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Introduction 

The electr:r solenoid considered tere consists of 
several discrete, circular and superconducting wires. 
'ne size of each loop varies from one to several me- 
ters in the radius. Furthermore, if such a solenoid 
i6 made into a football shape by squeezing the ends 
synrmetrically, it is referred to here as a football 

coil. When a constant external current JG flows 
through the football coil, the net magneti: field 

BE(r,z) produced at the symmetry center (r=z=O) is 
&allel to the z-axis and is independent of the 
azimuthal angle B in the cylindrical coordinates. 

It turns out that BE is the ahsolute minimum at the 
center. To under&and this, let us consider the sim- 
plest football coil consisting of three current loops. 
The end loops located at z = fl have the identical 

PqV x #= (<, <, <) focuses ions into the orb;t N u 
(7, 5, z), while the boosting field Ep produc'ed by a ' 
power supply accelerates ions,. TherZ are two stages 
of acceleration. At the first stage, the ions injected 

at TIN (rC <FIN IN < r") with the velocity V, , that are 

boosted, splralled by Fi, Fr respectively, are focused 

both axially and radially by the slowly decreased 
E -(c-l) 

BZ(r, 0) -r ,176 7 0, as used in an old cyclotron. 

After having gained MeV kinetic' energy T e & - moC2 

with the positive time rate . 
$=f =moc 

2 l 

y  =q(; l E/) > 0, (1) 

the ions arrive to the minimal B-(rot 0) at 

M radius r , while the central loop located at z = 0 

has a large radius rc. The end loops alone produce 

the well-known mirror field B"(r, z), which i‘s not 
the absolute minimum at the cynter. In fact., the 
center is a saddlepoint, namely an axially mitiimal 

B"(O, z) on a radially maximal B"(r, 0). Therefore, 
The large central loop is introzucedin Fig(b)produc 

an extra field B'(r, z), which increases in the 
central plane to?ard its current car 'ng wire accor- 
ding to the Ampere' law. 

EJ" Since the JJ (r, 0) dominates 

over the radially decreased mirror field$(r, 0), 

the net field BE c BM + EC becomes the absolute mini- 
mum at the miryor fyeld Faddlepoint. In general, for 

a multiple turn football coil rc > rM1s, the minimal 
field spot at z = 0 and z-0 rJ 0 is useful for a 
plasma confinement experiment. If the central loop 

now has a small radius rc e r M, s, such a football 
coil is so to speak deflated in the middle. Since 
the magnetic field line wraps around its electric 

tire, the direction of ,$outside the small central wire 

anti-parfillel to those inside is therefore reversed from 
strong B outside the small central wire. In Fig(bb), 

the magnitude of Bc decreases outside its wire, the 

net EE outside the central wire becomes the minimum 

over a circle of radius r 0 where rc < r" < r"'6. Such 

a coil (20)-r decays in contrast to Christofilos' 

tandem. When the deflated football coil is applied 
to a particle accelerator, an important effect refer- 
red to here a6 the synergic focusing seems to be 
overlooked in the present technological viepint in, 
e.g., the biannual Particle AcceleFator Conferences at 
USA since 1969. 

A New Heavy Ion Cyclotron accelerates flveand keeps the deviant ion6 in their 

The synergic focusing provided by the coil tom- 

bines the conceptL of weak focusing with e.he Fer- 

m1 A$$ ocf,,~~&:; mgi;l?@?; 11?h ?;:??l;;;ce 
*dedicaWto Professor George E. Uhlenbeck 

who once said that a research like an art is a b(2) 
self expression, which happens to be useful. 

the radius r" at the end of the first *t&e. At the 

second stage which goes beyond the conventional cycle- 
tron, the relativistic mass moY increased appreciably 

by the further accelerationokst be matched by a 
radially increased BZ(r 7 r , 0). The purpose is tm 

keep the ion cyclotron frequency n(r) t (qBZ/movC) 

S coastant synchronized for all r. Thena fi$ed- 

duty-cycle power supply, for example the magnetron * 
placed at the center of the deflated football coil and 
attached radially with long horns for the purpose of 
resonant cavities,can accelerate MeV ion6 to GeV ione 
continuously in a phase-stable region To lnt@nnsify< 

one3'can apply an extra axial current 6 that produces jE 
B: and stores milli-Amp's into a ring atthe end of - 
each stage up to multi-Amp's intensity of ion current. 
Conventional cyclotron radii , for example 5 meters 

for 1 GeV 4Hc" ion in 10 K Gauss c$clotron'field,are 

reduced together with the vacuum chamber, etc. Be- 
cause the insufficient cyclotron field produced 

by y, iron magnet is technologically augmen- 

ted by the available superconducted football coil 

(20). When BE increases radially; orbital 

radius F= moY IV, 1 c/qBt = [T(T + 2moc2)]*/qB~ m T/qBf 

is relatively reduced since T also increasea. when ?wO, 

TBE w T/q u constant if and only if ?: w T/Bfqr. con- 

stant. The former is the fact usedl*in an old cyclo- 
tron to weakly focus the deviant ions by a radially 

decreased Bz, see Fig. (1) . Fe latter is the fact 

used in the present two-stage cyclotron, 6ee Fig. 

(2) * To reinforce the radial focusing, it turns 

out that the s(r) i s radially'increased, which 
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Theory of Synergic Focusing 

!Po define it rigorously, an ion at T s (?,rs, z) 
is under the force of the total ~lectromag- 

netlc field, E = l? 

external&&t 
+ E', g = ER +E', produced by 

F (x,t) and by accelerated ion 

fluid 2(x&) = qn($&j&t). Therefore the Gauss -u 
and Blot-Savart laws are generalized here to include 

arbitrary time dependence. Solving Maxwell's equa- 

tions 02(#,$ = -4u(~q,c-~$ of electromagnetic po- 

tentials (9,?), one uses Green's function 9 - 

6 (t' + ~-~[~-~'(-t)l~-~']-l + &H satisfLing boun- 

dary conditions in obtaining g E -z?-c-b,& 
and 2 '2 x A ,'lncluding the - 
radiation loss CE, x BJ4n. 

~~+~(l+c-Ldt,l~l~p~-c-~dt,I~12~'l~(-3d*_' (2a) 

t.23 5 CEJ+ + f(i+c-'a, ,l~l);' x ~l.$3~vt (=I 

where the vector R=x ..d Y - 3' paints to field point x 

- from sources pi = qn(z',t') and 2' = &',t') 

Elna the total time derivative. 
atI 9 (a/at’) evaluates at a retarded time 
tl P t - c-1 \Rl. From these generpl appearances 
follow that ?he linear superposition principle used 
in the Introduction ma the time average 
later la valid. Of course, thetime- 
irlaepenaent J = JR(x) = $(r,+ =$ 
reduces [!Zb) to thz B&-zavarat lawgiving 

($e Rsi 0; - $e R,> 

z0xR I 

respectively 

(5 - 0, z = 0; B;sO;B;>O,+Oj t2-d 

for the 2 lying mainly inside the coil?', Rr I 
I I - x; c 0. Inordertopush the heamfnwardaudthe 
~051 outwrra 

&m#, 

JZ(fit, x$&h+-" = * Jv(x,J x 
the beam-coil interaotiou force is there- 

fore repellant . Accordingly, the positive ion beam 
must be accelerated in the opposite directiou toy, 

~vJIBB,V,CO;~~~e',~CO;B~<-~. (3) 

Averaging by tracing the field point 0r (2b) 0n th 
beam boundary gives a longitudinal besm dimension 
IR,I 7~ IR,I > IRsI that implies for'the ion sel.fX'ield 

a rcvergea inequality 

(3c) 

Because both 2' and its derivative 
j; 6' + J; $' during the acceleration jilRglcql 7 Ji 

are essentially longitudinal, then 
their cross products withE "5 in (Zb) 

~~,t"~th;o~$;~;f all. Since the strongTz:r 
on the meah orlJi+kl 

plane ath the increasingly favorable criterion 

IVs/V,l < \B+) - B~(O))/B~(G)J as IV,] being 
hen an fncreasingly better beam geometry 

implies (2a) on the average 

b+tIYJUg~+l~ adong field components 

IE,\ 77 IE:\ 7 \Ez(,namely the maximum of the averaged 

ion field 
i T- g rcI Eg L having its 

szplitude g\ decayed axially as lR,\-*, 

220, a&o (3d). 

>.ese tim-averaged self fields are typical of the SO- 
called velocity fields since the acceleration fields 
have been averaged away from (2)Rowtdjustify the time 
average, the acceleration fields sre known to give the 
radiation loss per u;ft time, 

(c/~IT)~~~~~ a (2Rq c/3)tW$c)4t-* follow-W the 
Lienard approximation dt(moYVe) w no gr 2 -1. Because 

the ion Inertia 

for He4 

is so large that rnoc2 = 3.7 GeV 

the loss - (T/rlloc2)4 is negligible. Conse- 

quently, these time-averaged self-fields (3) are essen- 
tial and useful later. 

Ds=a on (2,s) a syrierglc focusingwill require 
two conditions: (I) a radially differential 

scheme for energizing particles, 

arlepBp 0; (Egz, I=pg-4 pgco,~ E; ‘il 0, (4a) 

aud (ii) a net Lorentz force for eudal focusing, 

z Z'E = 0, cFz % p (V B - VeBr) $ 0 
9 re 

('+a) 

where B ,-I +z!" +,' = (Br, Be, Bs). !i!o satisfy 

(i), ws recapitulate the facts (a, b, c) flrst. 

(a) Tbeboosting field< comes from the magnetron 

radiation during the radial acceleration of electrons 
which am @rated and precessed along a circleon the orbi- 

tal plane uuder the smgnetron crossfields ~ xg at I? 

z = 0. (b) The radiation $8 guided into severa 
lwc bxm%s of the size 2Ar r) 2&s 7 TAB, which 
have been radially attached to the centrally located 
magnetron. (c) Slits are cut along both sides of the 

box fmm r = 2" to ro"Lltbr and the width of the slits 
muat be less than the vidtb of the box 2As, which in- 
tersectsthe =afanplaTLe at z = 0. met, baaedon 
(a,b,c), the resonant radiation inside a box consists 
of a tr waversal electric wave (<, F& BE), uhich 

requirss the longitudinal % r to vanish everywhere and 

the mixed boundary conditions: Bz(r4, 2Ar) s 0, 

azB~(pfdz) = 0. These requirements are satisfied by 
the 'l!E& wave having the lowest cut-off frequency u 

(C/26el;;F). I& 5 f nr/2Ar, C % d7+2)/2Ae. Then a 
straightforwimd calculation eves 

(Bz, 5, B;) ~.B~(aln~ cost, b. sin< sin<, 

co cost sin<)e-*; g = 0 (54 

Consequently (Sa) has the characteristics (ka) 
satisfied within the first quarter wavelength 
0 c 5 c "/2 over O<rC<*I"<rO<roUt 
=Ar. Due to b. w (iu@&/nc), the 1EpBI can 
further Increase if the width 2k flares out 
radially. In (5a) , the magnetic components at z = c'. 
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B; * 0, (!%I 

are similar to (3a) generated by a circular 
current. Bow for (ii) to be satisfied the magnetic 
flux Is to be bulky In the middle and perpendicular to 
the median plane. Because the continuous flux having 
radial projection Br vanished at z = 0 must 

etange s.;_71 in passing the zero, 

z i?O, Br zo (6) 

whict implies shat cF mpVB ><O 
for 2 z 0, since we know 
and (3b) Ve < 0. 

(5b)($a,b)‘B: f Bi (J 0 

Let us show here how conditions (I) and (ii) work 
together in providing the synergic focusing and later 
the equilibrium orbit. The dynamically stable orbit 
is defined generally in terms of a net force density 
5~ dt(n moyA)according to tbe following inequalities: 

r Z r, Xr - pmC7.‘,<+ yqr - \r~y_(-x) + $y71: 2 0 (74 

IQ\5 1~1, s&J- Pm&p&yvv,- _ V . VI -pmWeVrr -I<0 (TD) 7 

2 zz, 3$ - pm(vz+ + YQz - q? * 9 5 0 (7c) 

where the boosting force enters through Y and Fe 

following (1) and (5a). The 3 is negative in the 
righthand cylindrical coordinates due to Vg < 0, (3b). 

The superscript dot abbreviates the material deriva- 
tima +v- V which gives the continuity equation 
t!l=- & *y- oy the mass density cm = nmo. Ihe 
radial force Xr is simply the inward Lorentz force 

-1 
Fr - p&& - VzBe)c 

-1 crrpVBc 
9 02 

< 0 because of 

(3). Its magnitude decreases radially toward r” 

following the idea of weak focusin at the first stage. 
However, at the second stage r 7 r the )Fr\ must 

increase through 9: to match the increased Y (Fig. (2) ). 

Thus before calculatingXr:e ~st consider the 

stability by perturbing 5 with the amount z due to a 

writhing velocity x away from the orbit, according to 

z-z+ Jxdt. Therefore, y z T iff vz 5 0 giving the 

following two consequences.(i) Since a writhing 
ion can be evenly energized 9(-z) = q(z) 7 0 

due to (1) and (ha), then writing (7c) 

for the perturbation shows 
decelerated. 

vz Filways 

. 
y p z = 0, Yz 2 0; pm yvz = yF, - pmVz(+y~) so, (8) 

where 3, = Fs is substituted by (4b). (ii) Since a 

cyclotron unlike a betatron does not accelerate 
particles by means of the Lorentz force, then 

cYe = p (V B 
4 zr 

-qBs) f( 0 mans Vr c 0 since 

Vr~z~Vz~r < 0 using (6) for the odd finction Br 

and (3a) for the pcsitive function Ba. Working against 

(i) and (ii) sir.ulsaneousQ, I writhing ion is radially 
retarded and axially decelera-ed. XlU ,5 the larger the 

vr , the larger the ?. Ccnsequently, the bigger the 

IE’I, the bigger the q and therefore the bigger the e 
deceleration 9. Cr, the other hand cf. W(2) , 
the radially advanced ion bavlng not gained enough 

energy will be pulled back by a stronger B”, until 
energized by a stronger \Ei\. 70 prove 

fls) *1 0 *( fir) see(lha) far acceleration,(lO) revolution.. 

Fig. (2) illustrates the following picture. Out- 
side the several radial cavities, i.e., inside the so- 
called cyclotron dees or mere appropriately Fig.(za)thc 
present case inside the pies, an ion is screened 
from electrical but magnetic forces by the metal 

walls of the pies. Thus no boosting \ = 0 implies 

y I (l.(r6/c)2)-* n constnnt iff rB m f FCl. merefore 
rs?+?and&s- Cl + T yield X~JF ny/?. 

By choosing the lower sign for the positive ion,the 
net radial force becomes 

’ E -1 Fr + Fc e qrQ BZ c + moyri2 

E E ~-q~~~(f)i%+~~l(rarB,/B,)_lc -l+ moY312[~- (-Y/T, 3 

’ m - qi$c -5 * G/i3 $ 0 forr; $ 0 (loa) 

iff I * (ra&f )- +l>O;n+173;n>-1 (la) 
7 

where the first term in (lOa) cancels by def’initicn 

c-i(?) * (qBf!movc)r and the second term in ilOb) is 

written with the field index BE(r) u rn. Stipulating(24) 

we conclude that there exists a limit for decreasing 

B:(r) radially but no limit for increasing. 

6(T) P - nis demanded for all ? 

B:(r) must, like v(r), 

se as r increases. According to (lob), at 

stage y - 1 we can choose Bf( r Pro) - r -0.7 

Sirace 

increa- 

the first 

following 

the practical cyclotron experience; at the second 

stage 1 C Y c K we can freely choose Bf(r Z r”) -rn 

any positive n 7 -1, in order to match y(r) as closely 

as possible. 1 < y < K is due to BE(ro) 5 

XB: (rOut). 
2 

The larger the ion’s rest-mass, 

the smaller the change of n(r).Oecause E e moc2Y m 

T + moC2 gives Y = (1 + T/m,c’) Z K+ 1 the lar.ger kine- 

tic energy TB K moc2= K 3.7 GeV for 

Helium. Clearly within the K-limit anda finite super- 
n 

conducting coil, the larger the mOcC the larger 
the T; in addition to the extra advantage, the smaller 

the radiation loss (T/m c~)~. These are two 
advantages of the pregent heavy ion cyclotron. 
The third is given in the next section. 

Phase Stability and Univerael Orblt 

Due to the radially matched forces to be speci- 
fied precisely below for s tzcster and a ceil, 
the .iey cyclotron can eccelerate the inertia moY and 

\Ve I- Ire I-w at a suitably chosen 

constant Q +I - n toward a radially increased kinetic 

energy T(r) = ([l-r2(*/c)*]-)-l)moc2<< T(wc). Such a 

new cyclotron combines the simplicity of a cyclo- 
tron with the advantage of a synchrotron. A ready 
implement is the principle of phase stability proposed 
by McMillian and Veksler independently utilized in 

synchrotrons. The acceleration phase 9’(t) z(co-p8)t 
is the phase that an ion is accelerated through p 
number of radial cavities per ~TI radians, It turns 
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out to be determined by the magnetron frequency u 
(111 follows. 

Ei = Eo(A~)sin(kr)sinB~(t); n/2>(eP(t),kr)>0, (11) 

If the magnetron is operated at B higher 
frequency u, than the integer p times ion-revolving 
frequency 8, the acceleration phase has the stabi- 
lity provided by the positive slope atEinBP(t)>O, 

n/2>eP(t)> -n/2. Since the mean-free-time At of an 
Son revolving with 6 from one resonant cavity to the 
other 1s IblAt FJ 2n/P for p cavtties per 2n, then a 

of At =.2n/plel with the magnetron 
i.e. w>pe, ensures that the 10" be 

y accelerated in the positive boosting 
fields inside all the cavities. Since we require 
B(F)= -n= constant, then. 
aatlsfled. An ion with ]B 2 C(r), arriving earlier at I 

~1 > pC = constant is easily 

the resonant cavities at a certain radius r,is accele- 
rated slightly faster,due to the positive field slope 
with respect to the time; but because of its becoming 
slightly heavier thanm v(r) by gaining a bit more 
energy C eV,the ion haBing the angular velocity 

141 2 n(r) finds itself late in arriving at the 
remaining cavities at r,and therefore receives less 
boosting energy. Such A natural balance makes the ion 

phase gP(t) migrate stably back and forth along the 
positive slope of the magnetron fields. Thus having 
chosen the constant frequency u1 > p9 = constant for 
example p = 6, the phase stability is incorporated into 
(11) inside six resonators,th@ have been centrally fed 
from six anode cavities at 60 apart inside the magne- 
tron . One distinct advantage in adopting a magnetron 
havim a TX mode,instead of many Klystrons havinn a iM 
mode,-is that a single radiation source can form-a 
standing wave at the constant u). This is technically 
known aa the n mode, when the major anode cavities are 
Eeparated by the distance d = n/k apart, inside the so- 
called rising sun magnetron, or the wire strapped or 
unstrapped magnetron. Whichever the magnetron may be, 
both the efficiency and the power level need to be 
improved beyond the present microwave capacity toward 
lonmr wave length X and better mode separation re- 

d here. Otherwise ,the synchronized-Klystron 
col7pn can equally feed six resonators with 
In order to Integrate nonlinear (l)(7) for ion 

orbit in a plane, one assumption Vz = 0 about the 

plane orbit is made to decouple the plane orbit (7a,b) 
from wobbling about the plane (7~). This assumption is 
valid since <he ion possesses a decelerated and-negli- 

gibly small writhing speed IVzc-I( <$Jec-I\, due to the 

strong mirror focusing discussed in the 
i 

revious section. 
Thus, setting Vz 5 0 and Vr 0 i-, Ve m r , z.x f 0 for 
a single point ion; replacing t in (?b) with (1) and 
dividing (7a,b) with (-yp,); we obtain as follows both 

the radially centrifugal End the tangentially 
Corlolls' accelerations. 

rb2 I -&I + i +//v + f (la) 

2-d = -to + t2vo,[1-(rb/c)*~ - r3 (la) 

%s/ c e qEp$z)moyc m F$r,t)/Bf(r). (SC) 

By definition (12~) the radial quiver Velocity 'tiS is 

independent of q/mot the charge-mass ratio. Thus for a 

fixed 0, (12a, b, c) become independent of the species. 
Thirr fact allows us to accelerate various species 

tunable to an identical f?(r') along 8 universal orbit 
(FQ.(3b)). The t::ne rate of an ion travelling CT. this 
universal orbit depends on the species and turr?s cut to 

&$moc radian/set. ff + 2: 0 and if 2 0 respectively 

outside and insideshlelded pies,then the orbit is pre- 
cisely a staircase built on a plane spiral having a 
gradually reduced radius (Fig.(3c)). During either 
accel$rations or revolutions, the fundamental Eequlre- 
ment 0 f 0 must be strictly..satisfied. Since 0 f 0 lff 
4 5 constant, then putting 9 to zero in the tangential 
Coriolls (12b) and dividing (12%) wlth to and then 
adding 2 to each side of (12b) we obtain that a bounded 
entire function L(r) is a constant 

constant = *(Btn)/Cl= [VoS(l-(rB/c)2)+i~/i EL(r) (lja) 

according to the Liouville theorem and the swcial 
relativity Irei L c. Since on the left hand 8 and I)are 
constants,then solving r in terms of the constant 
gives 

f = VoS(l-(rB/c)*)/(constant-1) (13b) 

The constant Is chosen to be zero by the other equation 
(l2a). ThUE 

&Q-nm-qBE(r)/mocv(r) ncon~tant; BE/yEconstant (13~) 

t s -iosD - (r/c121 (134 

Since during the shielded revolutions the limit VoS=C 

yields from (12b) the limit i- = 0, then (13d) 1s EIEO 
valid for the shielded revolutions, as one expects for 
an entire function of r. In other words, (13d) is 
valid for any instant. Now the constant 4 is to be 
simultaneously satisfied wlth the centrifugal (12a), 
which yields by substituting (ljc) into (12a) that 
++/y + i: f 0, or, 

P/r P -G/y; i: z 0, r 5 0, ;I 7 0. (l'++b) 

The necessary and sufficient Coriolis acceleration 
2+() follows from the following integrated result of (I4a) 

+/c = -1 constant y = constant [I-(rdc)2]+ (14c) 

Being a simultaneous solution of (12a) and (lzb), (14~) 
must equal (13d). Setting them equal, we therefore 
obtain by definition of Vos (12~) the follwoing design 
criterion. 

B:(r)= B~(r")[l-(ro/rM)2]~[1-(r/rM)2]-3 (15 1 

Ei(r,t)= Ei(rOt) [1-(r"/r,)2][l-(r /r,)2J-' (16 1 

Here rM II c/n is the maximally attainable radius of an 

ion according to rQ S; c the special relativity. Note 
that the heavier the ion mass the smaller the C, and 
therefore,the larger the rM. Since r<<rM for the 

estimate later, the Taylor expansion In (r/rM) 

can match the increased booster criterion (IO ) 
with the already increased booster field (11) by making 
the height 2Az of the resonator (2Ar>>2Az>rAe) flare 
out like Fi'g.(3d) a parabola horn. 

AZ(r) = (Az(r')/kr)CI + a(r/r,)23 f17a) 

E&t) = Ei(r',t) [Az(r)/Az(r')]slr&d . (17b) 

Here the constant a 2 1 can be varied to give the best 
Pad& fit between (11) and (15b) over the domain: 

n/2 c~kr > kr 0 , k = n/2Ar and krM >> n/2. Since 

(Ei(r)/Ei(r')\ 2 y2 = [l+(T/n~~c)]~B(l+K)~ (17c? 
2 IorTSK mot , then for various heavy ions moC * z 1c 
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GeV a small tat .or i( seems to be adequate for 
~ ~ rMLKc2+X)3$(1+K)-l. Since the contour of 

BE(r,r) produced by the coil is shaped like 

$ = Bmin( r’)exp( K*z*) &/rO)” H< + Cl -(r/rMJ2/ 

1-c r”/rM12f H, 3 (18a) 

then for mot * L 10&V * small factor I( is adequate for 

,&),BEQ) & y = 1+ (T/m,c2) P 1 + X (IBb) 
z 2 

where I{< and H, are symbols of the Reaviside function 

to separate the first stage r < 1’ from the second 
stage r 7 r”. While the old cyclotron field index n 
is known to be - 0.6 < n < -0.7, the new field index 
L = -z i is prescribed by the design criterion (15 ). 
Since the old field gives the known cyclotron orbit at 
the first stage, then only the new orbit at the second 
stage is derived below with the exactly integrable 

(13d) over r 0 srsr * In the limit pA9 = ZYI we 

obtain ii,. (3b) , where 

A = s(E~(r”)\/m,c (19) 
ti _ to = [(n/2) - sin-'(r"/rM))lml (19c) 

In the present case pAB < 277, the complete orbit con- 
sists of shielded revolutions (I? = ? = 0) outside 
PAS and of boosted accelerations (i>O, i:<O) inside 

This complete orbit Fig. (3~) is obtained 
b$‘slicing vertically the continuous curve in Fig.(B) 

into equal pieces of the length AtA = AR/n due to the 
constant angular frequency 0 inside each booster of 
the angular width A@, and then connecting each piece 

with a flat line of the length AtR= (2n-pAg)@ due to 
rotations + = i: = 0 with the constant n inside P 
shielded pies. A different species has a different 
time rate (lgb). ‘Ihe total time span required for the 
complete orbit is bounded by the absolute m&&sum 

A 0 tM - t multiplied with the proportional factor 

C(2n-gel+ pAeypAe = 2n/pA% 

4 

r 

r t 
pA8<2r 

r ok--+- 
1 ? 
to P’ 
f ig(3c) fig(3d) 

Finally note that the synergic f$Cuiing on the uni- 
versalsorbit by means of (i) ar\Rg\ > 0 and (ii) 

arBf > 0 inside a booster has been proven in (14)(15) 

as well as implemented with (17)(18). Moreover, the 
sjnergic focusing on an ion is maintained when the iOtl 
revolves outside the booster, i.e. radially proven by&O> 
and to be axial4 proven by (21)(24) in the sixth 
section. 

/ 
Applicnt ion and Computer Si’mUlstiOn 

Intense beams of heavy ions accelerated to ener- 
gies of 10 to 100 CeV might be used t0 ignite thermo- 
nuclear pellets and thus provide a basis for thermo- 
nuclear power generation. ’ For such a large scale ' 
application, the self fields of an intense beam can 

not be neglected during the acceleration. By inte- 
grating (2) an initial source (cp,i) yields the total 

field (z,E), then through (7) the field determines the 

accelerated fluid, which becomes a new source (cp,$ 

to be integrated again by (2) and so on. Such a boot- 
strapped tail-chasing requires an extensive and fast 
schene of numerical iteration. Thus a vectorized code 
based on the general formulae (2,7) seems to be worth- 
while implementing and then becomes readily accessible 
to simulate various cyclic accelerators including the 
present one, an isochronouscyclotron. Based on (2b) 
alone, the author has taken the initiative to writi a 
simple vectorized code for the ASC computer at NBL t.0 

compute BE. This zE is generated by a steady current 

flowing along the presently designed football coil 
defined by 

x = R cosg; y = R sing; z = Q[e/m]; 0 50 82nL (208) 

R&j Is-11’; OCz<2 (-1 

The gentle squeeze on a uniform coil is quantified 
herein (20b) with an index G, namely G =a measure8 
the infinite gentleness which means no squeeze on the 

constant radius rc, since 12-l p”= Ofor 0 < z < 2. In 
(2Ob) the lower sign is adopted for a deflated football 

coil having a small central radius rC<r M, s&+1 

where rMts denote the mirror coil radii; the upper alga 
is chosen for a normal football coil having a l8xge 

central radius rc >r M ’ sir c-1. In (*Oa), I: wd 
is numerically tzvncated by using the integer mode in 
programming, then (20a) describes precisely L number of 
circular loops having the interloop spacing Q=2/(61); 
if by using the real mode, (20a) describes a helix 
having the pitch Q. The results are schematically 

here. To conclude, in viewing the generality of total 
electromagnetic field (2), orbit(7),and the increa- 
sing cost of accelerator hardware, it suffices to Say 
that there is a future for accelerator simulation . 

Ion Self-Fields and Self-Focusing 

We can numerically calculate the ion self- 
fields (gl,E1) with the integral solution (2) conslrt- 
ing of both acceleration fie1ds:Duet.o the negli- 
gible radiation loss in heavy ions, by averaging the 
Maxwell equations we can analytically deduce a certain 

useful formula for the following self-focueiag: 
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gI r>O, Z&$P VB’h, z;O, 
9 or (218 ,b), 

Three results follow for the averaged fields. (i) The 
Lorentz force along the ion beam direction is related, 
by theaverage specifiedwith(22bIto the ion electric 

field 2: along the ssme direction. 

=<+constant of 2 (22a) 

(ii) By avera&ng the Gauss law (2a) we have already 

shown that,azIEil5 0 for z z 0, (3d),clis maximal at 

the orbital plane. (iii) The average bar is consis- 
tent 

i 
y defined with a correlation time ?z 52 [Az~c-~>O 

oPBr(t,z) such that 
I Br 31 $lB>t - B: (x) (22b) 

is defined with the identically averaged Faraday law 

?ynting flux points away fro'03 the plane,becomes 
(3d) the minimum at z = 0,in agreement 

by 
with the 

minimum radiation loss and with radiation recoiling 
of an ion back to the orbital plane, 

w)s - -x= - (AZ Iaz(~2) p 0, z ; 0 , (=d), 

BBsed on(22c) the magnetic flux‘TiIis shown by ( 3d) to 
be bulky and perpendicular to thy plane and thus gives 
the self-focusing on the plane (21b). The deduction of 
(i) goes as follows. The Raxwell-Ampere law and the 
flux continuity when applied to the beam having 

B"e P 0 = B1 are respectively given as 

(~~l)~:-imE(.)E~; @J&=J - B'=V . E*=O 
(23,b) 

By means of partial integrations of (23a,b) it follows 

BraflarBzdz - azBzdr] - icuE(u)c-lJE;dz. (23~) 

First we illustrate (23~) by proving for all r the 
external focusing on the plane. From the deflated 
football coil (17~) follow field inequalities 

E> azBz< O,zzO; arBz?O, r<r ’ ‘; (24a) 

Then substituting these inequalities (2&a) into (23~) 
yields for all r s r0 the required inequalities for the 
external focusing on the plane 

-pq%J r $Jc-150, zso (24b) 

Next we exchange in (23~) the orders of ar,a with 

Sdz* s dr; extrapolate dz = Vzdt, dr = Vrdt; fntegrate 
dt according to the time average. Having averaged 
by (iii), the longitudinal bea dispersion becomes 
valid according to the Maxwell-Ampere law alone (23a), 
namely the dielectric E(m) = 0 for E& $ 0. Conse- 

quently (23a) gives by the average arrlz= azFz, then by 
replacing in (23~) the first term SarB2z with 

s azB;Vzdt 

7z 52\Az(aaF; pi' (254 

Equating Tj,' of (25a) to ETr of (22~) 

we have thus deduced (i). Such a tendency to stay on 
an orbital plane is natural for Ions having a constant 
angular momentum. Gee to the massiveness of ions, 

the negligible radiaticn loss dL/d0 does mot change 
the orbital angular momentum dt(mo‘rr26)f0. This is 
not true for high energy electrons, but is for the 
heavy ions. The ion focusing on itself is based on 
the 

3 
roper gradient ofIF&I,(ii),giving the proper slope 

of E$.&iii). Since this gradient is not along the beam 
directlon,the instability in -I . co Itself is not 
affected by the present conclusion. Houever,:o preven$ 
any possible instability, 
angular forces qE:'s 

the external tczsters exert the 
on ions according to 

the principle of phase stability (11). Finally, in 
passing, note that the present result of,seU-focusing 
(21) is consistent with a recent finding-'&bout a longi- 
tudinalbeam propagation , because of no harmful 
neutral1 in background plasma in sn acceleratorof the vacuum fr E c am er pr ssure p mm RX. 

can wander off At in the z-direction and come back 
hitting the other ion trailing behind at (r,lel -nAt 
+ rnn,o). Since v,zO nullifies the effect of Bg, the 
famous Rutherford Coulomb-scattering predicts a peak 
contribution along the z-direction. Then, having zero 
angular momentum in zero impact parsmeter and small 
linear rnome-ntum in the side-by-side collisions wobbling 
along the 9 direction, we conclude that inelastic 
channels and Coulomb excitations-(vz/c) 
Furthermore, 

2 are negligible. 
since the largest possible Vz is not large 

enongh to escape the trapping of the mirror field, then 
the ion-ion collision is less detrimental to an intense 
beam of multi-Amp's current being ace-mlated in the storage 
rmg at the end of last stage of acceleration. 

Conclusion 
The presently designed isochronouscyclotron is 

implemented here with the superconducted football coil(2C) 
and van resonators with flare height (11,17).It can 
accelerate various species of heavy ions. The heavier 
the rest mass m. of an ion the better the present 
scheme will be. Because a small numb r K is required 
ia gaining the kinetic energy T=Kmoc 5 and sharing the 
following advantages based on ;;eL:.-lf--a &?23-&\r$3? 
(a)negligible radiation loss<< ( :,,/z _,2+ ,y 

increase of the coil field'BE(r) 2 
increase of the reso- 

here the radial 
conventional cyslo- 

used fog T 2 1% mot at 
r B r . The presently 

proposed synergic focusing on heavy ions is proved 
radially by (10)(14), axially by (24)(21), and angu- 
larly by (11). Then various species tunable to an 
identical frequency n(r') are accelerated along an 
exact and universal orbit (19) having a gradually re- 
duced radius r'<r<<c/n. This r3 and this scheme are 
the beginning of anisochrocous cyclotron for heavy ions, 
which has combined the simplicity of a cyclotron with 
the phase stability of a synchrotron. 
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An lsochronous Cyclotron * 
n(r) . (qB /n,vC) - cmftant 

7. 

(1) The Football Coil 

The football coil has L number of 

turns, L = 3 is drawn for the perspective 

view in three dimensions shown here 

The gentle squeeze on the radii of J 
the tandem mirror coils is quantified 

with the index G. See Eq(20), I 
I 

(2) Exact Universal Orbit 

The various species tunable/to . . 

are accelerated along an enact 

sod universal orbit(lgj, 

(3) Svnerqic Focusing 

The vau resonators with a flare 

height are fed with the 

produced by either the centrally : 

located Magnetron or the peripherally 

located Klystrons. This together with 

r B”’ /. \; 
/ ., , i i ,,‘I 

/” 

. ’ I iators wit , fiar,$htzt; 
- - 

%;I-. ' 

the focusing on ions travelling on the 

universal orbit.See the proof given 

-@or l xc~lC 5 z2ter.l 

ior 1 cd “lie* ion J.a 10 K 'iwas cyclotron field 

~------LyCi~O~~--~---~-- 1 _ic-- - J+ 

~mwum cJmmer pressure )r *F 6%. 

3%) - &rO)r,-r,O;, \+I-i-l- .2--j 
L z .a-<- ,‘I(' 1 c- I-. :I' - 

E&t) f E;(r% c1-(rc/r,)211'-(r /r,)21-' 

-:il; A.@‘8 intc l 

‘Y/ / pli 8 \ ‘x, fifd $Y D*tor fiel ‘“3 $j 
increasc?s *: y!.!,i$ “i.: *> & y,r~;;,t:+,. 
tn flrlds bl .-:; ml .:~r’” ~.ie- frc : 2 1% rL3F St 
tr,c first ET ,(1 rrf .<.,: .**a, inn r s - “~ __. .__” _ 
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