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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 atalI 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 radiofiequency 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 of 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 epithermal neutrons for treating brain 
tumors. A second option would provide 15 MeV protons for isotope 
production. 



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 Einsel lenses. Two lenses were cho- 
sen to provide two degms’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: Len8 Parameters 

1st Lena 

Voltage 29.45 kV 
Length 7.2 cm 
Spacing batmen electrodes 1.0 cm 

2nd Lens 
--------------------------------------------- 

Voltage 29.3 kV 
Length 6.2 em 
Spacing batrmn l hctrodem 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 .l% 
voltage regulation, which can be done with present technology. With 
this lens system H$ and Hz 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 kequency quadrupole (RFQ) is aelected to accelerate pro- 
tons up to 2.3 Meir because it is a nimple 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 
% 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 Parameters 

The kequency for this RFQ is chosen to be 425 MHz for reasons 
of RF powa source availability and the beam current (50 mA) re- 
quirement [7]. The bravery factor is 2.2 Kilpatrick for this design 
[B]. Sparking rates csn only be crudely estimated, and at this volt- 
age (112.5 kV) the sparking rate is approximately 0.2 spark per day 
[Q]. 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). This condition is required 
for easier transverse matching between the RFQ and the DTL. The 
main parameters are shown in Table 2. 

Table 2: FlFQ Parameters 

Frequmncy 
Ion 
Number of ~011s 
Length 
Vane voltage 
Bravery Factor 
Averags Radius 
Final Modulation 
Final synchronous phase 
Transverse phase advance 
Longitudinal phase advance 

425 MHz 
Proton 
131 
100.67 cm 
112.5 kV 
2.2 Kilpatrick 
Sam 
3.7 

-30 dog 
40 dog 
18 dog 

2.2.2 Beam Dynrmics Calculations 

The RFQ performance was analyzed with the RFQ-linac design 
and simulation code RFQSCOPE [lo] and PARMTEQ [S]. The 
acceptance is 0.75 r mm mfad. Transmission for zero current is 
98% and for 50 mA it is QZ%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 dmulation results of Table 3. 
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Table 3: Simulation Results 

Transmission 
60 mA 

Oti 
IQoittence 

(90 parcant Crmsl 1 
(pi cm 4 

x-xp 
YTP 
phi-a 

Emittanca growth 
(90 parcent) 

92 percent 
96 percent 

.0464 [.OlOl] 

.0439 [:. 01041 

.8166 c.17461 

32 percent 

2.2.3 RFQ Structure and Power 

We have three choices for the FLFQ 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 ssme rf 
tube which is used in the case of the Loma Linda RFQ[13]. 



Table 4: RFQ Structures 

structure Four Vane Four Rod TAC 
Characteristic daniF 
_____-------------------------------------------- 
Voltage stabilization 

problem Y*S 110 no 
Fabrication complicated simple simple 
Tank diameterfan) 15 30 20 
Powor 190 210 200 
quality Factor 11000 8600 8600 

2.2.4 Matching the RFQ to the DTL 

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 quadrupoles and one rf gap 
(buncher). All three planes can be matched exactly. (2) This 
method requires four more RFQ cells at 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 eero current and full current (50 
mA) with fairly good matching in the longitudinal plane. We will 
discwr, here only the la& method. The other two wil.l 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 eero 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 dmulation results (14) for the 
Los Alamos RFQ. If we incresute the voltage from the design voltage 
by 10 % , the transmission efficiency remains almost the same and 
the phase space ellipse rotates. We use this fact to match the ac- 
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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 is smsller than 
the rf b&et width (91 degrees, synchronous phase -30 degrees ) of 
the DTL. 

2.3 Drift Tube Linac (DTL) 

23.1 Cavity Specification9 

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

where Es is the average accelerating field gradient, PO 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 . V 
PO/L ’ 

where 2’ is called the transit time factor 

1 
- 

T= E,.L J dz Eocoskt. 

Here k 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. A.lso 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 kequency, shunt impedance, maximum field 



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 
p(=v/c). At each p 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 p, 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 p. 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 @ as a parameter. But from the 
point of view of the maximum field gradient, there is the minimum 
point in each @ curve as shown in Fig. 14. Moreover, if the nose 
comer 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 p. We 
chose 0.5 cm from p=O.OSS to 0.150, 1.0 cm from p=O.lSO to 0.250 
and 2.0 cm from p=O.250 to 0.350, respectively. The only problem 
with changing the radius with p is the kequency 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 proportionalreduction 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+ = conat ) at certain p. 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 p, respectively. From these 
figures, we can see that ZTT has a maximum value at about &0.15 
( Energy=10 MeV ) and decreases on the both sides. After p=O.lS, 
the maximum field gradient decreases with increasing /9. The step 
changes at /GO.15 and 0.25 in both figures are due to the transition 
of the nose corner radius. 

2.2.2 RF Proper&5 

Based on the optimised dimensions of each individual cell, we 
can design the whole linac system. If 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 beam requirements of this DTL are shown in Table 5. 

Tabl. 6: Hain Beam Parmotars 

Output Paak Current so ISA 
Repetition Rats 60 Hz 
Bears Width 60. micro aec 
Input Energy 2.3 nsv 
Output Energy 66 HSV 

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 Eo, the possibility of sparking 
increases rapidly. To estimate this phenomena there is an empirical 
law cslled the Kilpatrick limit [S]. 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 Harimxn Field Es to 
the Kilpatrick Field Ek and 
Probability of Sparking. 

Average Field Eo Ratio EB/Ek Probability 
-------------------------------------------- 
4 Hv/m 1.3 0.7 BP/day 
5 1.6 4.0 
6 1.9 33. 

From the point of view of the beam 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 c8n result in a coupling resonance condition. We will men- 
tion this more in the section on beam dynamics. 

As the first iteration, we chose 5 MV/m for EO mainly because 
of the ratio to the Rilpatrick 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 
parameter 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 Eo. Table 7 shows the 
summary of the parsmeters 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: Hain DTL Parameters 

Total Length 16.04 
Call Bumbar 116 
Avoraga Field 5. 
Structure Porn 6.59 
Beam Power 3.20 
Averago Power 70.6 

* Filling Time ( Tf ) 60. 
RF Pulra Width 120. 
Ropatition Rate 60 

m 

m/m 
ml 
Hu 
kV 
micro I~C 
micro *a~ 
Hz 

l Tf = J(Loaded Q/(pi*fo)) 
= 3(27000/(3.14*425XHa)) 

23.5 RF Power Considerations 

For our design, a suitable klystron is the VA-812E made by Varian. 
It is the same klystron designed for the PIGMI [15] [16] project at 
Los Alamos. Table 6 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 and 
the peak power, 

pa = Pl + JT’;;;;i?;;, 

where PI and Tr are the peak power and the pulse width of the 
typical usage, and I’s the width of this design. Then P2 becomes 
about 6.16 MW. It comes out a little bit lowa than the power 
required. 

Table 8: Varim Klyrtron. Hodal VA-812E 

Proquency range 400 to 460 Hliz 
Peak Output Powor, min 20 Hu 
hill 40 dB 
Avarago Power 300 ktl 

Pulso DurAtion. RF 20 micro sac 
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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 tsnk 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&s) and the nearest mode (TMslr) becomes 
small. According to the linear chain model, the mode separation 
between these two is 

Af = 4.3 * 10-s Mtlz. 

In fact, to stabilize the electric field on the axis and to make a larger 
mode separation, we would also use post-couplers (181. On the other 
hand, the frequency spread due to the quality factor Q is 

Af = 4.6 * 1O-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 MeV energy beam for isotope 
production (Appendix A). 

Finally it is obvious that the fabrication and alignment methods 
8re related to this issue. 

We chose one tank at the first iteration. But the c88e of a multi- 
tank DTL is mentioned in Appendix A. 

2.2.4 Berm D~n8ruica C&ulations 

The most fundamental parameters to be determined in the DTL 
are the transverse and longitudinal phase advance, /us and ~1 when 
we study the beam dynamics. In general, ps is a function of the 
strength of the quadrupoles, while ~1 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 emittsnce. 

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 longitudirml 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, 8 PMQ has 8 larger fringe field compared to aa ordinary 
electromagnetic quadrupole. The coupling between the two trans- 
verse directions becomes 8n 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, abgnment errors of the quadrupoles produce a distortion 
of the orbit. This effect plays 8 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 8 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 stsrt with the following assumptions to study the beam dy- 
mu&s. The quadrupole strength is determined to keep the phase 
advance JL, constant. Here us is 

cap, = 1 - (3 - 2A)/6 . A’@; - 2A 

where A is the packing factor of quadrupoles, @$ is the quadrupole 
strength and A ia the RI’ defocusing parameter. First, we will 
include the RF defocusing force but not space charge. We chose 
A = l/2 and JL~ N 75 degrees. For the longitudinal direction, we 
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chose -30 degrees as A synchronous phase and 5 MeV as the field 
gradient. 

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

Q( = 1.1 xcm . mrad, 

a1 = 9.0 deg * MeV. 

The wave numbers of each direction are in the ranges 

k, = 22 to 6 l/m (a?m&ed), 

kl = 18 to 2 l/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 

2” + kp = eq, 

where 7 = 4 - 4.. If s is smsll, then we can suppose x and 7 are 
described as 

z = cos k& r) = cos k,z. 

Substituting these into the above equation, we obtain 

2” + hz = t cos hz cos klz 

= ;[cos(kr + k& + cos(ki - k&l . 

From this, the resonance condition is, 

2h-kl=O. 

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



k, = 

where As is the RF wave length and p 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 Charactariatica 

Conventional This Design 
200 MHZ 

------------------------------------------ 
Field 2.0 Hvho 6.0 
Inj. Energy 0.76 MeV 2.3 
Frequency 200 MHZ 425 
Synchr. Phi -30 deg -30 

Using these numbers, we obtain the tune diagram as shown in 
Fig. 18, where vt,l = pr,r/2rr. As for the resonance 219 - vi = 0, 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 psrticles 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 sre 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. If we increscle 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 
8s a linear force. The transverse restoring force is represented by 

Kt = & + Kf + Kc, 
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where 
4 = B’I(&), 

K,, = _ mEoT I sin 4. I 
m&Ao/33y3 ’ 

K ,C = -3ZdMl - f(p)) 
8nm&ab~‘ys ’ 

where Zo is the impedance of kee space, + is the transverse semi-axis, 
b is the longitudinal semi-axis, and 

f(p) - U(~P),P = b/T . 

In our case, these values 8re at injection 

K,,/K, = 0.023, 

K.,/K, = 0.180. 

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

charge using TRACESD. 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 CAII see the beam halo. 

Figure 23 shows the relation between the beam current and the 
emittance growth factor. The other conditions are s8me 8s in Fig. 
22. At 50 mA, both transverse emittances 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 MeV proton linac for neutron therapy hss been studied in this 
paper. A standard duoplasmstron 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- 
%Y* 

There are of course many issues that need to be addressed in any 
future detailed design. For a compsct.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 arc 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 acceluating 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 cats. It might be better to have a separate RFQ dedicated 
to treating brain tumors rather than complicating the design of the 
DTL to accommodate 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 MeV 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 2.5 McV Beam Trransport through the DTL 

As mentioned above, 2.3 MeV protons could be used for epithermal 
neutron production. For this purpose rfis turned off in the DTL, and 
it operates (~8 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 have to change (in the thin lens approximation) according 
to the formula 

where BA 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 last ten 
cells in the DTL when the quadrupole strengths are set according 
to the formula given above. 

A.5 Isotope Production 

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

24 



Tablm A.1 

Tank Xl 2.30 - 15.97 nev 2.611 WJI 
2 15.87 - 35.90 2.621 
3 36.90 - 61.11 2.494 
4 51.11 - 66.18 2.537 

B RFQ Options 

B.l RFQ Structures 

B.l.l 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 pica farad/meter. [12] 

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

where 

Pi = 1.3. 10-S(fCt)3&‘a = 160 kW/m, 

Q = (wc,v’)/zq = 11000, 

Y = 2rf, 

f = 425 MHz, V = 112.5 kV and r. = 0.3 cm. 

B.l.2 Four Rod 

This structure we invented by the University of Frankfurt group. 
It does not have voltage stabilization problems, and it is very simple 
to fabricate. The power loss for this structure is estimated as follows 
WI 
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P, = R,[““,’ h + 2h 
3 Rod Width 

] WLV)” 
271 

= 210 kW, 

and the quality factor Q is given by 

Q = (wC,V’)/ZP, = 8600, 

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

R, = \/WPOP/~., 

plJ = 4?r. lo-‘, p = 0.17410-r 
n=23,h=4.34cm,w=10~,H=10.7cm,V=112.5kVand 
L=lm. 

B.l.S TAC Design 

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

The power loss is estimated as follows [12] 

4 = R&@ln g+k)+3 RodhWidthl 
(WCJV)~ 2n W = 200 kW, 

1 1 

and quality factor Q is given by 

Q = (wCtV’)/2Pl = 8800, 

where h,R, and Rz are defined in Fig. 4 and 
n = 17, RI = 2.5 cm, R, = 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 fuIl current. The quadrupole 
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strengths are approximately the same as in the first cell of the 
DTL. Table B.l shows the quadrupole strengths, buncher param- 
eters and the distances between them. Figure 26 shows the result 
of TRACEJD for this matching. 

B.2.2 Option 1 

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 

lat Quadrupole 
Strength 
Length 

2nd Quadrupola 
Strength 
Length 

RF cap 
EoTL 
Phase 

280 T/m 
2.4 cm 

288 T/m 
2.4 cm 

.126 nv 
-90. dog 

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 parameter. Table C.l 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 

Mash Size Frequency 
------------------------------------ 
0.06 em 646.38 miz 
0.10 646.39 
0.20 646.39 
0.50 646.40 
0.80 546.40 

Analytical Value 546.30 

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 
% ). 

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 beam simulation codes PARMILA and TRACE3D. 
PARMILA is a multi-particle tracking code, while TRACE3D is a 
transformation code for the beam envelope. In both cases, each 
cell of the DTL is represented by a half-quadrupole, drift space, RF 
impulse, drift space and a half-quadrupole. We make some’compar- 
isons between these two codes in the following. 
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D.l Example of GENLIN Output 

The parameters of the structure were determined. by using the 
subroutine GENLIN in PARMILA for both codes. Table D.l 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 l/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 p 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 2x2 matrix 
independently. There is no nonlinear term. For the longitudinal 
direction, TRACESD assumes small oscillations and the potential is 
described as 

U = sin&+ 1 Ad 1s . 

where AI$ = 4 - s&, d is a synchronous phase and d the phase of 
each particle. On the other hand, PARMILA assumes the exact 
cosine form of the field and the potential is 

U = sin(cj. + Ad) - Ad. cos 4,. 

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 TRACESD 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 expansion of the modified Bessel function 
to second order. Also the RF defocusing force is calculated for 
individual particles. 

D.5 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] and includes the focusing by this field. 
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Figure Captions 

Fig. 1A Particle trajectories through the LEBT. 

Fig. 1B Phase space 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 

Fig. 5 

Fig. 6 

Fig. 7 

Fig. 8 

Fig. 9 

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

The vane shape in the PRMS (with no modulation) 
for option 3. 

Matched pk spaces and the beam envelope at zero 
current for option k 

Measured RFQ transrmsl ’ -0ns for several values of 
voltage (absobste &ansm.issions are renormalized 
to 100%). 

Matched+ spaces and dhe beam envelope at full 
current for option X 

Dependence d abe eiktive shunt impedance on the 
tar& radius nt merent velocities. 

Fig. 10 Dependsmce of the effective n&ant impedance on the 
drift tube radius at p = 0.065. 

Fig. 11 Relation between the drift tube radius and the 
maximum field gradient at @ = 0.065. 



Fig. 12 Dependence of the effective shunt impedance on the 
stem radius at p = 0.065. 

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

Fig. 14 Relation between the nose corner radius and the 
m&mum field gradient at different velocities. 

Fig. 15 One cell of the DTL at /? = 0.665, 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 emittrume 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 



basic module. 

Fig. 26 Matched phase spaces and the beam envelope at zero 
current for option 1. 

Fig. 27 The vane shape in the PRMS (with no modulation) 
for option 2. 

Fig. 28 Matched phase spaces and the beam envelope at 
full current for option 2. 

Fig. 29 Pillbox cavity used to compare 
the analytical and computational resonant frequency. 

Fig. 30 Low p DTL cell used to measure the mesh 
dependence in SUPERFISH. 

Fig. 31 Mesh size dependence of the resonant frequency 
in SUPERFISH. 

Fig. 32 Fluctuation of the effective shunt impedance due to 
the accuracy of the resonant frequency. 

Fig. 33 Comparison of the TRACE3D and PARMILA without 
space charge. 
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