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LOW-ENERGY LINAC STRUCTUNRE FOR PIGMI*

By

Donald A. Swenson and James E. Stovall
University of California, Los Alamos Scientific Laboratory
P. O. Box 1663, Los Alamos, NM 87545

Summary

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

Iniroduction

The National Cancer Institute is supporting a program
of accelerator development at the Los Alamas Scientific
Lahoratory uimed at the extension of proton linac
technologies to produce the most suitable Pion Generator
for Maedical Irradiations (PIGMI). The program is
currently in the first year of a three-vear program, and is
progressing well.!

An optimized design of u pion generator suitable for e
radintherapy program at » major medical center has bown
esteblished. It consists of A 250-keV injector, followed by &
40 ineter-long drift-tube linae that accelerates the proton
Lesiin to 150 MeV, and a 95-meter-long coupled-cavity
linne 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 sbun-
dunt quantities of == mesens for radiotherapeutic ap.
plications,

Tt major innovations in this program include: higher-
frequeney structures (450 and 1350 MHz), higher ac-
celerating gradients (5-8 MV/m), lower injection energy
(fove hundred keV), wavepuide manifold ff distribution,
alteruaiing phase focusing for the first few meters, fol.
lowed by permanent-magne; quadrupale focusing for the
ren. .inder of the linac, and an improved coupled-cavity
linnc structure for the high-enesgy portion «f the facility.

The move to higher frequencies and higher gradients
cempounds dramauticelly the problem of practical fabrica-
tion of the drift-tube linac structure at lower encrgies
(below & 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 reducen

S_u.pporlfd by the National Cancer .ostitute of the Division of
Cancer Research Reacurces and Centers of the U. S, Depart.
ment of Health, Education, and Welfare,

the space available for magnetic lenses and the effect of
the focusing magnetie ficlds in comparison to the defocus-
ing effect of the rf electrit fields. It was known froo the
beginning of the project that some fundeamental 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-energ;’
portions of the machine.

The prime contender to satiafy 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 n 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-
focusirg forces which result in satisfactory containment of
the beam in the six-dimensional phase space without
dependence on additional focusing fields.*

The F'IGMI Prototype

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

The linac portion of the PIGMI Prototype has recently
been defined. 1t consiste of a single tank, loaded with 64
drift tubes, which nceelerntes a proton beam frum
020 MeV to 8.9 MeV in a total length of 2.64 meters. 'The
tank is divided into four sectiuns ar 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 heam confinement. The APF sequence employed heve
is of the 4+ ¢ +¢ ¢ —¢ seguence, where 4 begina at about
72 and tapers at a rate of .20 degrees per gap throughout
the APF and Quad Ramp rections,

The last secticn is essentially a sealed-down vergion of a
convertional quadrupole-focused Drift-Tube Linac
(D'TL), and accelerates the beam from 7.1 to 8.9 MeVina
distance of 34 cm for an average acce!riation rate of better
than 5 MeV/meter,

The middle two aections form a transition between the
AP'F rection and the DTL aection. In the Quad Ramp aee-



ENERGY(WeV) 28 Tt &%
SLCTION PriaSE_RAND 1914 1
NO OF CELLS 6 a
ND OF QUADS 0 2
DWVETER{cm) ; a4 44
LENGTH(cm) p——t4—+—-64 - —102 +- 34—

ToO1AL-264 O3( I

h
TRANSVERSE ;[
FOCUSING o

(HORIZONTAL) |] H"

QY
O.Br !
RF GAF EFF"CTS

L! I‘Tll H 'l\ Lo
O

Fiz. 1.
PIGM] prototyiwe o -wsin ' effects.

LONGITUD!
FOCUSINGM

tion, permanent-magnet quadrupole lenses are intro-
duced into every other drift tuhe in e +0—0 configuration.
In the Fhase Ramp Sectivn, the gap phases are rapidly
transfoimed from the APF requence used in this
prototype to a constant stable phase angle oi -20¢,
suitable for the OTL section.

In the transition region, there is 1 mixture of both APF
and quadrupole focusing. It is importent thet they be
rixed in such a8 way that the transverse aceeptance in the
horizontal and vertical planes ure roughly similar. One
conseguence of this is that the net focul propertic~ of the
quadrupoles in the horizontal plane must be similiiz to the
nrt Tocal properties of the quadrupoles in the vertical
plane, o f1irly commmon condition on quadrupole focused
trunsport systemi, Another conseguence, which i @ 10
commuon, is that the spntinl distribution of the AT'F and
qundrupole fucusing elements must satinfy son- 1. ic
symiuetries. Symmetry arguments suggest that the
aundrupoie distributions must have odd eymmetry about
a point of even kymmciry in the AI'F distribution.

T'he nearest that one can come to a point of even sym-
metry in the APF sequence adopted for PIGMI is *he mid-
point between the +¢'s or the raidpoint between the —-¢'s.
These points correspond Lo the midpointsa of tne medium-
length drift tubes. If the quadrupole distribution is to be
odd abou: these pointa, and if we exclude the posibility of
multiple quadripoles in a single drift tube, the modium.
length drift tubes musat be void of quadrupolea. Thiz is un-
fortunate because the medium-length drift tubes rep-
resent approaimately 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 —¢ and +¢ gaps, and in the short drift
tubes between the +¢ and —¢ gapn. If the quad distribu-
tion in to be odd about the quadleas, medium-length drift

tubes, the quads in the short drift tube- must be of one
sign (+, for exampie), ar:d the quadr in the long drift
tubes must be of the other sign (—). If the guadrupoles n
the long drift tubes make use of the available r.pace, 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
siriilar.

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 Quad
Ramp section to 8 mazimum gradient of 6 kG/cm in the
short quads, and approzimately 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 ofT,
bringing the shor: and long quads to the same length and
gradient by the end of the section. In the DTL secticns,
the quads have a conventional +0-Q 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 transformatior; matrix for each
period of the transition region, consisting of two ac-
celerating gaps, tvo focusing gaps, and one long &and one
sliori quadrupole lens having alternate gradients, has
been evaluated for a range uf magnet gradients. Evalue-
tion of the transfer matsi:es yields not only the limits of
stability but alsc the oscillation amplitude associated
with each period.

Each period was evsluated for the nominal velocity 8
associated with the period neglecting acceleration. The
results of the period analysis are shown graphically in
Fig. 2, and elthough 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 perindic quadrupole focusing.

If we let r represent the radius of the beam envelope
having a normalized emittance n, we con cxpress the heam
size in terms of the parameter A. (beta Courant®)

r= BBy . (1

wlere By is the normalized momentum. Values of Be me
then correspond to the point in the period where the radial
excursion of the beam is a maximurm. For convenience, we
make Bc unilless by dividing by #X, the fundnmental unit
of length in linae structures. The contours in Fig, 2 of con-
stant A /AN therefore correspond to constunt values of
maximum benm size Pme, for a piven normalized emittance
w Forupgiven bore radiva R = fuu, to pars n benm of emit-
tance n, the following inequality aust hold:

B\‘llllll.’ﬁx < 71('/Aﬂ « (2)

In the early part of the PIGMI prototype we kee that es-
kentially no amount of qundrupolc focuring affecta the ac-
ceptance. The inflection point in each curve (connected by
a dotted line) indicates the point at which the mnximum
beam size shifts from the center of a focusing gap to the
center of a focusing quadrupole. Beyond thia point, the ac-
ceptance is a strong function of the mnagnetic gradient,

The quadrupole law chosen for the PIGMI prototype in
indicated by a dashed line superimponed on the stability
dingram. The normalized acceptance in the APF secticn
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Fig. 2
Stabitity region for the PIGMI protutype.

corresponding 1o the 5.0 contour would be 0.48 cm mrad
for a bure radius of 4 mm. If the bore radius remained con-
stunt, a bottleneck woulid occur at 5 = 0.85, However, the
e is tentatively programmed 85 a linear function of §
ruch that a minimum acceptance of n = 0.37 cm mrad oc-
curs around 8 = 0.05 nt n bore radius of 5 mm. In anddition,
we ree that the forusing law Jies well inside the stable
region.

The performance of the prototype design wae further
evaluated using PARMILA propram, a multiparticle linac
dvnsmics code. The transverse aceeptance of the
prototype has been caleulated using s multiparticle tech-
nigue and found to be only 104 smaller than expected
from the stability diagram, a reasonable discrepancy con.-
sidering the approximations sssumed in penerating the
etability curves. It is interesting to note that the accep-
tance is identical in Lhoth transverse planea indicating that
the transition region does not contain an assymetrical bot.
tlencck.

Additional multiparticle runs huve been performed to
atudy the effeets of coupling and spuce charge. In this
case, continuous monoeaergetic beams huving 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 nccelerated to 8.9 MeV. Fven 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 ia the phare of the rf when the design particle nrrives
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at the center of the gap, WS and BETA ate the enerpy and
velocity of the design particle after crossing the gap, T is
the transit time Tactor, QS is the quadrupole crudient in
kG/cm, and QL and CIl. are the quadrupcie and cell
lengths respectively.
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