9: DTL Field Characteristics 

Field 
Inj. Energy 
Frequency 
Synchr. Phi 

Conventional 
200 MHz 

2.0 't!V/m 
0.76 MeV 
200 MHz 
-30 deg 

This Design 

6.0 
2.3 
425 
-30 

Using these numbers, we obtain the tune diagram as shown in 
Fig. 18, where 111,1 = µ 1,1/2ir. As for the resonance 2111 - 111 = O, the 
operating line of this design is far from it. 

Figure 19 shows that the relation between the field gradient and 
the emittance growth due to the L-T coupling using PARMILA. If 
the initial particles have no longitudinal spread, there is no emit­
tance growth. We can see that if we take the field below 5 MV /m, 
there is no growth. The growth above this value occurs in the low 
energy section since the growth at the 10 MeV stage and the 66 
MeV stage are almost same. 

The tune diagram is shown in Fig. 20 for the case when the 
field is 10 MV /m and the transverse phase advance is about 40 
degrees. H we increase the field gradient or decrease the transverse 
phase advance (by space charge for example), the operation line 
approaches the resonance. 

We will initially suppose that the space charge force is described 
as a linear force. The transverse restoring force is represented by 

Kt = K, + K.1 + K.., 
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where 
K 4 = B'/(Bp), 

K __ 1reEoT I sin¢. I 
•I - moc2>.o/33-y3 ' 

3Zoel>.o(l - f(p)) 
K •• = , 

87rm0c2r2b,82")'3 

where Zo is the impedance offree space, r is the transverse semi-axis, 
b is the longitudinal semi-axis, and 

f(p) - 1/(3p),p = b/r . 

In our case, these values are at injection 

K,J/ K4 = 0.023, 

K,./K4 = 0.180. 

Space charge results in a reduction of 18 3 in the phase advance. 
Figure 21 shows the modulation of the envelope due to the space 

charge using TRACE3D. The matched line is :first designed for no 
space charge. With 50 mA current the beam envelope is found to 
be two times larger. In TRACE3D there is no emittance growth 
because of the linear space charge force, but in an actual machine, 
space charge may cause the emittance to grow by a factor of four. 

We use PARMILA to estimate the emittance growth due to space 
charge. Figure 22 shows the output beam profile at 0 mA and 50 
mA. The input beam is distributed randomly in a four dimensional 
transverse hyperspace with random phase and energy spread within 
an ellipse. The beam is matched without space charge. At 50 mA, 
we can see the beam halo. 

Figure 23 shows the rela~ion between the beam current and the 
emittance growth factor. The other conditions are same as in Fig. 
22. At 50 mA, both transverse emittance& grow by a factor of two. 
There is a discrepancy in the growth between the x and y directions 
above 50 mA. This is not seen in the simulations using TRACE3D. 
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3 Conclusion 

A 66 Me V proton linac for neutron therapy has been studied in this 
paper. A standard duoplasmatron has been assumed as the source 
for 30 keV protons. The entire LEBT, RFQ, and DTL have been 
conceptually designed using standard accelerator computer codes. 
All components of the design appear feasible with existing technol­
ogy. 

There are of course many issues that need to be addressed in any 
future detailed design. For a compact machine with high bright­
ness beam, it appears that space charge effects are very important 
in determining the beam quality through the DTL. More detailed 
calculations and simulations of such effects should be done. 
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Appendices 

A Some Clinical Options 

A.1 Motivation 

The original intent of this study was to reproduce, in a hos­
pital setting, the therapy capabilities presently available at Fermi· 
lab's Neutron Therapy Facility. However, during the course of the 
study a few additional options were considered, though they were 
not examined carefully enough to determine whether they are re· 
ally feasible from a financial and operational point of view. This 
section describes some preliminary work relative to these options 
and raises some still unanswered questions which must be addressed 
before settling on a definitive design. At present there is some in· 
terest in using epithermal neutrons to irradiate brain tumors. One 
possibility is to use 2.3 MeV protons on a lithium production tar· 
get. That is the reason for specifying the 2.3 MeV RFQ. This study 
has found that it is possible to transport 2.3 MeV protons through 
the DTL without accelerating them, meaning that the DTL could 
deliver 66 MeV protons for ordinary therapy and 2.3 MeV protons 
for treating brain tumors. However, such a scheme would require 
electromagnetic rather than permanent quadrupoles. This would 
increase the complexity of the control system, would require the ad­
dition of power supplies for the quadrupoles, and would increase the 
power costs. It might be better to have a separate RFQ dedicated 
to treating brain tumors rather than complicating the design of the 
DTL to acco=odate the lower energy protons. This question can· 
not be resolved until cost effectiveness issues are better understood. 

Another desirable option is the capability of producing short· 
lived isotopes for medical procedures. Most medical radioisotopes 
are produced using 10 to 15 MeV protons from cyclotrons. This 
energy range could be achieved by degrading the 66 Me V beam or 
by building the DTL in four sections and accelerating beam only 
in the first section when isotopes are being produced. From an 
operational point of view the second method is more attractive, 
but a cost analysis must be done before a decision is made. It is 
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also possible to produce isotopes in the neutron beam. Some work 
must be done to determine the usefulness of these neutron-generated 
isotopes. 

A.2 2.3 MeV Beam Transport through the DTL 

As mentioned above, 2.3 MeV protons could be used for epithermal 
neutron production. For this purpose rf is turned off in the DTL, and 
it operates as a beam transport line. To use the DTL as a. beam 
transport line we have to change the quadrupole strengths which 
are normally set for the DTL accelerating mode. Because of this we 
cannot use permanent magnet quadrupoles. One can show that to 
transport a 2.3 MeV beam with a constant phase advance per unit 
cell in the transverse direction through the DTL, the quadrupole 
strengths ha.ve to change (in the thin lens approximation) according 
to the formula 

where B~ and L,,.. are the strength and the length of the n th 
quadrupole in the DTL, and L.,. is the length of the n th cell in 
the DTL. . 

Fig. 24 shows the 2.3 MeV beam evolution through the la.st ten 
cells in the DTL when the quadrupole strengths are set according 
to the formula given above. 

A.a Isotope Production 

For the option of using a 15 - 20 Me V beam for isotope production, 
we designed the multi-tank option. lithe output energy of the first 
tank is set to a value in the above range, we have to divide the lina.c 
into four tanks because of the equal power law. The power and the 
output energy of each tank are as follows. 
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Table J. .1 

Tanlt #1 2.30 - 18.97 MeV 2.511 MW 
2 18.97 - 35.90 2.521 
3 35.90 - 51.11 2.494 
4 51.11 - 88.18 2.537 

B RFQ Options 

B.1 RFQ Structures 

B.1.1 Four Vane 

This is the very first structure mentioned for the RFQ. This 
structure has voltage stabilization problems. This problem can be 
solved by using VCR, RLC, DDR, and AHS coupling schemes. The 
power can be estimated as follows [20]. The electrostatic calculation 
shows that the capacitance per unit length is independent of radial 
aperture for a four vane structure with a circular tip whose radius 
of curvature is . 75 times the circular aperture. The result obtained 
for such a circular vane tip is about 105 pico farad/meter. [12] 

The power loss per unit length and quality factor of the structure 
are given by 

where 

P1 = 1.3 · 10-3(/C,)312V2 = 160 kW/m, 

Q = (wC, V 2 )/2P1 = 11000, 

w = 27r/, 
f = 425 MHz, V = 112.5 kV and r0 = 0.3 cm. 

B.1.2 Four Rod 

This structure was invented by the University of Frankfurt group. 
It does not have voitage stabilization problems, and it is very simple 
to fabricate. The power loss for this structure is estimated as follows 
[12] 
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R = R [2H + h 2h J(wC1LV)
2 

1 
' w + 3 Rod Width 2n 

and the quality factor Q is given by 

Q = (wC1 V 2 )/2P1 = 8600, 

where H, h, w are defined in Fig. 25 and 

R, = .jwµ.0 p/2., 

P.o = 471" · 10-1
, p = 0.17410-7 , 

= 210 kW, 

n = 23,h = 4.34 cm,w = 10 cm,H = 10.7 cm, V = 112.5 kV and 
L=l m. 

B.1.3 TAC De1ign 

This structure was recently developed at the Texas Accelerator 
Center. It is very simple to fabricate, has no voltage stabilization 
problems and has a lower power requirement than the four rod struc­
ture. 

The power loss is estimated as follows [12] 

1 R2 h h ( wC,LV) 2 

P, = R,[271"(2 ln R
1 

+ R
1
)+3 Rod Width] 2n W = 200 kW, 

and quality factor Q is given by 

Q = (we, v 2 )/2P, = 8800, 

where h, R1 and R2 are defined in Fig. 4 and 
n = 17,R1 = 2.5 cm,R2 = 14.5 cm and h = L/n = 5.9 cm. 

B.2 Matching to the DTL 

B.Z.1 Option 1 

As we have mentioned in section 2.2.4, this option requires three 
quadrupoles and an rf gap (buncher). All three planes can be 
matched exactly for both zero current and full current. The quadrupole 
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strengths are approximately the same as in the first cell of the 
DTL. Table B.1 shows the quadrupole strengths, buncher param­
eters and the distances between them. Figure 26 shows the result 
of TRACE3D for this matching. 

B.2.2 Option 2 

This option requires a PRMS and a half length quadrupole. Figure 
27 shows the vane shape in the PRMS. The quadrupole strength is 
288 Tesla/m. Figure 28 shows the TRACE3D output for this option. 

Table B.1 

ht Quadrupole 
Strength 288 T/m 
Length 2.4 cm 

2nd Quadrupole 
Strength 288 T/m 
Length 2.4 cm 

R.F Gap 
EoTL .125 MV 
Phase -90. deg 

C SUPERFISH Design Code 

We have examined the computational accuracy and mesh size 
dependence of SUPERFISH. First we compared the analytical and 
the computed value for a pillbox cavity in Fig. 29, taking the mesh 
size as a para.meter. Table C.1 shows that there is no mesh size 
dependence for the resonant frequency and the difference from the 
analytical value is only 0.002 %. 
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Table C.1 

Mesh Size 

0.08 cm 
0.10 
0.20 
0.50 
0.80 

Analytical Value 

Frequency 

646.39 MHz 
646.39 
646.39 
646.40 
64ti .40 

646.38 

Secondly, the same mesh size dependence was examined for the 
shape of the DTL as shown in Fig. 30. The DTL shape is so 
complicated that we cannot calculate the value analytically. Figure 
31 shows that by decreasing the mesh size, the resonant frequency 
does converge. As a result if we take less than 0.25 cm as the mesh 
size, the resonant frequency is determined within about 1 MHz ( 0.2 
3 ). 

Finally, we found a relation between the accuracy of the resonant 
frequency and the effective shunt impedance as shown Fig. 32. From 
this figure, we see that if we determine the frequency with an error 
of about 1 MHz, we can obtain the effective shunt impedance with 
an error of 0.2 %. For the effective use of SUPERFISH, we took 
0.25 cm as a maximum mesh size and permitted a frequency error 
of 1 MHz in the calculations. 

D Beam Dynamics Codes 

We used the be&m simulation codes PARMILA and TRACE3D. 
PARMILA is a multi-particle tracking code, while TRACE3D is a 
transformation code for the be&m envelope. In both cases, each 
cell of the DTL is ~presented by a half-quadrupole, drift space, RF 
impulse, drift space and a half-quadrupole. We ma.ke some compar­
isons between these two codes in the following. 
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D.1 Example of GENLIN Output 

The parameters of the structure were determined. by using the 
subroutine GENLIN in PARMILA for both codes. Table D.1 is an 
example of GENLIN output. 

In this table, the maximum quadrupole field is 28.9 kG/cm, which 
seems quite high. But this is the result when we take the packing 
factor as 1/2. By making the magnet length equal the drift tube 
length, we can reduce the magnet strength. Specifically the ratio of 
the drift tube length to the cell length at the lowest fJ is about 0.8, 
therefore the magnet length can be lengthened by 1.6 times. This 
almost corresponds to the reduction of 0.6 in the magnet strength. 
In this case, the magnet strength becomes 18.0 kG/cm, which is a 
moderate value. 

D.2 Comparison of the Basic Lattice 

For the transverse direction, both programs assume a linear lat­
tice. Each transverse transfer matrix is described by a 2 x 2 matrix 
independently. There is no nonlinear term. For the longitudinal 
direction, TRACE3D assumes small oscillations and the potential is 
described as 

U = sin</>.· I 6.</> 1
2 

• 

where 6.</> = </> - </>., </> is a synchronous phase and ¢ the phase of 
each particle. On the other hand, PARMILA assumes the exact 
cosine form of the field and the potential is 

U = sin(</>, + l!.</>) - l!.</> • cos</> •. 

The results of these two programs for the case of no space charge 
and no alignment error agree as shown in Fig. 33, except for a slight 
difference in the longitudinal direction due to the potentials. 

D.3 Treatment of Space Charge 

The TRACE3D code assumes a linear force arising from a uniform 
charge distribution of a three dimensional ellipsoid. There is no 
emittance growth independent of beam current. In PARMILA, the 
beam is separated into rings and the electric field induced by each 
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ring is calculated. Then the force on each beam is estimated by the 
integration over these fields. 

D.4 Longitudinal-Transverse Coupling 

In PARMILA, the radial dependence of the accelerating field 
is approximated by the expa.nsion of the modified Bessel function 
to second order. Also the RF defocusing force is calculated for 
individual particles. 

D.S Permanent Magnet Quadrupoles 

In TRACE3D, there is a subroutine that deals with the permanent 
magnet quadrupole in addition to the ordinary hard-edge electro­
magnetic quadrupole. It assumes a certain functional form for the 
fringe field [21] a.nd includes the focusing by this field. 
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Tobie 0.1. Ouipui of OENl..IN 

CELL KINETIC BETA LENO TH T TP s SP QUAD QUAD EZERO PHIS TOTAL 
NNllER ENERGY LENGTH GR AO I ENT MV/M LENGTH 
INITIAL 2.3- 9.11899 2.•8611 28.8762 11.111111 

1 2.47•11 11.11726 6.91•2 11.81118 11.968• II. 4676 11.11623 2.6682 -27.7984 5.- -311.1111 6.814 
2 2.8664 11.11761 6.1972 II. 81181 11.8663 8.4639 8.9626 2.8479 28.79118 6.- -31!. ""' 111.211 
3 2.8443 ll.1'1777 6.3811 8. 811!8 11.8642 8. 461!2 ll.ll628 2.74911 -26.861!9 6. llllllll -31l.llll 16.692 
4 3.1141!8 ll.1!8113 6.68811 ll.8162 ll.8631 8.4488 8.9628 2.8328 2•.971!8 6. llllllll -31'J.llll 21.168 
6 3.24611 ll.l'J831l 6.7618 ll.8197 ll.1!619 8.••29 ll.ll629 2.9267 -24.1461 6 .11111111 -31l.ll8 28.911'1 
8 3.4689 l'J.8868 6.9388 8.8243 8.861'18 l'J.4392 8.11631 3.11193 23.3888 6 .11111111 -31'1. 811 32.8•9 
7 3.8788 l'J.1'1883 8.12113 8.82911 8,8497 II. 4366 11.11632 3.1133 -22.8378 6 .11111'18 -38.81'1 38.976 
8 3.911•8 11.119119 8.3149 8.8338 11.8486 11.4318 11.11634 3. 21177 21.9482 6.- -38.1111 46.298 
9 4.14119 11.11938 8.61146 11.8383 11.11474 11.42811 11.11638 3.31127 -21.29811 6 .11111111 -311.118 61. 796 

111 4.3863 11.11983 8.11949 8.84311 11.11482 II. 4242 11.11637 3.3981 211.88111 6 .118118 -311.1111 68.498 
11 •.11388 11.11991 8.8884 11.8477 11.11461 11. 42116 11.11639 3.4939 -211.11968 6.1181111 -38.1111 86.378 
12 4.8992 11.11118 7.11788 11.86211 11.11•411 ". 41711 11.11648 3.69112 19.6413 6.1111811 -311.1111 72.•64 
13 6 .1871 II. 11146 7 .2711 11.8622 11.11•39 11.4174 11.11641 3.8884 -19.11131 6.1111811 -311.1111 79.728 
14 6.44311 11.11172 7.4836 11.8626 11.11439 11.4178 11.11642 3.7828 18.613• 6.1111811 -311.1111 87 .189 
16 6.7267 11.11119 7.8668 11.8627 11.11438 11.4182 11.11643 3.8787 -18.11398 6.- -311.811 94.8•6 
18 8.11165 11.1127 7.8•79 11.8629 11.11.38 11.088 11.116•4 3.9747 17.69116 6.- -311.1111 1112.893 
17 8.3121 11.116• 8.1141111 11.8631 11.11437 11.4189 11.116•8 •.111111 -17.11137 6.- -311.1111 1111. 733 
18 8.111117 11.1181 8.2319 11.8633 11.11437 11.4193 11.11647 •.1111111 18.7677 6.1111811 -311.1111 118. 986 
19 8.9289 11.12119 8.•2311 11.8636 11.11438 11 •• 197 11.11648 •.2826 -18.37111 6.- -311.1111 127.388 
211 7.2•86 11.1238 8.8163 11.8638 11.11438 11.42111 11.116•9 •• 3682 18.111124 6.- -31'1 .1111 138 .111'14 
21 7.6722 11.1283 8.811118 11.86411 11.11436 ll.•2116 11.86611 •.46411 -16.86116 6.- -311.1111 144.8111 
22 7.91169 9.12911 8.9981 11.86•2 9.11•36 ll.•2118 11.11661 •.6498 16.3144 6.- -311.1111 163.8119 
23 8. 2•611 11.1317 9.1893 11.8644 11.1143• 11.4212 11.11662 •.8•61 -14.99311 6.- -311.1111 182.998 
24 II. 6921 11.134• 11.38113 11.8648 11.8433 11.4218 11.11663 4. 741111 14.11864 6.- -311.1111 172.378 
26 8.9411• 11.1371 11.6712 11.8648 11.9433 11.42211 11.11664 4.83811 -14.3- 6.1111811 -311.1111 181.1149 
211 9.311711 11.13118 11.78111 11.8661 11.11432 11.422• 11.11666 4.11313 14 .111811 6.1111811 -38.1111 191. 711 

w 27 9.8784 9.1426 9.9626 11.8663 8.9432 11.4227 11.11668 6.11288 -13.8388 6.1111811 -311.1111 2111.884 
...... 28 111.11622 9.1462 18.1429 11.8666 11.9431 11.4231 11.11667 6.1217 13.6784 6.1111811 -311.1111 211.8117 

29 18.4361 9.1479 18.3331 11.8667 9.11431 11.4236 9.9669 6.2187 -13.3281 6.1111811 -311.1111 222.1411 
311 111.8261 11.16118 111.6231 11.8669 11.114311 11.4239 11.116811 6.3117 13.11863 6.1111811 -311.1111 232.11113 
31 11.2289 11.1633 111. 71611 11.87113 11.11392 8.41142 11.11641 6.41181 -12.8684 6.1111811 -311.1111 243.378 
32 11.839• 11.1681 111.91178 11.8893 11.11396 8.411811 11.11644 6.61143 12.82113 6.1181111 -38.1111 264.286 
33 12.11688 9.1688 11.11997 11.8883 11.11399 11.41178 11.11648 6.811113 -12.41118 6.1111811 -38.ff, 286.386 
34 12.48118 9.1816 11.2914 11.8872 11.114112 11.411911 11.11648 6 .891111 12.2- 6.1111811 -311.1111 278.877 
36 12.9114 9.1842 11.4826 11.8882 11.114116 11.013 11.116611 6.7916 -11.9982 6.1111811 -311.1111 288.169 
38 13.3488 11.181111 11.8732 11.81162 9.114118 11.4131 11.11662 6.88118 11.81131 6.1111811 -311.1111 299.832 
37 13. 7927 11.18911 11.81134 11.8841 9.11412 11.4149 11.11664 6.9817 -11.111411 6.1111811 -311.1111 311.11911 
38 1•.201 9.1723 12.11631 11.81131 11.11416 11.4187 11.11667 11.117116 11.4334 6.1111811 -311.1111 323.749 
39 14.711112 11.17611 12.2423 11.8821 11.11418 11.418• 11.11669 8.17111 -11.2682 6.1111811 -311.1111 336.991 
411 16.1837 9.17711 12.4311 9.8811 11.11421 9.•2112 11.11681 8.2863 11.118811 6.1111811 -311.1111 U8.•22 
41 16.83311 11.1H3 12.111113 11.811111 11.11•24 11.42211 9.11683 8.3693 -19.9264 6.1111811 -39.1111 381.1142 
42 111.111111 11.18311 12.811711 11.8691 11.11428 11.4237 11.11686 8.46311 111.7872 6.1111811 -311.1111 373.849 
43 111.6929 11.1868 12.9942 11.8681 9.11431 11.4266 11.116117 11.6486 -111.8141 6.1111811 -311.1111 388.843 
•4 17.98211 9.1883 13.18111 11.8671 9.11434 11.4272 9.11689 8.8398 111.48811 6.1111811 -311.1111 41111.1124 
•6 17.6776 9 .191111 13.3872 11.8681 9.9437 ll.•2911 9.11671 8.7328 -111.3228 6.- -311.1111 413.391 
48 18.117113 9.1936 13.6629 11.8661 9.94411 11.4397 9.11674 8.8266 111.1838 6.- -311.1111 428.944 
47 111.6874 11.1981 13.73111 11.8641 11.11443 11.4324 11.11678 8.91811 -111.11489 6.1111811 -311.1111 4411.882 
48 19.11117 11.1988 13.92211 11.8631 11.11447 ll.•341 11.11678 7.111113 9.11183 6.1111811 -311.1111 •is• .ees 
49 19.8222 11.21114 1•.11179 11.8621 11.114611 11.4369 11.116811 7.11122 -9.71118 6.- -38.118 488.712 
611 211.1486 11.211411 14.2- 11.86118 11.11464 11.43811 11.11681 7 .1939 11.8886 6.- -311.1111 483.11112 
61 29.88117 9. 211811 14.4738 11.8491 9.11468 11.44111 9.11683 7.2863 -11. 64111 6.11111111 -311.1111 •97. 4 711 
62 21. 21811 9.21191 14.8689 9.8478 11.9482 9.U22 9.11686 7.3783 11.4333 6.- -311.1111 612.132 
63 21.7822 11.2117 14 .8377 11.8481 11.11488 ll.4U3 11.11688 7.48711 -9.32117 6 .11111111 -311.1111 628.9711 
64 22.3116 11.2143 16.11188 11.8448 11.114711 11.H84 ll.1'1688 7.6676 9.2114 6.- -311.1111 641. 988 
66 22.8884 11.2188 16.1993 11.8431 11.11474 11.4486 ll.1'1689 7.8478 -9.11162 6.118118 -311.1111 667 .188 
68 23.•289 11.2194 16.3791 11.8418 11.11479 II. 461111 11.11691 7.7373 9.1111211 6.1181111 -311.1111 672.687 
67 23.9929 11.2219 16.6683 11.84112 11.11483 11.4627 11.11692 7.8288 -8.91118 6.1181111 -311.1111 688.126 
68 24.6844 11.22U 16.7389 11.8387 11.11487 11.4648 11.11694 7 .91811 8.81139 6.1181111 -311.1111 8113.882 
69 26.1414 8.22711 16.9149 11.8372 11.11•91 ll.•689 11.11696 8.111148 -8.71189 6.11111111 -311.1111 819. 777 
811 26.7237 11.2296 18.11922 11.8368 11.11496 11.4689 11.11697 8.11934 8.8184 6 .11111111 -311.1111 836.889 
81 28. 3116 11.23211 18.2889 11.8343 11.11499 11.4818 l'J.11698 8.1818 -8.6283 6 .1111811 -311.1111 862 .138 



82 28.11948 9.2345 18.4469 9.8329 9.9683 9.4831 9.98 .. 8.2896 8.4386 6.- -39 ... 888.683 
83 27.69211 9.23811 18.8286 9.8314 9.9697 9.41161 9.9891 8.3679 -8.3631 6 ..... -39 ... 1185.2114 
114 28.1986 9.2394 111. 7963 ll.83H 9.11611 II. 41171 11.98113 8.4443 8.21198 6 ..... -311 ... 791. 999 
86 28. 7163 9.2419 18.91196 11.8286 11.11616 11.4892 11.98114 8.6313 -8.1888 6 ..... -311 ... 718. 988 
88 29.3293 11.2443 17 .14311 II. 8271 11.11619 11.4712 11.118118 8 .11179 8.11194 6.- -311.1111 738.111 
117 29.9484 11.2488 17 .31511 11.8257 11.11623 11.4732 11.98117 8.71142 -8.11321 6.- -311.1111 763.427 
88 311.6728 11.2492 17.4882 11.8243 11.11527 II. 4752 11.118119 8.79113 7.9588 5.- -311.1111 7711. 918 
811 31.2233 II. 2617 17.8838 11.85117 11.11461 11.4424 11.11599 8.8789 -7.8864 6.- -311.1111 788.6711 
711 31.8788 11.2642 17 .84116 11.8486 11.11467 11.4464 11.11692 8.98711 7 .8111 6 ..... -311.1111 8118.4211 
71 32.63911 11.2687 111.111114 11.84113 11.11484 11.4484 11.11694 9.11648 -7.7387 6.- -311.1111 824.438 
72 33.211311 11.26112 18.11116 11.8441 11.114711 11.4614 11.11696 11.1422 7.8881 6 ..... -311.1111 842.828 
73 33.8734 9.2817 18.3868 9.84111 11.11478 11.4644 11.11698 11.2292 -7.6993 5.- -311.88 888.1194 
74 34.6476 11.2841 18.6393 8.83117 11.8483 8.4673 11.1181111 11.3167 7.6321 6 ..... -311.88 879.533 
75 35.2281 8.2888 18.71111 9.8376 11.11489 11. 48113 8.11882 9.4819 -7.4888 6.- -39.88 898.245 
78 35.11991 9.2898 18.8838 8.8353 11.8495 11.4832 11.11884 11.4877 7.41128 6.- -311.1111 917 .129 
11 38.6988 9.2714 111.8548 9.8332 11.115111 11.4881 11.88118 9.67311 -7.3482 6.8888 -311.1111 938. 183 
78 37.2884 9.2738 19.2261 8.83111 11.85118 8.4899 11.118118 9.8588 7.27113 6.- -311.88 955.4118 
711 37.9846 11.2782 19.3946 11.82811 11.11514 11.47111 11.118111 11.7426 -7.2197 6.- -311.88 1174. 8113 
811 38.11849 11.2788 19.6832 8.8288 11.8628 11.4748 8.9812 11.8287 7.1818 6.- -38.118 994.388 
81 39.3896 8.28111 111. 73111 9.8247 8.11628 11.4777 11.11813 9.91114 -7.1847 6 ..... -311.118 11114.897 
82 411.111182 9.2834 19.81181 11.8228 11.11632 11.4888 11.11816 9.91138 7.8492 6.- -311.118 1833.996 
83 49.8111 8.2867 28.9844 11.8286 11.9638 11.4834 11.11817 111.8788 -8.99411 6.118118 -38.118 11164 .11811 
84 41.6279 11.2889 211.221111 11.8184 11.11644 11.4882 11.118111 111.16114 8.11418 6.- -311.118 11174.289 
86 42.2488 11.29114 211.3948 11.8183 11.116611 11.481111 11.11821 18.2416 -8.881111 6.- -311.1111 11194 .884 
88 42.9738 11.21127 211.6686 11.8142 11.11568 11.41118 11.11823 111.3233 8.8391 6 ..... -311.1111 1116.243 
87 43.71124 11.211611 211. 7217 8.8122 11.11682 11.4948 11.9826 111.4848 -8.7894 6.- -311.1111 1136.984 
88 44.43611 .11. 21113 211.8848 11.81111 8.11688 11.4974 11.8828 111.4868 8.74118 6.- -311.1111 1168.848 
89 46.1714 11.21198 21.11467 II. 81181 11.11674 II. 61182 11.11828 111. 6884 -8.8932 6.- -311.llfl 1171.894 
1111 46.9118 11.311111 21. 21186 8.81181 8.116811 II. 61129 11.118311 111.8487 8.8487 6.- -311.118 1199.lH 

w 91 48.8664 II. 31141 21.3888 11.81139 11.11688 II. 61163 11.11831 111.72116 -11.81111 6.- -311.1111 12211.487 
N 112 47.41127 8.31184 21.6268 8.81118 11.115112 II. 61177 11.8832 111.811811 8.6684 6.- -311.118 1241.993 

113 48.1636 8.3888 21.8843 II. 711118 11.116118 11.61H II. 11833 111.8861 -8.6127 6.- -311 ... 1283.877 
94 48.11978 11.311111 21.8421 11.7976 II. 118113 11.6124 II. 11834 111.9838 8.481111 6.- -311.118 1286.6111 
116 49.8866 11.1131 21. 9111111 11.7964 II. 118119 11.6147 11.9836 11.11421 -8.42811 6.- -311. llfl 13117 .618 
98 611.4286 11.3163 22.1661 11.7933 11.11816 11.6171 11.11836 11.12118 8.38811 6.- -311.118 1329.873 
97 61.1111111 11.3176 22.31116 11.7912 11.111121 11.6194 11.9838 11.1976 -8. 3488 6.- -311.118 1361.984 
98 61.968& 11.3197 22.4861 11.78111 11.11827 11.6217 11.9837 11.2748 8.3972 6.- -311.118 1374.449 
99 62.7294 8.3218 22.81911 II. 7871 11.11832 II. 62411 11.11838 11.3614 -8.2886 6.- -311.118 .13117.11118 

1118 53.6934 8.32411 22.7721 11.7868 8.fle38 11.6282 11.11839 11.4278 8.23118 6.- -38.118 1419.848 
1111 64.28811 8.3282 22.9244 11.7829 11.&e44 11.6286 11.118411 11. 61138 -8.1934 6.- -311.118 1442. 786 
1112 Ii& .11111111 9.3283 23.11788 II. 78119 8.81149 11.63118 11.11841 11.6794 8.1679 6.- -311.118 1486.841 
1113 66.8442 8. 33114 23.2289 8.7789 9.11866 II. 63311 11.11842 11.8547 -8.1212 6.- -311.118 1489.1187 
1114 68.838e 11.3328 23.37811 8.7788 11.8881 11.6363 11.11842 11. 7298 8.8882 6.- -38.118 1612.444 
1116 67.4199 8.3347 23.6283 8.7748 9.9888 11.6376 11.81143 11.81141 -8.8618 6.- -38 ... 1636.971 
1118 68.2122 11.3381 23.8749 8.7728 8.81172 11.6397 8.11844 11.8782 8.81811 6.- -311 ... 1669.1148 
1117 611.N74 11.3389 23.8228 8.7188 8.9877 11.6419 11.11846 11.96211 -6.9849 6.- -38 ... 1683.4118 
1118 69.8864 11.34111 23.9899 8.7889 9.8883 11.6441 11.8848 12.11264 6.9624 6.- -311 ... 18117. 438 
1119 88.81183 8.3438 24.1183 11.7889 11.8888 8.6483 11.11847 12.11984 -6.11286 6.- -311.118 1831.666 
119 81.4899 8.3461 24.2828 8.7849 11.88114 8.6484 9.111147 12 .1711 6.8892 6.- -311 ... 1866.818 
111 82.2183 9.3471 24.48e9 9. 7839 11.88119 11.6698 11.118•8 12.2434 -6.8684 6.- -38.N 11188.223 
112 83.8263 11.3492 24.6612 11.7818 9 .117114 11.6627 11.1111•11 12.3164 6.8283 6.- -311.118 17114. 776 
113 83.8378 11.3612 24.8947 11.7691 11.97111 11.6649 11.118611 12.3878 -6.7988 6.- -311.118 1729.489 
114 84.8614 11.3632 2•.8376 11. 7672 11.11716 11.66711 11.11861 12.4612 6. 71196 6.- -311.118 1764.3117 
116 86.4893 9.3652 24.97911 11.7663 11.117211 11.6691 11.11862 12.6291 -5.74119 5.- -311.118 1779.288 

118 88.2878 11.3672 26.1218 9.7634 11.11728 8.6812 8.11862 12.69117 6. 7128 6.- -38.1111 18114.4118 



Figure Captions 

Fig. lA Parlicle trajectories through the LEBT. 

Fig. lB Phase spaC'e plot at 22 cm. 

Fig. 2 Beam size, phase and energy profiles. 

Fig. 3A Input beam emittances in x-xp, y-yp and phi-w planes. 

Fig. 3B Output beam emittances in x-xp, y-yp and phi-w planes. 

Fig. 4 Schematic of the circular-inductor four rod RFQ 
basic module developed at TAC. 

Fig. 5 The vane shape i:n the PRMS (with no modulation) 
for option 3. 

Fig. 6 Matched phase spaoes and the beam envelope at zero 
current for option .l. 

Fig. 7 Measured RFQ transmilllions for several values of 
voltage (absolute iiransmissions are renormalized 
to 1003). 

Fig. 8 Matched~ spaces and t'he beam envelope at full 
curre:olt for option 1.. 

Fig. 9 Dependence ca tlie -efieclive shunt impedance on the 
tank radius al ~erent velocities. 

Fig. 10 Deperuimce of the effective mant impedance on the 
drift tube radiw at P = 0.065. 

Fig. 11 Relation between the drift tube radius and the 
maximum field gradient at p = 0.065. 
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Fig. 12 Dependence of the effective shunt impedance on the 
stem radius at /3 = 0.065. 

Fig. 13 Dependence of the effective shunt impedance on the 
nose comer radius at different velocities. 

Fig. 14 Relation between the nose corner radius and the 
maximum field gradient at different velocities. 

Fig. 15 One cell of the DTL at f3 = 0.065, 0.150, 0.250. 

Fig. 16 Optimized effective shunt impedance with the velocity. 

Fig. 17 Variation of the maximum field gradient with the velocity. 

Fig. 18 Tune diagram of the longitudinal and transverse 
motion in the case of the typical 200 MHz and 425 MHz 
DTL. 

Fig. 19 Emittance growth due to the longitudinal-transverse 
coupling. 

Fig. 20 Tune diagram of the DTL with high field gradient and 
small transverse phase advance. 

Fig. 21 Envelope of the first 20 cells in the DTL in 
the case of 0 mA and 50 mA. 

Fig. 22 Output beam emittance of the DTL in the case 
of 0 mA and 50 mA. 

Fig. 23 Emittance growth due to the space charge effects. 

Fig. 24 2.3 MeV beam evolution through the last ten cells 
in the DTL. 

Fig. 25 Schematic of the twin-inductor four-rod RFQ 
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ha.sic module. 

Fig. 26 Ma.tched pha.se spa.ces a.nd the bea.m envelop~ a.t zero 
current for option 1. 

Fig. 27 The va.ne she.pc in the PRMS (with no modula.tion) 
for option 2. 

Fig. 28 Ma.tched pha.se spa.ces a.nd the bea.m envelope a.t 
full current for option 2. 

Fig. 29 Pillbox ca.vity used to compa.re 
the a.nalytical a.nd computa.tional resona.nt frequency. 

Fig. 30 Low /3 DTL cell used to mea.sure the mesh 
dependence in SUPERFISH. 

Fig. 31 Mesh size dependence of the resona.nt frequency 
in SUPERFISH. 

Fig. 32 Fluctua.tion of the effective shunt impede.nee due to 
the a.ccura.cy of the resona.nt frequency. 

Fig. 33 Compa.rison of the TRACE3D a.nd PARMILA without 
spa.cc cha.rge. 
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Trace-3D Calculations 17-JUN-BE 09:02:4E 

a= -1.001 f3:= . H 
a= 1.120 ('~F 0.0452 V 

5.0 mm X 5.0 mrod 
a= -0.063 {3,= 0.2 6 

I 

·1 ·· 

60.0 de X 1 O~.O keV 

10.0 mm 50. deg 

······ .... . ... 

RFQ RFQ "'" _RFg,_,, 

. . 

Beam 
EMJTl= 
EMJTO= 

~= 

Current= 0.0 
8. 57 8. 57 900. 00 
8.57 6.57 900.00 

2. 300 2. 300 

Phi= 146.4 deg, W= 2.300 MeV 
DP= 23.2 deg. OW= 58.543 keV 

DZ= 3.18 mm 
DP/P= 12.74 mrod 

EMITZ:: 26.83 pi mm-mrod 

.................. 
-

RFQ RF\/ 
1 2 ---3---- ·--~---- ... 5. ... . --~-- .. - _L - - ---

Jn its: mm. mrod Tim. memos, MV/m 

a= 0.000 {3= c 168) h ! 
a= 0.000 {3= C.0458 \ 

' .. 
' 

' ' I ;,-:\ ' 

~ l) 
' ' ' ' .. 

5.0 mm x 5.0 mrod I 

a= 1 .129 {3= 0.5976 z 
.··· .. . 
' ' 
' ' i 
' ' ' 

' \ I ' 
I ' \ 

' I \ 

' 
t ' . ' I 

I 

I 60.0 dee X 

I - . 

100.0 keV 

0 9 Q 01 y 0 I 
- a 91~1 12 13 : 1 ~ s1 6 : 1 7 I - --......., 
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0 10 

Jl'A)t>n:~ ..... """ 

zo )() 40 !iO ec "'° IC 1:· !O:i l~O 
V/V, (pe: cent) 

Mtl\urtd lfQ transm1ss,ons for 1tvfr1i v11uts 
of 'input •~srwtcti (ab-solute tr1r1srr:1ssions arr 
rtno""611ztd to 100S). 
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' I ' 

' I 
' I ' ' . I . , .. 
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6D.O deo x 100.0 

0.0885 H 
0.1334 v 

mrod 
0.4460 z 

' 
' 

' 
' ' 

keV 

Beam 

El'JTl= 
EMJTO= 

W= 

Curren!= 50.0 
8.57 8.57 900.00 
8.57 8.57 900.00 

2.300 2.300 

Phi= 146.4 deg, W= 2.300 MeV 
DP= 29.7 deg, OW= 63.326 keV 

DZ= 4.06 mm 
OP/P= 13.78 mrod 

EMITZ= 26.83 pi mm-mrod 

1U.U mm ::iv. deg 

~ 
RFO RFQ - _R~ RFQ RFQ 

1 2 .. -~ .. 4 5 6 7 - - - -. ...... --- - -.......... . .. 

Jnils: mm. mrod. T /m. momcs. MV /m 
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o= 0.290 pk 0.0519 v I 
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' ,. 
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I ;--- I 
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' ' --· I 
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a= 0.012 H Beam Current= 50.0 a= 0.012 pf 0. 831 H 

a= 0.016 v EMITl= 8.57 8.57 900.00 a= 0.016 p 0.1755 v 
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