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Introduction

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

coil. When a constant external current JE flows
through the football coil, the net magnetic field

BY{r.z) pro
\TyZ; PIe

Parallel to the z-axis and is independent of the
azimuthal angle © in the cylindrical coordinates.

I% turns cut that B is the absolvte minimum at the
center. To understand this, let us consider the sim-
plest football coil consisting of three current loops.
The end loops located at z = %1 have the identical

ced at the symmetry center (r=z=0) is

radius rM, while the central loop located at z = O

has & large radius rc. The end loops aloune produce

the well-known mirror field RM(r, z), which is not
the absolute minimum at the center. In fact, the
center is a saddlepoint, namely an axially minimal

(O, z) on a radially maximal B (r, 0). Therefore,
'fhe large central loop is introducedin Fig{l)producing

an extra field B (r, z), which increases in the
central plane toward its current ca.rgy'mg wire accor-
ding to the Amperd law. Since the B*(r, O) dominates

over the radially decreesed mirror field B (r, 0),

the net fileld BE = EM + EC becomes the absolute mini-

mm at the mirror field Faddlepoint. In general, for

a multiple turn football coil rC > rM's the minimal
fleld spot at z = 0 and r0 » C is useful for &
plasma confinement experiment. If the central loop

now has a small radius rc < rM‘s, such a football
coil 18 80 to speak deflated in the middle. Since
the magnetic field line wraps around its electric

wire, the direction of EC outside the small central wire

reversed from
In Fig{lp),

anti-parglliel to those inside is therefore
strong B~ outside the small central wire,

the magnitude of Ec

net BE outside the central wire becomes the minimum

decreases outside its wire, the

over & circle of radius ro where rC < ro < rM's. Such
a coil {20)never decays in contrast to Christofilos'

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

A New Heavy Ton Cyclotron

The synergic focusing provided by the coil com-

bines the conceptl” of weak focusing with the Fer-
mi 3idea of magnetic rroring. The Lorentz force
+Navy Case Number 61,896 on 11-th April 1977
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qu X BE- (FE FE FE) focuses ions into the orbit

(r, 8, 2), while the boosting field EX produced bya
power supply accelerates ions., There are two stages
of acceleration., At the first stage, the ions injected

et TN < FIY <9 _vith the velocity Vg, that are
boosted, spiralled by Fe, F respectively, are focused
both axially and radially by the slowly decreased

B‘:(r, 0) ~ ?(6*121 >¢ > 0, as used in an old cyclotron.
After having gained MeV kinetic energy T % £ - tnc_,(:‘2

with the positive time rate

b g =1 §=au - ED) >0, ()
the ions arrive to the minimal B ( , 0) at
the radius ro at the end of the first stgge At the

second stage which goes beyond the conventional cyclo-
tron, the relativistic mass m LY increased appreciably

by the further accelerationomust be matched by a
radially increased B (r > r", 0). The purpose is to

keep the ion cyclotron frequency Ar) = (q B, /moyc)

£ constant synchronized for all r, Thena ﬁzxed—

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 ions to GeV 1onqr
continuously in a phase-stable region To intensify
3.

one” can apply an extra axial current J‘;: that produces

Bg and stores milli-Amp's into a
each stage up to multi-Amp's intensity of ion current.
conventional cyclotron radii , for example 5 meters

++
for 1 GeV 1‘tHe ion in 10 K Gauss cyclotron 'field’are

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

by

ring at the end of

en iron magnet 1is technologically augmen-
ted by the available superconducted football coil

(20), When BE increases radially, orbital
radius T = moYlVe!c/qu = [T(T + 2m°c2)]§/q32 s T/qu
is relatively reduced since T also increases. When Ym0,
rBE & T/q = constant if and only if T = T/B ‘qms con-

stant. The former is the fact used 'in an old cyclo-
tron to weakly focus the deviant ions by a redially

see Fig, (1) . The latter is the fact
used in the present two-stage cyclotron, see Fig.

(2) .

out that the Eg(r) is radially increased, which

decreased BE
z’

To reinforce the radial focusing, it turns

accelerates WG and keeps the deviant ioms in their

orbit.,
' ¥= "M

0
~ fig(2
self expression, which happens to be useful,

=l

19{1)

who once said that a research like an art is a
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Theory of Symergic Focusigg

To define it rigorously, an ion at x = (7,r8, z)
is under the force of the total €lectromag-
netic field, E = EE + E s B= BE + BI, produced by

external current Jr {x, t) and by accelerated ion
£1uia 71(x,t) = an(x,t)¥(x,t). Therefore the Geuss
and Biot-Savart laws are generalized here to include
arbitrary time dependence. Solving Maxwell's equa-
tions O° (2,A) = -Un( pq,c'lg) of electromagnetic po-
tentials (3, A), one uses Green s function g- =

] (t + c'llx-x |- t) |x- 1 -1, g, satisfying boun-
dary conditions in obtaining E & -9i-c LA
and g '.Y, XA » including the

A

radiation loss  cE x B/hn.
EE + Uo7t [RDpR-c 7l I8P 1R Bar’ (2w
=g+ fare e BDZ X BRI ()

where the vector R = x - x’ points to field point x
from sources p(; = qn(lc",t') and J' =£(£',t')

and the total time derivative.
a,s % (d/at’) evaluates at a retarded time

t

=4t -cC lIRI From these general appearances
follov that The linear superposition principle used
in the introduction and the time average
later isg  wvalid. 0f course, the time-
independent J= J&(x) = Jb(r,z)ﬂ = JE

reduces (2b) to the Biot-Savarat lawgiving .r‘*' XR =

(.rE R 05 - = s B respectively
E E :
(Bf=o,z-o;aeso;nz>o,J§>o) (2a)
for the x lying mainly inside the coil x’, Rt =

x_ - x' < 0. 1In order to push the beam inward and the

coil outward j'_g_l(z,t) xgz(z)dzc'l = - I.'.].E(.‘E) X
B (x,t)axc™l, the beam-coil interaction force is there-

fore repellant. Accordingly, the positive ion beam

must be accelerated in the opposite direction to ;T’E s
- -~ I

fyaie, v <03 fuzie,z‘;<o; Bz<-B§. (3b)

Averaging by tracing the field point of (2b) on the
am boundary gives s longitudinal beam dimension
|R | > IR | > |R | that implies for the ion selffield

a reversed inequality

lBl>lB\>>l l-o (32)
Becg.use both JI and its derivative ’JI ~
Je' 8’ + Je £’ during the a.cceleration |R Ic >33
are egsentially longitudinal, then
their cross products with R “'59 in (2b) reduce

IBBI to_the smallest of all. Since the strong mirror
field B® focuses ions on the median orbifel
plane with the increasingly favorable criterion

IV,/Vel < 1B5(21) - 52(0))/8E(0)] as |v,]  veing

accelera.ted Then gn increasingly better beem geometry
>>|R IR | implies {(2a) on the average

& strong inequality emong field components

lzgl > |E§| > IE:‘ namely the maximum of the averaged

fon fleld E' ~ Eg§ heving it
ol -2

smplitude [Eg| decaved axially ss IR |™,

20,3 !EQ\ (34},

“trese time-averaged self fields mre typical of the so-
calleé velocity fields since the acceleration fields
have teen averaged away from (2)Now to justify the time
sverage, the scceleration fields are known to give the
radiation loss per unit time,

(c/bn) fI-:de pad (2Nq2c/3)(w,.,/c) T following the
Lienard approximation 4 (m We) ~m w2 z-2
the ion inertia is so large that m ¢
for He the lose ~ (T/mc )

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

Because
= 3.7 GeV

is negligible. Conse-

Based on {2,3) a synerglc focusing will require
two conditions: (i) a radially differential
schene for energizing particles,

3_lE 1> 0; |Bg(z) = |Eq(-2) |=|Eg(0)f £ = 0 (4a)
and (11) a net ILorentz force for axial focusing,
Z<z=0,ch!p(VB-VB)< (4v)

[}
vhere B = B* + BT +BP-(B, Bys B,). To satisfy
(1), we recapitulate the facts (a, ‘b c) first.
(a) The boosting field EI; comes from the magnetron

radiation during the radial acceleration of electrous

which are gyrated and precessed along a circleon the orbi-

tal plane under the magnetron crossfields Erp X 2: at

z = 0, (b) The radiation is guided into several
long boxes of the size 2Ar >> 2Az > rA®, which
have been radially attached to the centrally located
magnetron. (c) 8lits are cut along both sides of the

box from r = 1™ to Por Ar and the width of the slits

must be less than the width of the box 2Az, which in-
tersects the median plane at z = 0. Next, based oun
(a,b,c), the resonant radiation inside a box consists

of a transversal electric wave (BP EP, B ), which
requires the longitudinal EP to vanish everywhere and
the mixed boundary conditions. B (r=0 26r) = O,

3, B (mAz) = 0.
tbc 'Elol wave having the lowest cut-off frequency ~

(c/282/3€). Let £ ® m/20r, { = n(z+bz)/2bz. Then a
strajghtforward calculation gives

These requirements are satisfied by

P P
(Br’ EI;, Bz) ssBo(sing cosC, b_ sing eing,
e, cosg sin;)e'w; E: &0

Consequently (Sa) has the characteristics (4a)

satisfied within the first quarter vaveleugth
C In Out

0<E<mnf2 0<rl<cr™® <y

mpr. Due to b s (iw2dz/me), the 1!:95 can

further

increase 1f the width 2Az flares out
radielly. In (5a) , the magnetic components at z = C.

(5a)

over
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P

P
Brao,BBEO,BI;*O,

(5v)
are similar to (3a) generated by a circular
current. Now 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

change sigzn in passing the zero,
Z 0, Br z 4] {6)

cF ~0VeBr§0

which implies zthat
(55)(38,b) B, = By ~ 0

for z 2 0, since we know
and (3v) Vg < 0.

Let us show here how conditions (i) and (1i) work
together in providing the symergic focusing and later
the equilibrium orbit. The dynamically stable orbit
is defined generally in terms of a net force density
278 dt(n moYz)according to tre following inequalities:

- .. 2
r 2T, K - oo (VYL - WL D e W S0 (Te)
<IE ol “lg
18]S 181, & - o (Vg =W 9+ V) =p WV 2 =50 (70)
zZE,yz—p(v%W-WV-x)@ (7¢)
where the boosting force enters through ¥ and F

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

The superscript dot abbreviates the material deriva-
tive Bt 4+ V + ¥ which gives the continuity equation
A = - 09 <"V of the mass density oy = nm,. The

radial force 37 is s1mp1y the inward Lorentz force
-1
F., = pq(\r B -v B )c ~ pqveszc o
(3). 1Its magnitude decreases radially toward r

following the idea of weak focusing at the first stage.
However, at the second stage r > r- the lF \ must

r
increase through BE to match the increased v (Fig.(2)).

< 0 because of

Thus before calculatingx e must consider the
stability by perturbing X with the amount X due to s
writhing velocity ¥ away from the orbit, according to

X = Z + IZdt. Therefore, z 2 z 1iff 'Vz Z 0 giving the

~

following two consequences, (i) Since a writhing
ion can be evenly energized Y(-2) = ¥(z) >0
due to (1) and (La), then writing (7¢)
for the perturbation shows Vz always

decelerated.

~27 .0 v Zo: T .
z22=0,V, 205 omYVz-D‘z
where 3, = F, 1s substituted by (bo). (i1) Since a

cyclotron unlike & tetatron doea not accelerate
particles by means of the Lorentz force, then

-V

c?'e = pq(szr 2_132) ~ 0 means Vr < 0 since
Ver ) szr <0 using (6) for the odd function B,
and (3a) for the pcsitive function B,

(1) and (ii) simulianeously, & writhing ion is redially
retarded and axislly decelersred. Thus the larger the

Vr s, the larger the T

T (¥ ¥) 50, (8)

Working against

Censequently, the bigger the

‘ES" the bigger the ¥ and therefore the bigger the
Cr the other hand cf. Fig(2) ,

the radially advanced ion having not gained enough

deceleration ¥ 2

energy will be pulled back by a stronger B until

energized by a stronger \E \ Ta prove

(Vz) w0~ (Nr) see(lha) for acceleration, (10) revolution

Fig. (2) 1llustrates the following plcture. Out-
side the several radial cavities, i.e., inside the so-
called cyclotron dees or mcre appropriately Fig.(3a)the
present case inside the pies, an ion is screened
from electrical but magnetic forces by the metal

walls of the pies. Thus no boosting ¥ = 0O implies
v~ (1-(ré/c)2)'§ = constant iff rd =x T Q.

raT+Tand -0+ 8yleld 87 Qr/T.
By choosing the lower sign for the positive lon, the
net radial force becomes

-1

Therefore

+ movréz
~ - GF0B (7) [1+(F/7) (x B./5;)
- F/r) $

E
o)

2 nE
Fr + Fc L] quBzc
et en vwPU1- (/7))

.. q;ﬂBgc Ofor ¥ 20 (10m)

ifr I s&-arsz/s _+1>0;n+1>0 n>-1 {(10b)

where the first term in (10a)} cancels by definiticn

and the second term in (10b) is

BE(Z-) ~ ", stipulating {2k
2 pPusttills

~_/

we conclude that there exists & limit for decreasing

(r) radially but no limit for increasing. Since
8(F) = - Qis demanded for all T
Bﬁ(r) must, like ¥(r), increa-
se a8 r increases, According to (10b), at the first
stage ¥ = 1 we can choose Bg(r >r°) ~ 0T following

the practical cyclotron experience; at the second

stage 1 < ¥ < K we can freely choose Bz(r > ro) ~rnv
any positive n > -1, in order to match v(r) as closely
1 < y<Kis due to Bg(ro) =

The larger the ion's rest-mass,

as possible.
KBE (™Y,
the smaller the change of ({r).
T+ moczgives v=(1+ T/mccz) ; K+1 the larger Xine-
tic energy TS X me = K 3.7 GeV for

Helium, Clearly within the K-limit anda finite super-

2
Because & = m 7Y =

conducting coil, the larger the m c2 the larger
the T; in addition to the extra advantage, the smaller

the radiation loss (T/m ? These are two
advantages of the present heavy ion cyclotron,
The third is given in the next section.

Phagse Stebility and Universsl Orbit

Due to the radially matched forces to be speci-
fied ©precisely below for a bcoster and a ceil,
the .ew cyclotron can accelerate the inertia mov and
\V |!\r9 k<e at a suitably chosen

constant 6 = - Q toward a radially increased kinetie
= ([1-r (O/c) 1 } m e T(Yc).

new cyclotron combines the simplic1ty 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 BP(t) ={w-po)t
is the phase that an iot is accelerated through p
number of radial cavitles per 2m radisms. It turns

energy T(r) Such &
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out to be determined
as follows.

by the magnetron frequency w

Eb = E_(b2) sin(kr) sind(t); n/2> (67(t),kr) >0, (11)

If the magnetron is operated at a hlgher
frequency w than the integer p times ion-revolving
frequency ©, the acceleration phase has _the stabi-
11ty provided by the positive slope atsine‘(t)2>0,

n/2>ep(t) > -n/2, Since the mean-free-time At of an
ion revolving with 8 from one resonant cavity to the
other is |8]at ~ 2n/P for p cavities per 27, then a
slight undermatch of At = 2n/p|é| with the magnetron
period 2n/ w|, i.e. w>pé, ensures that the ion be
continuously accelerated in the positive boosting
flelds Since we reguire

8(F)= - Q= constant, then, w| > pt = constant is easily
satisfied. An ion with |8] 2 0(r), arriving earlier at
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 than m ¥(r) by gaining a bit more
eneigy < eV,the ion ha@ing the angular velocity

‘6] § Q(r) finds itself late in arriving at the
remaining cavities at r,and therefore receives less
boosting energy. Such & natural balance makes the ion

phase Bp(t) migrate stebly back and forth along the

positive slope of the magnetron fields. Thus having
chosen the constant frequency @ > p8 = constant for

example p = 6, the phase stability is incorporated into
{(11) inside six resonators,that have been centrally fed
from six anode cavities at 60° apart inside the magune-
tron, One distinct edvantage in adopting a magnetron
baving & TE mode,instead of many Klystrons having a ™
mode, is that a single radiation source can form a
standing wave at the constant w. This is technically
known as the T mode, when the major anode cavities are
separated by the distence 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
longer wave length )\ and better mode separation re-
qgi d, here. Otherwise,the synchronized Klystrons having
t erﬁw]>p0 can equally feed s5ix resonators with ll%.
In order to integrate monlinear (1)}(7) for ion
orbit in a plane, one assumption Vz = 0 sbout the

plane orbit is made to decouple the plane orbit (7a,b)
from wobbling about the plane (7¢). This sssumption is
valid since the ion possesses a decelerated and negli-
glbly small writhing speed ‘Vzc'11 <4Vec-1\, due to the
strong mirror focusing discussed in the
Thus, setting Vz =0 and Vr 7, VG =re, V-V 20 for
a single point ion; replacing ¥ in (7o) with (1) and
aividing (7a,b) with (-'Ypm); we obtain as follows both

the radially centrifugal and the tangentially
Coriolis' accelerations.

I T Yy + ¥ (12a)
2tb = -t0+QV, [1-(r¥/c)27 - 8 (12v)
Vos/© qEg/Om Yo ¥ Ez(r,t)/Bi:(r). (12¢)

By definition (12c) the radial quiver velocity ' o is
independent of q/mo, the charge-mass ratio. Thus for a

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

tunable to an identical G(ro\ along a universal orbit
(Fig.(3b)). The time rate of an ion travelling cn this
universal orbit depends on the species and turns cut to

revious section.

dE:Vmoc redian/sec. If f & O and ¥ £ 0 respectively
outside and insideshielded pies,then the orbit is pre-

cisely & staircase built on a pleane spiral having &
gradually reduced radius (Fig.(3c)). During either
accelerations or revolutions, the fundamental require-
ment & = 0 must be strictly satisfied. Since © = 0 iff
6= constent,\then putting © to zero in the tangential
Coriolis (12b) and dividing (12b) with 0 and then
adding 2 to each side of (12b) we obtain that a bounded
entire function L(r) is a constant

constant = 2(840)/0= [Vg(1-(rd/e) 2+ V/E =L(x)  (130)

asccording to the Liouville theorem and the special

relativity \rél S ¢, Since on the lefthand & and (lare
constants, then solving f in terms of the constant
gives

: 2, (2

= Vos(l—(re/c) )/{constant-1) (13v)

The constant is chosen to be zero by the other equation
(12a). Thus

fr-NE -qBE(r)/mocY(r) = constant; Ef/\( =constant (13¢)
tm V1 - (20/e)®] (134)

Since during the shielded revoluticns the limit VOS=Ci
1imit # = O, then (13d) is also

vields from (12b) the
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 is to be
simultaneously satisfied with the centrifugal (12a),
which yields by substituting (13¢) into (12a) that
i'Y/Y"' F =0, or,
£/t = -Y/y; F20, +$0, ¥>o0. (1ka,b)

The necessary and sufficient Coriolis acceleration
246 follows from the following integrated result of {1lua)

t/c= constant w71= constant [1—(rf¥c)2}% (1ke)
Being a simultanecus solution of (12a) and (12b), (1lke)
mst equal (13d). Setting them equal, we therefore
obtain by definition of VOS(12c) the follwoing design
criterion,

BEZ:(:')= Bf(ro)[l—(ro/rM)z'.\%[l-(r/rM)el'%
EN(r,t) = - E(e%) [1-(%r )2 -(r /)1

Here Ty ® ¢/Q is the maximally attainable radius of an

jon according to r{l = ¢ the special relati#ity. Note
that the heavier the ion mass the smaller the (), and
therefore, the larger the Ty Since r'4<rM for the

estimate later,

can match the Increased booster criterion (16)
with the already increased booster field {11) by making
the height 24z of the resonator (24ar >> 28z > rh6) flare

(15)
(16)

the Taylor expansion in (r/rM)

out 1like Fig.(3d) a parabola horn.
bz(r) = (8z(r%)/xr)(2 + a(r/rM)e'J (17a)
El;(r,t) = 5% (bz(r)/bz(r®) Jsirkn . (17v)

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

We = kr > kro, k = n/2br and kr, >> n/2.

\Eg(r)/Eg(ro) v = [l+(T/moc)]?§(l+K)2

1orTZEK m c2
<]

Since
(17¢)

, then for various heavy ions m c2 P4 1¢
[*]
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GeV a small ta. .or K siems to be adequate for
r s rMLK(2+K)]§(l+K)-l' Since the contour of

r,r) produced by the coil is shaped like

BE(

z
BE =_Bmin(r0)exp(K222){(r/rQ)n H +Q1 —(r/rM)g/
l-(ro/rM)zltlﬁ,]

then for m c2

(18a)

2 10GeV a small factor ¥ is adequate for

(18v)

to separate the first stage r < ro from the second
stage r > r0. While the old cyclotron field index n
is known to be - 0.6 < n < -0.7, the new field index
L= -% is prescribed by the design criterion (15 ).
Since the old field gives the known cyclotron orbit et
the first stage, then only the new orbit at the second
stage is derived below with the exactly integrable

(138) over r, 2 r 2 r°. In the linit pd® = 21 ve

obtain Fig. (3b) , where
r(t) = rM[l-(ro/rM)Q]'%sin[A(t-to)]+rocos[A(t-to)]
(19a)
A= alEg(r) |/m e (190)
tﬁ - to = [ (n/2) - sin-]'(ro/rM):\A-1 (19¢c)

In the present case ph8 < 2w, the complete orbit con-
sists of shielded revolutions (¥ =T = 0) outside
pb® and of boosted accelerations (>0, ¥ <0) inside
ph8. This complete orbit Fig. (3e) 4is obtained
by slieing vertically the continuous curve in Fig.(3b)

into equal pieces of the length ath = 58/ due to the
constant angular frequency (I inside each booster of
the angular width 46, and then connecting each piece

with & flat line of the length AtY = (2r-pag)f0 due to
rotations # = ¥ = O with the constant Q inside P
shielded pies. A different species has a different
time rate (19b). The total time span required for the
complete orbit is bounded by the absolute maxdimum

th - t° multiplied with the proportional factor
[(en-pa8)+ pA)/pad = 2u/phs.

1' pags2x
M -
Ve
,out Ve
0 ~
—
/ >~y
10 .
fig(3b) M
2
___.—f’/"——-~\\\-1r
r Ar 24r
\d
f)ui
figlac) tig(3d)

Finally note that the synergic f%cuéing on the uni-
versatorbit by means of (i) ar\Ee‘ > 0 and (ii)

arBi > O inside a booster has been proven in (14)(15)

as well as implemented with (17)(18). Moreover, the
synergic focusing on an lon is maintained when the ion
revolves outside the booster, i.e. radially proven by (L0}
and to be  axially proven by (21){24) in the sixth
section.

Application and Computer Simulation

Intense beams of heavy ions accelerated to ener-
gies of 10 to 100 GeV might be used to ignite thermo-
nuclear pellets and thus Hrovide a basis for thermo-
nuclear power generation. ® For such a large scele '
application, the self fields of an intense beam can
not be neglected during the acceleration. By inte-
grating (2) an initial source (cp,J) yields the total

field (E,E), then through (7) the field determines the
accelerated fluid, which becomes a new source (cng)

to be integrated again by (2) and so on., Such a boot-
strapped tail-chasing requires an extensive and fast

scheme of numerical iteration. Thus a vectorized code
based on the general formulae (2,7) seems to be worth-
while implementing and then becomes readily acceasible
to simulate various cyclic accelerators including the
present one, an isochronouscyclotron. Based on {2b)

alone, the author has taken the initiative to write a
simple vectorized code for the ASC computer at NRL to

compute pE. This EF is generated by a steady current

flowing along the presently designed football coil
defined by

x = R cos®; y = R sin®; z = Q(e/2n); 0s8=2nL (20a)

Ra=rl : lz —l\G; 0<z<?2 {20b)
The gentle squeeze on a uniform coil is quantified
herein (20b) with an index G, namely G =CC measures

the infinite gentleness which means no squeeze on the

coustant radius rc, since \z-lfﬁi Ofor 0 <z <2. In
(20b) the lower sign is adopted for a deflated football

M

C
coil having a small central radius rc <r 'sSr +1

where rM's denote the mirror coil radii; the upper sign
is chosen for a normal football coil having a large

central radius r'>r'szr’-1., In {20a), [e/2n]
is numerically truncated by using the integer mode in
programming, then (20a) describes precisely L number of
circular loops having the interloop spacing Q=-2/(L-1);
if by using the real mode, (20a) describes a helix
having the pitch Q. The results are schematically
shown for L=3 in Figs (la,b).

E \ = z
L3 0y By R 22{ a Ry S
AN
B B C i -40 o

d - 2.
figlea) ~=M--" figlah) Moo "o
The other interesting results will not be presented
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 end Self-Focusing

We can numerically calculate the ion self-
rields (E,BI) with the integral solution {2) consist-
ing of both acceleration fields:Dueto 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-focusing:
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B.50, 22 OF %Py Vg8, 50, 2 20, (218,b),
Three results follow for the averaged fields. (i) The

Lorentz force along the ion beam direction is related,
by the average specifiedmdth(EZblto the ion electric

field Eé along the same direction.
;:IQ o 1. (v.B- V__E:)c-l = EE + constant of z (22a)
vy & & Lo -]

(11) By averaging the Gauss law (2a) we have slready
shown that’azl E§|§ 0 for z 2 0,(34), |E5 [is maxtmal at

the orbital plane. (iii) The average bar 1s consis-
tently defined with a correlation time r_ =2|8zlc">0
of Er(t’E) such that

I -1 I I
B, =7 [Bdt=5B_(x) (22v)
is defined with the identically averaged Faraday law
I I I I
= - A" < >
B = r,(3,8) =-vc(9x") ~2lazl3 Eg £0, 220(22¢)

qg%reby the symmetry,]§I| is neglected compared with
Consequently, based on (22c) the averaged

[Egl(3v).
Pynting flux points away from the plane,becomes by
(3d) the minimum at z = 0,in agreement  with the
minirmm radiation loss and with radiation recciling
of an ion back to the orbital plane,

.1 N AP
eBrs-lAzlaz(Ea Y2o0,220 ,

(e1x8T), ~ -E (22a)
Based on(22¢c) the magnetic flux 'ins shown by ( 3d) to
be bulky and perpendicular to the plane and thus gives
the self-focusing on the plane (21b). The deduction of
(1) goes as follows. The Maxwell-Ampere law and the
flux continuity when applied to the beam having

E I
Be 80n Bo

(zxgx)e=-iw€(w)Eg; (zxg)ezz . EI=V .

are respectively given as

=0

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

(23¢)

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

B E> >0 E
aszz 0, z 20; 3B <0, r3r; laznf|> larle

~1p. I
B = f[arBzdz -3,B.ar] - 1w €(w)e IEedz.

(24a)

Then substituting these inequalities (2ka) into (23c)
ylelds for all r $ rO the required inequalities for the
external focusing on the plane

B >A. -1

B;$0, 2205 F* = -pqvesfc $0,220 (2kb)
Next we exchange in (23c) the orders of ar,a with
Idz, Idr; extrapolate dz = Vzdt, dr = Vidt; %ntegrate
dt according to the time average. Having averaged
by (111), the longitudiral beam dispersion becomes
valid according to the Maxwell-Ampere law alone (23a),
namely the dielectric €(w) = O for E% # 0. Conse-

quently (23a) gives by the average aréﬂ;= Bzﬁi, then by
replacing in (23c) the first term IarEgdz with

Ja Blv_at

Zr z a——
- —T ] _ I -1
B, ~3 (VB -VE)r =2|az Iaz Fo g (25a)

Equating §§ of (25a) to ﬁi 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. Iue to the massiveness of ions,

the negligible radiaticn less dL/de does not change
the orbital angular momentum dy(m Yr2é)~c¢. This is
not true for high energy electrons, but is for the
heavy ions, The ion focusing on itself is based on
the proper gradient oflf%lﬁii),giving the proper slope
of B} (iii). Since this gradient is nct along the beam
directlon,the instability in Eg itself is not
affected by the present conclusion. However,to prevent
any possible instgbility, the externsl tccsiers exert the
angular forces gER's on ions according to

the principle of phase stability (11), Finally, in
passing, note that the present result of .self-focusing
(21) is consistent with a recent finding“dbout a longi-
tudinal beam propagation , because of no harmful
%ﬁ%ﬁﬁﬁlﬁﬁég egag%gggggg Elggmgé?n an accelerator cf tre
The Nyquist theorem on the fluctuation and dissi-
pation 18 well established for electric field fluctua-
tions (Eg(z,w)z) @ (Re)Z(x,w) in a current. Due to the
ensegble ‘average of ion-ion and ion-mclecule collisions,
(Eg “) becomes appreciable in the case of positive and
real dissipation (Re)Z on the orbital plane. A recent
studysshows binary c?l}isi?ni to be possible under
quxBEel,irr v = Vi) .v{2) 20, mis conclusion hasa
positive impact to the present scheme: Q= constant and
v=v(r), although BE is not globally uniform. The fol-
lowing picture is envisioned. A heavy ion moy(r) at
(r,lei,o) being constrained by v(r)= constant at r
can wander off At in the z-direction and come back
hitting the other ion trailing behind at (r,|8}-04t
+ 2nnm,0).  Since v, 20 nullifies the effect of BE, the
famous Rutherford Coulomb-scattering predicts a pesk
contribution along the z-direction. Then, having zero
angular momentum in zero impact parareter and small
linear momentum in the side-by-side collisions wobbling
along the O direction, we conclude that _inelastic
channels and Coulomb excitations~u(vz/c) are negligible.
Furthermore, since the largest possible V; is not large
enough to escape the trapping of the mirror field, then
the lon-ion collision is less detrimental to an intense

beam of multi-Amp's current being acei—ulated in the storage

ring at the end of lagt stage of acceleraticn.
Conclusion

The presently designed isochromouscyclotron is
implemented here with the superconducted football coil (20)
and van resonators with flare heignt (11,17), It can
accelerate various species of heavy ions. The heavier
the rest mass my of an ion the better the present
scheme will be. Because a small numbgr K is required
in gaining the kinetic energy T7=K:oc and sharing the 8

;e)ngOSEQ23 Sev P35,

following advantages based on e~ =.
(a)negligible radiation loss<<( 7/=.c2 =, ,
(b) fipite radial increase of the coil field Bg(r) =
{K+1) z(ro), gc) finite Eadial increase of the reso-
nator field Eg(r) S (K+1) Eg(ro). Eere the radial
increases are compared with those conventional cyglo—
tron fields Bg(ro) and Eg(ro) used fos TS14 m,c° at
the first stage of acceleration r =r°, The presently
proposed synergic focusing on heavy ions is proved
radially by (10)(1b), axially by (24)(21), and angu-
larly by (11). Then various species tunable to an
identical frequency O(r"} are accelerated along an
exact and universal orbit (19) haying a gradually re-
duced radius r®<r<<ec/Q, This r° and this scheme are
the beginning of anisochronous cyclotron for heavy ious,
which has combined the simplieity of a cyclotron with
the phase stability of a synchrotron.

Acknowledgment is given ‘o Dr. P, Sprangle for
suggesting a magunetron for the present scheme.
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An lsochronous Cyclotron *

nr) = (qu/uoyC) ® constant

| Z
1 ' )'r Z
(1) The Football Coil S oroondictor

oUpEBrCOnRGUCtO
The football coil has L number of 4’////’7 ‘
turns, L = 3 is drawn for the perspective S B
view In three dimensions shown here - ’M \M
/. B B

The gentle squeeze on the radii of —
the tandem mirror coils is quantified
with the index G. See Eq(20), )

x =R cosd; y = R sing; z = Q(6/2n]; 0s8 s2nL,

x-rc;|ﬁ \G;-1<z<l R

(2) Exact Universal Orbit

are accelerated along an exact

and universal orbit(19},

ri{t)e r"£1—(r°/r“)2]'§siu[A(t-t°)]¢,°cg,:Agt-‘°)J
A=alegtOme | v.con

(3) Synerqic Focusing

The van rescnators with a flare
height are fed with the radiation;
produced by either the centrally ,
located Magnetron or the peripher;lky
located Klystrons, This together with
the football coil produce synergistic8lly
the focusing on ions travelling on the
universal orbit.See the proof given
in the text Eq(10,14,24,21,11) |
e
¢nd Stage

Isochronou
cyclotron

(4) Design Criterion & Parameter

. TPor exa=ple 5 zeters
L,
for 1 GeV He jon in 10 K Gauss cyclotron field

vaguum chamber pressure

B om Kg,
' Y T e A o L SR
v RS AN RO SRR

van Rqsonators () Tt stores -:ili-A-p's intc a ring attihe end of
- ., each <tage 1y "¢ Muli-fmp’s $n-ensizs ¢f for gurrent.
\\z(@nthAflare height ‘

ele 35(r) &

{b) finite rad «] increr.e of the cocil fi
s s the reso-

()Y, el
pator fiel |
increases -+
tro flelds bl
tne first £t

Yoenl o4 Lie.
of acei cration r 2 ov
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