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Summary 

The higher radio frequency (450 MHz) and lower injec- 
tion energy (250 keV) of the PIGMI (Pion Generator for 
Medical Irradiations) linac design seriously compound the 
problem of beam containment in the first few meters of 
the structure. The conventional quadrupole-focused, 
drift-tube linac represents the best solution for beam 
energies above 8 MeV, but because of the small space 
available for quadrupoles in the PIGMI designs, cannot 
provide the required focusing at lower energies. A satisfac- 
tory solution to this focusing problem has been found 
based on pure alternating phase focusing for the first few 
MeV, followed by a smooth transition to a pure permanent 
magnet quadrupole-focused structure at 8 MeV. The 
structure and its calculated performance are described. 

Introduction 

The National Cancer Institute is supporting a program 
of accelerator development at the Los Alamos Scientific 
Laboratory aimed at the extension of proton linac 
technologies to produce the most suitable Pion Generator 
for Medical Irradiations (PIGMI). The program is 
currently in the first year of a three-year program, and is 
progressing well.’ 

An optimized design of a pion generator suitable for a 
radiotherapy program at a major medical center has been 
established. It consists of a 250-keV injector, followed by a 
40-meter-long drift-tube linac that accelerates the proton 
beam to 150 MeV, and a 95-meter-long coupled-cavity 
linac that accelerates the beam to its final energy of 
650 MeV, where the average beam current of 100 micro- 
amperes impinges on one or more targets producing abun- 
dant quantities of *- mesons for radiotherapeutic ap- 
plications. 

The major innovations in this program include: higher- 
frequency structures (450 and 1350 MHz), higher ac- . _ 
celerating gradients (5-8 MV/m), lower injection energy 
(few hundred keV), waveguide manifold rf distribution, 
alternating phase focusing for the first few meters, fol- 
lowed by permanent-magnet quadrupole focusing for the 
remainder of the linac, and an improved coupled-cavity 
linac structure for the high-energy portion of the facility. 

The move to higher frequencies and higher gradients 
compounds dramatically the problem of practical fabrica- 
tion of the drift-tube linac structure at lower energies 
(below 5 MeV). The higher frequency reduces the volume 
of the drift tubes where we normally place the magnetic 
quadrupole lenses, the higher gradient increases the need 
for radial focusing, and the lower energy further reduces 
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the space available for magnetic lenses and the effect of 
the focusing magnetic fields in comparison to the defocus- 
ing effect of the rf electric fields. It was known from the 1 
beginning of the project that some fundamental develop- 
ment in accelerator-focusing schemes would be required 
in this low-energy region in order to take full advantage of 
the higher frequencies and gradients in the higher-energy 
portions of the machine. 

The prime contender to satisfy the accelerating and 
focusing requirements in the region below 5 MeV is the 
concept of alternating phase focusing (APF). An array of 
such structures has been developed” which shows promise 
for acceleration of protons and heavy ions at higher fre- 
quency and from lower energies than currently possible 
with magnetically focused drift-tube linacs. In these 
structures, the transverse, as well as the longitudinal, 
focusing forces are produced by the rf fields. By arranging 
the drift-tube lengths, and hence gap positions, in an ap- 
propriate way, in a more or less conventional standing 
wave drift-tube linac, the particles can be made to ex- 
perience acceleration and a succession of focusing and de- 
focusing forces which result in satisfactory containment of 
the beam in the six-dimensional phase space without 
dependence on additional focusing fields.’ 

The PIGMI Prototype 

The major piece of equipment to be designed, 
fabricated, and tested under the PIGMI program is the 
operating prototype of the low-energy end of the proposed 
design, complete with a proton beam and diagnostic gear 
to evaluate its performance. Steady progress is being 
made on the design of this prototype. The PIGMI 
prototype involves a 250-kV Cockcroft-Walton power sup- 
ply, a proton ion source and accelerating column, a bunch- 
er cavity and solenoid lens to prepare the beam for injec- 
tion into the linac, and a prototype of the low-energy por- 
tion of the PIGMI linac structure. 

The linac portion of the PIGMI Prototype has recently 
been defined. It consists of a single tank, loaded with 64 
drift ‘tubes, which accelerates a proton beam from 
0.25 MeV to 8.9 MeV in a total length of 2.84 meters. The 
tank is divided into four sections as shown in Fig. 1. 

The first section has no quadrupole lenses among its 28 
drift tubes, and is entirely dependent on the APF principle 
for beam confinement. The APF sequence employed here 
is of the ++ ++ -4 -4 sequence, where (b begins at about 
72” and tapers at a rate of 0.25 degrees per gap throughout 
the APF and Quad Ramp sections. 

The last section is essentially a scaled-down version of a 
conventional quadrupole-focused Drift-Tube Linac 
(DTL), and accelerates the beam from 7.1 to 8.9 MeV in a 
distance of 34 cm for an average acceleration rate of better 
than 5 MeV/meter. 

The middle two sections form a transition between the 
APF section and the DTL section. In the Quad Ramp sec- 
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PIG&U PROTOTYPE 
ENERGYfMeV) 0.25 

SECTION 
NO. OF CELLS 
NO OF QUADS 
DIP~ETER(cm) 

LENGTH (cm) t-64 --I--6464--t-----02---+34+ 
TOTAL=264 o.3r / I 
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FOCUSING 0 
~HORIZONTAL) 

LONGITUDINAL o 
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Fig. 1. 
PIGMI prototype focusing effects. 

Con, permanent-magnet quadrupole lenses are intro- 
duced into every other drift tube in a +O-Oconfiguration. 
In the Phase Ramp Section, the gap phases are rapidly 
transformed from the APF sequence used in this 
prototype to a constant stable phase angle of -ZOO, 
suitable for the DTL section. 

In the transition region, there is a mixture of both APF 
and quadrupole focusing. It is important that they be 
mixed in such a way that the transverse acceptance in the 
horizontal and vertical planes are roughly similar. One 
consequence of this is that the net focal properties of the 
quadrupoles in the horizontal plane must be similar to the 
net focal properties of the quadrupoles in the vertical 
plane, a fairly common condition on quadrupole focused 
transport systems. Another consequence, which is not so 
common, is that the spatial distribution of the APF and 
quadrupole focusing elements must satisfy some basic 
symmetries. Symmetry arguments suggest that the 
quadrupole distributions must have odd symmetry about 
a point of even symmetry in the APF distribution. 

The nearest that one can come to a point of even sym- 
metry in the APF sequence adopted for PIGMI is the mid- 
point between the +4’s or the midpoint between the -$‘s. 
These points correspond to the midpoints of the medium- 
length drift tubes. If the quadrupole distribution is to be 
odd about these points, and if we exclude the possibility of 
multiple quadrupoles in a single drift tube, the medium- 
length drift tubes must be void of quadrupoles. This is un- 
fortunate because the medium-length drift tubes rep- 
resent approximately one-half of the available space for 
the introduction of quadrupole focusing elements. 

The only spaces left for quadrupoles are in the long drift 
tubes between the -4 and +d gaps, and in the short drift 
tubes between the +Q, and -4 gaps. If the quad distribu- 
tion is to be odd about the quadless, medium-length drift 

tubes, the quads in the short drift tubes must be of one 
sign (+, for example), and the quads in the long drift 
tubes must be of the other sign (-). If the quadrupoles in 
the long drift tubes make use of the available space, the 
gradient of those quads must be less than that in the short 
drift tubes so that the focal effects of the two can be 
similar. 

The length, gradient, and locations of the quadrupoles 
in the PIGMI prototype are shown by the hatched rec- 
tangles in Fig. 1. The quads are ramped on in the ‘Qdad 
Ramp section to a maximum grqdient of 6 kG/cm in the 
short quads, and approximately half of that in the long 
quads which are approximately twice as long. The 
gradients of the short quads are held at 6 kG/cm in the 
Phase Ramp sections, as the APF effects are ramped off, 
bringing the short and long quads to the same length and 
gradient by the end of the section. In the DTL sections, 
the quads have a conventional +0-O configuration. 

It is important to insure that during the transition from 
the APF to DTL structure the focal properties do not ap- 
proach an unstable situation and that the acceptance is 
not unduly restricted. The transformation matrix for,each 
period of the transition region, consisting of two ac- 
celerating gaps, two focusing gaps, and one long and one 
short quadrupole lens having alternate gradients, has 
been evaluated for a range of magnet gradients. Evalua- 
tion of the transfer matrices yields not only the limits of 
stability but also the oscillation amplitude associated 
with each period. 

Each period was evaluated for the nominal velocity fl 
associated with the period neglecting acceleration. The 
results of the period analysis are shown graphically in 
Fig. 2, and although these curves were generated for a par- 
ticular linac, they are similar in interpretation to the more 
general stability curves of Smith and Gluckstern‘ 
concerning periodic quadrupole focusing. 

If we let r represent the radius of the beam envelope 
having a normalized emittance q, we can express the beam 
size in terms of the parameter /3, (beta Courant‘) 

where fly is the normalized momentum. Values of &,.- 
then correspond to the point in the period where the radial 
excursion of the beam is a maximum. For convenience, we 
make & unitless by dividing by 8X, the fundamental unit 
of length in linac structures. The contours in Fig. 2 of con- 
stant &.,J/3X therefore correspond to constant values of 
maximum beam size r,,,,,, for a given normalized emittance 
t). For a given bore radius R = rmn, to pass a beam of emit- 
tance 7, the following inequality must hold: 

Bw.xhYX I TRW . (2) 

In the early part of the PIGMI prototype we see that es- 
sentially no amount of quadrupole focusing affects the ac- 
ceptance. The inflection point in each curve (connected by 
a dotted line) indicates the point at which the maximum 
beam size shifts from the center of a focusing gap to the 
center of a focusing quadrupole. Beyond this point, the ac- 
ceptance is a strong function of the magnetic gradient. 

The quadrupole law chosen for the PIGMI prototype is 
indicated by a dashed line superimposed on the stability 
diagram. The normalized acceptance in the APF section 

1128 



P 
FAF'F ----+Ouod Romp+------ Phase Romp -r,DTL-j 

Fig. 2. 
Stability region for the PIGMI prototype. 

corresponding to the 5.0 contour would be 0.48 cm mrad 
for a bore radius of 4 mm. If the bore radius remained con- 
stant, a bottleneck would occur at fi = 0.85. However, the 
bore is tentatively programmed as a linear function of p 
such that a minimum acceptance of 9 = 0.37 cm mrad oc- 
curs around B = 0.05 at a bore radius of 5 mm. In addition, 
we see that the focusing law lies well inside the stable 
region. 

The performance of the prototype design was further 
evaluated using PARMILA program, a multiparticle linac 
dynamics code. The transverse acceptance of the 
prototype has been calculated using a multiparticle tech- 
nique and found to be only 10% smaller than expected 
from the stability diagram, a reasonable discrepancy con- 
sidering the approximations assumed in generating the 
stability curves. It is interesting to note that the accep- 
tance is identical in both transverse planes indicating that 
the transition region does not contain an assymetrical bot- 
tleneck. 

Additional multiparticle runs have been performed to 
study the effects of coupling and space charge. In this 
case, continuous monoenergetic beams having a nor- 
malized transverse emittance of 0.10 cm mrad have been 
transformed from the buncher at the exit of the ac- 
celerating column, through a solenoid lens to the linac, 
and then accelerated to 8.9 MeV. Even at peak beam cur- 
rents of 30 mA the capture efficiency is calculated to be 
better than 60%. 

The geometrical and dynamical parameters of each of 
the 64 cells of the prototype are given in Table I, where 
PHI is the phase of the rf when the design particle arrives 

TABLE1 

PIGMI PROTOTYPE CELL PARAMEXEXS 
“C P8l 4s 

I .250 
I -72.00 .266 
2 71.15 .282 
3 71.50 .294 
: -71.00 -71.25 .326 .307 

6 70.75 -347 
ii -70.25 70.50 .362 

.376 
9 -70.00 .402 

10 69.75 .428 
11 69.50 .44-l 
12 -69.25 .466 

:: 
-69.00 .49? 

68.75 .529 
15 68.56 .552 

:: 
-68.25 .577 
-68.00 .615 

I8 61.75 .655 
19 67.50 ,684 
20 -67.25 .714 
21 -67.00 .761 

:: 
66.75 .a11 
66.50 .a47 

24 -66.25 .885 
25 -66.00 .943 
26 65.75 1.004 
21 65.50 1.049 
28 -65.25 l.096 
29 -65.00 1.167 

:: 
64.75 1.242 
64.50 1.297 

:: 
-64.25 1.354 
-64.00 1.441 

34 
::-:: 

1.532 

:: -63:25 
1.598 
1.668 

$3 
-63.00 1.172 

62.75 1.882 
39 62.50 1.962 
40 -62.25 2.046 
41 -62.00 2.170 
42 61.75 2.300 

:: 
61.50 2.396 

-61.25 2.496 
45 -58.82 2.650 
46 41.92 2.655 
47 43.39 3.031 
48 -51.54 3.186 
49 -49.12 3.4PT 
50 29.81 3.707 
51 25.28 i.972 
:: -41.84 -39.41 4.490 4.201 

54 11.69 4.863 
55 7.17 5.208 
56 -32.13 5.5+.? 
57 -29.,l 5.859 
58 -6.42 6.260 

zi -22.43 -10.94 6.642 7.010 
z: -20.00 -20.00 7.712 7.391 

63 -20.00 8.152 
64 -20.00 8.531 

Bell 
.023 
.024 
.025 
.o25 
.026 
.026 
.027 
.028 
.02n 
.029 
.030 
.031 
.032 

:::: 
.034 
.035 
.036 
.03-l 
.038 
.039 
.040 
.042 
.04.? 
.043 
.045 
.046 
.Obl 
.ObB 

.OSl 

.053 

.054 

.055 

:::a' 
.060 
.061 
.063 
.065 
.066 
.068 
.o,o 
.071 
.013 
.075 
.078 
.080 
.OEZ 
.005 
.089 
.092 
.094 
.097 
.lO, 
.105 
.108 
.lll 

:::: 
.I22 
.*25 
.128 
.131 
.I34 

T 

.452 

.46t 

.469 

.476 

.484 

.495 

.503 

.510 
-519 

2:: 
.547 
.557 
.569 
.579 
.587 

2:: 
.620 
.628 
.639 
.652 
.662 
-671 
.682 
.695 
.'05 
.714 
.725 
.?38 
.748 
.75' 
.767 
.T79 
.789 
.797 
.807 
.818 
.827 
.634 
.643 
.852 

:z 
.8?2 
.881 
.888 
.894 
-898 
.903 
-906 

2:: 
.903 
.a97 
.a90 
.881 

:2: 
.a39 
.822 
.803 
.783 
.761 0.000 

OS 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0 .ooo 
0.000 
0.000 
0.000 
q.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
o.oo,o 
0.000 
0.000 
0.000 
0.000 
0.000 
-.354 
0.000 
1.500 
0.000 

-1.073 
0.000 
3.000 
0.000 

-1.810 
0.000 
4.500 
0.000 

-2.566 
0.000 
6.000 
0.000 

-3.229 
0.000 
6.000 
0.000 

-3.814 
0.000 
6.000 
0.000 

-4.478 
0.000 
6.000 
0.000 

-5.238 

2::: o:ooo 
-5.904 

0.000 
5.716 

PL 
0 .ooo 
I.664 
1.225 

.755 
I.278 
1.836 
I.358 

.a45 
1.418 
2.030 
1.500 

.947 
1.5f6 
2.241 
1.676 
1.063 
1.752 
2.489 
1.865 
1.193 
1.950 
2.759 
2.015 
1.339 
2.170 
3.056 
2.309 
1.503 
2.415 
3.3.91 
2.567 
1.686 
2.683 
3.741 
2.850 
1.801 
2.970 

:-::: 
2:10(1 
3.297 
4.559 
3.490 
2.349 
3.662 
4.859 
3.840 
2.950 
4:136 
5.170 
4.373 
3.729 
4.744 
5.562 
5.004 
4.610 
5.429 
5.918 
5.671 

2::; 
6:235 

CL 

I .a711 
1.926 
1.320 
1.355 
2.016 
2.129 
1.469, 
1.509 
2.299 
2.358 
1.637 
1.682 

::::: 
1.626 
1.677 
2.828 
2.903 
2.038 
2.095 
3.140 
3.223 
2.2?6 
2.340 
3.486 
3.578 
2.541 
2.612 
3.868 
3.969 
2.835 
2.913 
4.287 

x: 
31243 
4.744 
4.664 
3.511 
3.603 
5.23'1 
5.366 
3.893 
b.OOT 
5.690 
5.799 
4.52, 
4.724 
6.209 
6.367 
5.401 

::::: 
1.044 
6.449 
6.133 
7.564 

:-::: 
?I893 
8.233 
8.418 
8.624 
8.624 

1.88 
3.80 
5.12 
6.48 
6.56 

10.68 
1<2.?5 
13.66 
li.96 

::::: 
21.64 
24.19 
26.60 
28.63 
30.50 
33.33 
36.23 
38.27 
40.37 
43.51 
46.13 
49.01 
51.35 
54.83 
56.41 
60.95 
63.56 
67.43 
71.40 
74.23 
77.15 
91.43 

i:*:: 
92:23 
96.98 

t01.04 
105.35 
108.96 
114.19 
119.56 
123.45 
127.46 
133.14 
136.94 
143.46 
149.19 
lS4.40 
160.17 
166.1'1 
171 .a1 
118.69 
185.73 
192.18 
198.91 
206.46 
2t4.20 
221.80 
229.69 
237.93 
246.34 
254.97 
263.79 

TOT&L LDYOTl = 263.791 

at the center of the gap, WS and BETA are the energy and 
velocity of the design particle after crossing the gap, T is 
the transit time factor, QS is the quadruple gradient in 
kG/cm, and QL and CL are the quadrupole ‘and cell 
lengths respectively. 
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