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ABSTRACT 

The high frequency, high accelerating gradient 
and low injection energy of the PIGMI design all 
serve to compound the beam containment problem in 
the first few meters of the structure. A suitable 
solution based on alternating phase focusing will be 
presented. The physical properties of the structure 
and the properties of the beam within it will be de­
scribed. 

1 It is a primary thesis of the PIGMI Program at 
LASL. that by raisin9 the frequency and accelerating 
gradlent of proton llnac structures, a new breed of 
proton linacs will emerge that are smaller, shorter, 
less expensive and more reliable. For such linacs, 
a smaller and less expensive injector is highly 
desirable, which implies a lower injection energy. 
These three changes compound dramatically the 
problem of beam containment in the first few meters 
of the structure: The higher frequency reduces the 
volume of the drift tube where we normally place the 
magnetic quadrupole lenses, the higher gradient in­
creases the need for radial focusing, and the lower 
energy further reduces the effect of the focusing 
magnetic fields in comparison to the defocusing ef­
fect of the rf electric fields. 

It is essentially hopeless to try to solve 
this radial focusing problem with static magnetic 
quadrupole fields. Accelerator builders have shied 
away from electrostatic quadrupole fields, and 
probably for good reason. Solenoid focusing is 
equally hopeless. 

The basic dynamics problem in the high­
gradient low-energy end of such linacs is the magni­
tude of the defocusing component of the rf electric 
fields when operated in the usual phase stable mode. 
By changing the sign of the phase at which the par­
ticles cross the gaps, this powerful defocusing 
component can be turned around into a powerful 
radial focusing component. By alternating the phase 
at which the particles cross the gap, it is possible 
to alternately focus and defocus the longitudinal 
and radial phase spaces in such a way as to acceler­
ate the beam and to contain it without dependence on 
additional focusing fields. 

This possibility, called alternating phase 
focusing (APF), was recognized soon after the dis­
covery of the alternating gradient focusing. Early 
investigations were restricted to symmetrical, and 
later assymnetrical, biperiodic phase se0uences. a 

* To be supported by The National Cancer Institute of 
the U.S. Department of Health, Education and Wel­
fare. 

aSee Reference 2 for related bibliography. 

Many investigators concluded that the stable phase 
areas were small and of little practical interest. 
More recently, there has been a revival of interest 
in this focusing principle in connection with high 
gradient prospects of superconducting structures, 
and the difficult focusing situations in heavy-ion 
linacs. The Russians seem to have found some in­
teresting structures in the late sixties and 
studies of these are in progress. 

About a year ago I began looking for a suit-
2 

able alternating phase focusing sequence. In 
order to make practical judgments, it was necessary 
to conceive of practical ways to realize an alter­
nating phase focusing situation. I constrained my 
studies to a standing wave drift tube loaded struc­
ture where there is, on the average, one gap perB~ 
of length, that is, where the particles are ex­
posed to the rf fields once and only once per rf 
period. These structures look very much 1 ike drift 
tube loaded structures designed by committee, where 
there was somewhat less than full agreement on the 
lengths of the drift tubes. 

Particles which cross linac-type gaps at the 
peak of the accelerating voltage (¢ = 0) get the 
maximum acceleration possible, and 1 ittle in the 
way of longitudinal or transverse focusing or de­
focusing. Particles which cross linac-type gaps at 
¢ = -900 get no acceleration, but lots of longi­
tudinal focusing and transverse defocusing, and 
particles which cross linac-type gaps of ¢ = +90° 
get no acceleration, but lots of transverse fo­
cusing and longitudinal defocusing. Particles 
which cross gaps between these limits get varying 
amounts of acceleration, and longitudinal and 
transverse focusing and defocusing. By arranging 
the drift tube lengths, and hence gap positions, 
in an appropriate way, in a more or less conven­
tional standing wave drift tube linac, the 
particles can be made to experience acceleration, 
and a succession of focusing and defocusing forces 
which result in satisfactory containment of the 
beam in the six-dimensional phase space without de­
pendence on additional focusing fields. This means 
that drift tubes can be fabricated smaller and 
shorter than ever before, allowing the structure to 
be extended to higher frequencies and to lower 
energies than currently possible. 

Upon exploring the parameter space, I quickly 
found the array of phase sequences shown in Fi g. 1 , 
ranging from two-gap periodicities at the top to 
eight-gap periodicities at the bottom. Within each 
periodicity, the sequences are arranged in order of 
decreasing acceleration factor. To the right of 
each sequence, there are a number of dots corres­
ponding to suitable excitations for the sequence 
ranging from 0 to 16 MV/m. The asterisks represent 
the excitations that exhibit the maximum longi­
tudinal stability. The two columns on the right 
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side of the figure give the normalized emittance 
(syab) of a beam whose maximum diameter is one 
centimeter, and the total widths of the longitudinal 
acceptance. 

Two things are immediately obvious from this 
array of sequences: 

1. The range of suitable excitations 
for a given sequence is relatively 
narrow, and 

2. The optimum excitation of the se­
quences decreases as periodicity 
increases. 

The results in Fig. 1 are based on a formu­
lation of the dynamics which did not, and could not 
conveniently, include the coupling terms between 
the transverse and longitudinal dynamics. Neverthe­
less, these results, which are described more sys­
tematically in Ref. 2, serve as a significant guide 
into the parameter space for more sophisticated 
studies. 

More Sophisticated Study for PIGMI 

The sequence that we are currently studying 
for PIGMI has a periodicity of 4, starting with -72 
-72 72 72 and changing gradually by .2 degrees per 
gap towards ¢ = o. 

Specifically, the structure has a resonant 
frequency of 450 MHz and an axial electric field of 
6 MV/m. The injection energy is 250 keV (S = .023). 
The first 40 cells have a total length 1.057 meters, 
and accelerate the beam to 1.776 MeV. The gap 
phases vary gradually from + 72 degrees at the be­
ginning to + 64 degrees at the end. Table I gives 
these and other details on the sequence, where T is 
the transit time factor, V is the volts across the 
gap, and EL is the cell length. 

The transit time factor is a strong function 
of the ·bore radi us for the very short cells. The 
relationship was determined from a s~ries of cavity 
calculations using the new SUPERFISH program. In 
the shortest cells, T = .452 for a bore radius of 
4 mm, and T = .342 for a bore radius of 5 mm. In 
the 10nger cells of this series, T = .824 for a bore 
radius of 4 mm, and T = .777 for a bore radius of 
5 mm. In our present studies we have taken the bore 
radius to be 4 mm at 250 keV enlarging to 5.4 mm at 
1.776 MeV. Figure 2 shows the geometry of the 
shortest cell, the longest cell, and a composite of 
the first eight cells of this sequence. The 8-cell 
composite was run on SUPERFISH, resulting in a 
resonant frequency of 451.46 MHz, and the electric 
field pattern shown in the figure. 

The general linac particle dynamics code, 
PARMILA, has been modified to handle the APF struc­
ture. This formulation of the dynamics has all the 
important coupling terms between the transverse and 
longitudinal dynamics. The code can generate a 
variety of distributions for the initial coordinates 
of the particles in the 6-dimensional phase space, 
and can follow these particles through the structure 
while producing a variety of performance data. 

The structure presented in this paper evolved 
from a series of PARMILA runs where the structure 
was changed slightly between runs while the effect 
of each change was noted. The major judgements in 
this process were based on outputs of the type 
shown in Fig. 3. At the top of this figure are 
the xx' and ¢w phase spaces that succeed in tra­
versing the structure. Below these phase spaces 
are the x and ¢ profiles with one line of output 
per cell. It is easy to see the periodicity of 
four in both the transverse and longitudinal 
focusing. Figure 4 gives some indication of the 
wavelengths of the transverse and longitudinal 
oscillations within the structure. 

In order to make a valid analysis of the 
coupling and space charge effects, it is necessary 
to simulate a realistic beam simultaneously in both 
the transverse and longitudinal phase spaces. This 
is most easily done prior to the buncher where the 
longitudinal phase space is simple (all phases, no 
energy spread). This, however, necessitates the 
inclusion of the buncher and the low energy trans­
port system in the description of the structure to 
be analyzed. 

The beam from the ion source and the beam in 
the APF structure have circular symmetry. In 
order to maintain circular symmetry throughout 
this region, we have chosen to use a single 
solenoid lens to focus the beam from the buncher 
to the linac. 

Figure 5 shows the performance of the buncher­
solenoid-APF linac combination with all the im­
portant coupling terms, but with zero beam current 
(space charge). The buncher is a simple, single 
cavity system with a peak voltage of 2.4 kV lo­
cated 80 cm in front of the linac. The solenoid 
has a focal length of 20 cm. The percentage of 
the beam captured by this system is ~62%, which 
compares well with conventional linacs with 
single cavity buncher systems. 

No significant deterioration in performance 
is noted when the beam current (space charge) is 
increased to 30mA. To accommodate this space 
charge, the optimum buncher voltage is 2.7 kV and 
the optimum solenoid focal length is 19 cm. 

The next stage of our studies will be to 
match this structure to a permanent-magnet 
quadrupole-focused structure by a gradual turn-off 
of the APF effect, and a gradual turn-on of the 
quadrupole focusing. 
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TABLE I 

APF CELL PARAMETERS 

~PFOUT SUBRDUTI"E • RU"'" 828 

He PH' WS BETA E Z os OL 

• .2~O .023 

• -72.0 . 266 . 024 6. 00 · 4~5 .113 O. 000 t . 66 4 
2 71.8 .283 .025 6 . 00 .462 . 116 O. 000 1.225 
3 71.6 .294 .025 6.00 .468 .079 O. 000 . 7 54 
4 -71. 4 .307 .026 6 . 00 .4704 • 08 1 0.000 1 . 278 , -71.2 .326 . 026 6 . 00 . 480 .125 0 . 000 1. 836 

• 71. 0 . 3 46 .027 6.00 . 488 .128 O. 000 t.356 
7 70 . 8 . 36 0 . 028 6.00 . 495 .088 O. 000 .8·41 
8 -70 . 6 . 375 .028 6.00 .500 .090 O. 000 1.414 , -70.4 . 399 .029 6.00 .507 .1 38 O. 00 0 2 . 025 

•• 70.2 .423 .030 6.00 .516 . 141 O. 000 1.500 
II 70.0 . .. ·tt .031 6.00 .523 .097 O. 000 .937 
.2 -69.8 ... 59 . 031 6.00 .529 .100 O. 000 1.563 
. 3 -69.6 .487 .032 6 . 00 .536 . 152 O. 000 2 .232 

•• 69.4 . 517 .033 6 . 00 .545 .156 O. 000 1 . 6~8 

'" 69.2 .~38 .034 6 . 00 . ~52 . 108 0 . 000 1.043 

•• - 69.0 .56 1 .035 6 . 00 .558 .1 1 1 0.000 1 .727 
. 7 -68.8 .~95 .036 6.00 . 5 66 .167 0 . 000 2 . "~7 
.8 68.6 . 631 .037 6 . 00 · ~75 . 172 0 . 000 1 .83 0 .. 68." . 6~7 .037 6. 00 .583 .120 0 . 000 1.1 ~9 

2. -68.2 . 683 .038 6. 00 .589 . 123 O. 000 1.907 
2. -68 .0 .725 .039 6. 00 .597 . 18" O. 000 2.703 
22 67.8 . 768 .040 6 . 00 .6 07 . 189 0 . 000 2 .019 
23 67.6 . 799 · 0 .. 1 6 . 00 . 6 15 . 132 O. 000 1.288 

2' -67. " . 83 1 • 042 6.00 .62 1 .136 O. 000 2.103 

2' -67.2 .881 .0"3 6.00 .629 .203 O. 000 2.97 0 
2. 67. a .933 .0"5 6.00 .639 .208 0.000 2.225 
27 66 . 8 .97 0 . 04 5 6 . 00 .647 . 1"6 O. 000 1."29 
28 - 66. 6 1 . 009 .0 .. 6 6.00 .653 . 150 O. 000 2.3 16 

2' -66. " I. 068 · 0"8 6 . 00 .662 . 223 0 .0 00 3 . 2 59 
3. 66 .2 1 . 130 • 0"9 6 . 00 .67 1 . 228 0.000 2 ..... 8 

3' 66.0 1.174 .050 6 . 00 .679 . 161 0 .000 1.583 
32 - 65.8 1 .22 1 .051 6 .0 0 .686 .165 0.000 2 . 5"8 
33 -65.6 1.291 .052 6 . 00 . 69" .2 .. 5 0 . 000 3 .571 

3 ' 65." 1. 3 64 · 05" 6 . 00 .7 03 .250 0. 0 0 0 2.690 
35 65.2 1."17 · 055 6 . 00 .711 . 178 O. 000 1 .751 
3. - 65.0 I . "72 · 056 6 .00 .717 . 182 O. 000 2.797 
37 - 6".8 1.~55 · 058 6. 00 . 725 .268 0 . 000 3.906 
38 64. 6 1 .6"1 • 0~9 6.00 .73" .27 " O. 000 2.950 
39 6 ..... 1.70" • 060 6. 00 · 7 " 2 . 195 O. 000 1.933 
4. -6".2 1. 776 . 061 6. 00 . 7 48 . 222 O. 000 3. 6 15 

TOTAL LENGTH :: 

PERIOD SEqUENCE ACCEL. FIElD FACTOR F 
(deg rees) FACTOR (MY/m) 

0 8 12 16 

- 60 60 .500 r 
. 

· 65 55 . 498 
- 70 70 . 342 

- 90 30 30 .517 
-90 40 40 .511 

-90 O' 90 0 . 500 
-60 -60 60 60 .500 
· 70 - 70 60 60 . 42 1 

-90 - 30 60 60 -30 .546 
-90 -DO 3D 9D 30 .346 

-90 - 90 6D 60 . 500 
-90 -90 70 70 . 447 
- 90 -90 90 90 .333 

- 90 - 90 0 40 70 40 . 553 

-90 - 90 -30 30 60 60 30 - 30 .558 
-9 0 -90 ·30 30 90 90 30 -30 . 433 

I 

Fig. l. Array of Basic APF Phase Sequences. 

EL 

1.879 
1.926 
1.320 
1. 354 
2.076 
2 .128 
1.464 
1 . 503 
2 . 293 
2 . 35 0 
1.624 
1 . 667 
2.530 
2.~93 
1.800 
1 . 8 " 7 
2 . 790 
2.858 
1.993 
2 . 0 .... 
3 .073 
3 .1"8 
2 . 205 
2 .261 
3 . 382 
3. "63 
2 . 4 36 
2 ."97 
3 .717 
3 . 805 
2 .688 
2.75" 
.. . 079 
" . 17" 
2.96 1 
3.032 
..... 69 
".571 
3 .255 
3.699 

1 O~. 707 

X X' 
(pf ,b) 

20 (cm-mrild) 

3 . 23 
2. 58 
2 . 93 

1. 83 
3. 60 

1.71 
1. 45 
1.38 

0.72 
1. 18 

0. 84 
0 . 96 
1.13 

1.11 

0 . 62 
0. 81 

FIRST 

CELL 

Fi g. 2. 

~W 
(to', l) 

(de g keV) 

70~.20Q 

85x130 
71\x100 

58x134 
52x16':1 

60x120 
SOx 58 
70x 96 

60x 60 
70x 61\ 

65x 54 
70x 50 
60x 50 

45x 26 

62 x 30 
70x 32 

LAST 

CELL 

- -

r' ~ '---

§ ~ 

'--- ~ '--' '-- --, 

FIRST E IGlIT 

CELLS 

First, Last and Fi rst Eight Cells of 
Sequence. 

:· ,(PIO'I 11E" . ~fJfJ >I • o~o PHI -'" "'O. Oou. u24 
- 1-------- - ------- - 1------------ -- --- 1- - 1----- - ------ -- --- 1----·----------- - 1-

I I 1 I I I 
I I 1 1 
1 I I I I 
I •••••••••••••••• I 
! ! ! 
I ••••••••••••••••••• I 
! ! ! 
1 ••••••••••••••••••••• I 
!! ! 

I • •••••••.••••••••••••• • •••••••••••••••• 
\ I I I 

-1-------•• ···················-------\- -\ ------------•••••••••••••••••• ----- 1-
I 1 I I 1 

••••••••••••••••••••• [I •••••••••••••••• I 
! ! ! 

••••••••••••••••••••• I ••••••••••••• 
! ! 

• • ••••••••••••••••• I [ •••••••• 
! ! 

I •••••••••••••••• 1 I 
! ! ! 
! • ! 
I I I I 1 I 

_1 _________________ 1 ___________ - ----1- -1---- -- -----------1- - ---------------1-

X PROFILE 6uO '" PPOFILE 
_1 __ ______ ••••••••••••••••••• ________ \ __ 1 ____ _____ ••••••••••••••••••••• ___ __ 1_ 

••••••••••••••••••••••• 1 \ •••• ••••••••••••• I 
••••••••••••••••••••••••• I I I 
••••••••••••••••••••••• 1 I •••••••••••••••• I 
••••••••••••••••••••• 1 ••••••••••••••••••• 

••••••••••••••••••••••• ! •••• • •••••••••• ......................... ....................... ..................... ....................... ......................... ..................... ................... ....................... ........................... ......................... ....................... ......................... ........................... ......................... ....................... ......................... ........................... ......................... ....................... ........................... ............................. ........................... ....................... ........................... ............................. ........................... ......................... . ......................... . ............................. ......................... .. ....... ..... . ........................... ............................. ............................. ........................... 

.............. . ............... . . ............ . . ........... . ................ 

. ......... . . .......... . 
Fig . 3. Performance of APF Linac Section. 
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X-XPRI I'IE .'500 X . 0'50 PH I -I" 90.000 X .Oc 4 
- T -----------------1- ---------------- I - - I -- - ---- - --------- 1-----------------1-

I 1 I tIt 
I I I I I 
I I 1 I I 
I t I I I 
I I I I 1 
I 1 1 1 1 
1 I 1 1 
1 I 1 1 
tIt 1 
I I I I 1 
I 1 I I I I 

- 1-----------------1 ---------------- - 1- -1----- - - - --------- I -----------------1-
tIl 1 I 1 
I I I I I 1 
I T 1 1 I 1 
I I I 1 I 
I 1 I 1 1 
I I 1 I I 
I I I I 1 
I 1 I 1 I 
I 1 I 1 1 
1 1 I I 1 
I 1 I 1 I 1 

- I ----- - -------- ---1--------------- -- I - - I ----------------- I ---------- -------1-

X PROF ILE .600 P PROFILE 90.000 
- I - ---------------- . ---- - ----------- - I - - I - --------------- - .------------ - - --- I -

1 I I .1 I 
I 1 1 • 1 I 
I I I 1 I 
I I I I I 
I I 1 I I 
I 1 I .1 I 
I 1 I I 

I ~ ~ ~. ~ 
1 I 1 I 
1 1 I I 
I 1 1 1 
1 1 I I 
I 1 1 I 
I I I 1 
I I , I 
I 1 I 1 
I I I • I 
I I I • 1 
I I 1 • 1 

0' I I I. 1 
I I . 1 I 
I 1 I I 
I 1 I I 
I I • 1 I 
I I I 1 
I I • I I 
I I • 1 1 
I t 1 I 
I 1 .1 1 
I I . 1 1 , , , , , 

'0 , 
, 0 , , , 
, 0 , , , , , , , 

Fig. 4. Single Particle Oscillations. 

DISCUSSION 

D. Johnson, FNAL: You alluded to the fact that you 
couldn't consider coupling between the two planes. 
However, it seems to me that that does de crease the 
acceptance quite a bit. Can you say something 
about that? 

Swenson: These latter calculations did have the 
proper coupling. I must thank John Staples of 
Berkeley for pointing out an error of a factor of 4 
in the coupling coefficient, but that has been 
corrected in these calculations. It's just that 
this neat display of the possible sequences gets 
messed up if you try to mix in coupling of the 
phase spaces. If you consider those as starting 
points for further investigations then these further 
investigations have gone through a process of 
optimization of the structures with the coupling 
terms. In each possible application the importance 
of the coupling terms depends on the brightness of 
the ion source, the radius of the beam, the currents 
that you want, the gradients that you think you can 
ge t a nd so forth. 

>( - XPRTME . 500 '>( . 0'50 PHI-I,! I ~O . OOO X . 006 
- 1-----------------1----------------- 1- -1---------------- - I --- -- - - ---------- 1-
lit I 1 I 
1 I I I I 
1 til I 

1 1 1 1 
I I I I 
I I 1 I 
I I I 1 
T I I I 
I I I 1 
I I 1 I 

I ••••••••• I I I I 
-1------------•••••••••• --------- ---- 1 - - I •••••••••••••••••••••••••••••••••••• -

•••••••• I I I 1 
1 I I 1 
1 1 1 I 
I I I I 
I I 1 1 
1 1 I 1 
1 1 I I 
I 1 1 I 
1 I 1 I 

liT I I 
1 I 1 1 I I 

- 1---------- - - ----- 1- ----------------1 - -1---------------- - 1----------- ------ J -

>( PRDF I LE 1. 200 P PROFI LE 120 . 000 

- ~ ----------- ---~:::::~-- ------------ : - -: .: :::::::::::::::::::::::::::::::::;-
I •••••••••••• I I •••••••••••••••••••••••••••••••••• 1 I ................ 11 ······.· .. ····.················. 1 
I ••••••••••••••••••••• 1 I ••••••••••••••••••••••••••••••• 1 
1 •••••••••••••••••••••••••• I I •••••••••••••••••••••••••••••• I 

• ••• 1 I •••••••••••••••••••••••••••• I .::::::::::::::::::::::::::::::::::::!. i ::::::::::::::::::::::::::. : 
•••••••••••••••••••••••••••••••••••••• 1 ••••••••••••••••••••••••• 1 

I •••••••••••••••••••••••••••• •••••• I •••••••••••••••••••••••• I 
1 ••••••••••••••••••••••••••••••• 1 •••••••••••••••••••••• 1 
1 •••••••••••••••••••••••••••• I ••••••••••••••••••••• 1 
I ••••••••••••••••••••••••• I •••••••••••••••••••• 1 

: .. :::::::::::::::::::. : .:::::::::::::::::. : 
1 ••••••••••••••••• 1 ••••••••••••••••• I 
I •••••••••••••• I ••••••••••••••• I 
I I •••••••••••••• I 
1 I ••••••••••••• 1 
1 , , , , , 
I : : ! : ..••..••...• : 
i : .::::::::::::. ~ , , , 
1 , 1 
1 1 1 
1 1 1 
1 , 1 
1 , , 
1 , 1 
, 1 1 
1 1 1 

! : : 
I 1 ••••••••••••• 
1 1 
1 •••••••••••• I , , 
, 1 , , 
I ••••••••••••• I 
t •••••••••••• I 
1 1 
I •••••••••••• I 
1 ••••••••••••• 1 
I ••••••••••••• I 
, 1 
1 ••••••••••••• I 
I ••••••••••••••• 1 
I ••••••••••••• I 
I ••••••••••••• 1 
1 ••••••••••••••• 1 
1 ••••••••••••••••• I 
I •••••••••••••••• 1 
I ••••••••••••••• I 

Fi g. 5. Performance of Buncher-Solenoid-Linac 
Combination. 
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