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Summa r

A collective circular particle accelerator is pro-
posed, with the potential to reach ultrahigh particle
energies, including large luminosities. In the accele-
rator an electron cloud is produced within a large to-
roidal magnetic solenoid by inductive charge injection

through the action of a travelling magnetic wave run-

ning around the torus. At the same time, the travelling
magnetic wave accelerates the electron cloud to relati-
vistic energies. By continuous inductive charge injec-
tion the cloud can be relativistically densified and
the thusly densified cloud becomes the source of ultra-
strong electric and magnetic fields, many times strong-
er than is possible using only externally applied

fields. These large fields can then be used to keep

elds. These large fields e used
ions in a circular orbit, and an accelerator with a
circumference of 10 km could accelerate protons up to
PP . . . P N [P ] .2 -1

10° TeV with iuminosities up to 10*? cm™?sec!.
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Description of the Accelerator Concept

The principle of the idea is explained in Fig. I.
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magnetic solenoid of major radius R and minor
radius rg; HZ solenoidal field along circu-

lar solencid axis z; TMW travelling magnetic
wave of width P

dal ring axis with the velocity vy; e elec-
tron injected into torus by inductive charge
injection.

Fig. 1.
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It shows a large toroidal magnetic solenoid, with the
inside serving as the accelerator chamber. Its circum-
ference can be many km long, depending on the particle
energy which shall be reached. The magnetic field of

this solenoid consists of a constant part, and a time

dependent part of the travelling magnetic wave running
around the circular axis of the solenoid. The constant
magnetic field most simply can be produced by ordinary

. the entire length of the

electromagnets, whereas the field of the travelling mag-
netic wave would have to be produced by the programmed
magnetlzatlon of additional low inductance field coils.
Furthermore, thermionic emitters are positioned along
inner wall of the toroidal
chamber. Then, as the rising magnetic field of the tra-
velling wave passes by these emitters, electrons are
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‘ter accelerated by the magnetic mirror force of the

‘wave. Because the thusly injected electron cloud ac-
quires a large forward velocity along the circular torus
axis, it becomes the source of a large selfmagnetic

field. As a result of this selfmagnetic field, theelec-
trons are pushed closer to the center of the toroidal
chamber than without this selfmagnetic field, thereby"
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making nlace for more electrons to he vduct

naking place for more electrons to be
jected at the periphery of the chamber by the rising
magnetic field of the travelling wave. Since the travel-
i1ing wave can in principie run around the torus many
times, the electron cloud, not only can reach high en-
ergies, but at the same time can be also relativistical-
ly densified. This continuous inductive charge injection
process is only limited by the synchrotron losses, which
tend to decelerate the cloud. A limit is reached when
the synchrotron losses exceed the energy gain from the
travelling wave.

To accelerate ions to uitrahigh energies, they must
be held in the orbit by action of the strong beam field,
and which requires that the ions move in the opposite
direction of the electrons. An additional axial electric
field, which is needed to accelerate the ions does not
decelerate the electrons because their charge is oppo-
site to the charge of the ions.

Colliding beams could be realized, either by tw

i resting toruses or by replacing the torus with an
intersecting figure eight configuration.

This concept has some similarity to an oid concept
by Budkerl, but differs from it that it uses a travel-
ling magnetic wave to densify an electron beam in vacuum
rather than in a plasma, a problem unsolved by Budker.

The concept has also some relation to a linear re-
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Magnetic Confinement of the Electron Cloud

The electron cloud which is produced by inductive
charge injection can be confined by an external magnetic
field Hy, directed along the circular torus axis z, pro-
vided

E, < H, , (1
where
E. = 2Tner , (2)

is the electric field produced by the electron cloud and
directed along the minor torus of radius r = rg. In eq.
(2) n is the electron number density and e the electron
charge. Inequality (1) is the usual magnetic insulation
condition.
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If the electron cloud is set into motion wi
velocity v along the circular torus axis z, it produces
an azimuthal magnetic field given by (B = v/c, ¢ velo-
city of light)

H¢ = 2mnerv/c = BEr . (3)

With this selfmagnetic field,

rr

the magnetic insulation
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condition (1) becomes

2 2 2

EZ < HZ + HY , (4)
or by insertin? eq. (3) into inequality (4) and putting
vy = (] _ 62)_12

E, < YH, . (5)

In a more formal way this result can be also obtained
by a Lorentz transformation between the frame S at rest

with the accelerator, and the frame §' moving with the
electron cloud. One there has the following relations

n=yn' (a)
—_ ]
E, = YE; (b)
= '
E, = E} (c) . (6)
- 1
H, = Hj {d)
H¢ = BYE; = BEr (e) .
In the comoving system S', where Hy = 0, one has E; <
Hé = Hy, but in a system at rest rather E, < YH,. For

this reason the density of the electron cloud, as seen
in the accelerator rest frame, can be vy times larger
than would be possible for a cloud a rest and confined
by the same external field H,. The selffields of the
cloud, that is Ep and Hyg, can therefore become about vy
times larger than the confining magnetic field. As a
consequence, ions held in orbit by these fields can ac-
quire energies Y times larger than those which could be
reached without using the relativistic magnetic insula-
tion effect, expressed by inequality (5}.

Prior to its being set into motion, the maximum elec-
tron number density ng in the electron cloudis given by

n. = Er/Zﬂer

o = H2/2ner . D

After being set into motion, the density in the comov-
ing system remains the same. We therefore have to put
n' = ng, with the maximum density in the accelerator
rest frame given by

n=yn' = yng . (®

Let us take the following example H, = 3 X 0% G, and
r =1 cm, for which eq. (7) gives ny = 1012 em=3 1f vy
= 100, the maximum electron density in the accelerator
rest frame would be n = 1013 cm=3, and for y = 10% even
the respectable n = 101¢ cm™?,

The moving cloud produces a current, which if expres-
sed in Ampere is given by 1; = 5rH¢, and by using eq.
(5) is |, < 5ryHz. For the given example |, s 1.5 X 107
[A] if y'= 100, and Iz s 1.5 x 10° [A] if y = 10°. The
magnetic field at the cloud radius r = 1 cm is H? < YHZ
which for ¥ = 100 is Hy < 3 x 10% G and for y = 10%, Hy
<3 x 107 G. The radial electric field is E. < YH; and
is for y = 100, Er < 10° V/em and for vy = 10°, £, s10'°
V/cm. Since the maximum electric field at the innerwall
of the accelerator tube must be less than 10% V/cm, the
limit for field ion emission, the wall radius must be
larger than 10 cm for y = 100 and larger than | meter
for y = 10°.

To keep the cloud stable the condition

W < w ‘ , (9)

p c
has to be satisfied, where wp = (lmnoez/m)l/2 is the
plasma frequency and w; = eH,/mc the electron cyclotron
frequency. For ng = 10’ cm=? and H, = 3 x 10" G one
finds w. = 1.8 x 101! sec™! and we = 5.3 x 10'? sec~!.
These numbers barely satisfy condition {9), but if ne-
cessary, it would be no problem to make wy still smal-
ler than wc, simply by increasing the radius of the

electron cloud.

Relativistic Densification of the Electron Cloud

After it is set into motion, an electron cloud of in-
itial density n = ng, can be relativistically densified,
if either during its acceleration more electrons are
added to it, or the cloud radius shrinks.
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To analyse the inductive charge injection process for
accelerated electrons clouds, we obtain from curl E =
- (1/c)aH/3t,

E¢ = - (F/Z?)}:lz y
E, = (r/2c)H¢

(10)
(1)

These induced electrical fields lead to the radial drift
motion
. . . . . ) oo
v, dr/dt r/2[(HZHz + H¢H¢)/(Hz + H¢)] . (12)
or in integrated form: )
1
r/ry = [H(0)/H] /2 . (13)

where H? = HZ + Hf and H(0) the initial magnetic field
strength at the injection radius r = ry

The maximum field of the travelling wave maybe about
twice as large than the constant field, and if the cir-
cumference of the torus is large compared to the length
of the travelling wave, then H, = H,(0). How short the
travelling wave can be made depends on how fast one can
turn on a large magnetic field. With the length Ay de-
fined as the width over which the wave field is strong,
one has ‘

=

AH = ZVHTH ~ 2¢ H , (h)
where vy = ¢ is velocity of the travelling wave and TH
the rise time for the magnetic field. In practice Ty =
10-® sec is possible and with some difficulty Ty = 10~
sec. One finds that 60 m < Ay < 600 m,

For vy >> 1, H = yH,, and hence

1
f/rg = [v(0)/y] 72 , (15)

where v = y(t).

The axial equation of motion for the electrons accele-
rated by the mirror force of the travelling magnetic
wave is

md/dt (yv) = - udH,/dz , (16)

where U = mef/ZHZ is the orbital magnetic moment of the
electron trajectory in the r-¢ plane, and which is an
adiabatic invariant. To obtain an upper value for v, and
hence for U, we equate the centrifugal and centripedal
forces acting on an electron. For eH,r > mc? one has v,
= ¢, and hence ymvZ/r = yme2/r = eH,, therefore p <
er/2. For y > 1 we obtain from eq. (16)

medy/dt < (er/2)dH,/dz s

(17

and with the approximations dH,/dz = - 2H,/Ay, and
dy/dt = cdy/dz, we find for the acceleration length z
to reach y: .

2
{mc /erHZ)Y?\H (18)
For r = 1 cm, H, = 3 X 10" G, one has erHy = 107 eV, and
hence z 2 5 X 107 %Ayy. To reach y = 100, with Ay = 100m
gives z 2 500 m, and for y = 103, z 2 5 km.

The accumulation of electric charge by inductive in-
jection is determined by

an/dt + (1/r)3/3r(rnv ) =0

zZ

Because

v, = dr/dt = - (r/2) (Y/¥) , (20)
this is

an/at - (1/2¢) (y/y)3/3r(nr?) = 0 (21)
Eq. (21) has the general solution

n(r,t) = YF(r?y) ,  (22)
where f is an arbitrary function. If r?y = const., it
follows that f = const., and hence

n(r,t) = Y(t)ny(r) , (23)

that is a relativistically densified cloud.
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Synchrotron Losses of the Electrons

The synchrotron losses of an electron moving in acir-
cular orbit of radius R are given by 1= (2/3)eZcy"/R2,
and to obtain the total losses, this number has to be .
multiplied with the number of electrons given by N =
2mRnren = 2n%Rriyng = (M/e)RryH,. The synchrotron radi-
ation losses are therefore

P = IN, = (2mec/3) (r/R)Y°H, (24)
For the above given example, r = 1 cm, R = 1.6 km, (27R
=10 km} H, = 3 % 10"'G, one finds that P = 1.9Y" erg/
sec. For v = 102 one has P = 2 x 10® Watt, but for y =
10° already P = 2 x"10° Watt.

Acceleration of lons
in the Relativistically Densified Cloud

The electric and magnetic fields of the relativisti-
cally densified cloud are given by Er = Hy = YH;, and
the radial force acting on an ion of velocity vj is

Fr = e(Er - BiH ) = eYHZ(] - B|) ’ BI (25)

The ions move in a direction opposite to those of the
electrons, and one has B; = - 1, and therefore F, =
2eYH,. To keep the ions in orbit, the centrifugal force
Fo = YiMc?/R, (yi >> 1), must be balanced by F., and
one finds y; = (Ze/Mcz)YHZR. The maximum attainable ion
energy €; = YiMc? is therefore

€; = 2eYH R = 600 H R  [eV] (26)

Taking the example R = 1.6 km, Hy = 3 x 10* G and v =
100, one would have y;/y = 2 X 10%. For y = 102 one has
€; = 3 x 10'* [eVl, and for ¥ = 10%, even g; = 3 x 10%°
[eV]. For colliding beams the center of mass energy is
twice as large. The acceleration of the ions in the
guidlng field of the electron cloud can be done by
standard techniques.

= Vi/C .

Synchrotron Losses
by the lons and the Attainable Luminosity

The circulating electron ring is loaded with ions by
the relative fraction f; = N;/Ng << 1. The synchrotron
losses of the ions are again given by eq. (24), if v is
replaced by Y;. The total losses by the ions are there-
fore related to the electron synchrotron losses P, by

Pi = (vi/y)'f.p (27)
For vi/y = 2 % 10%, and using the above given example,
one finds P; = 3 x 10%ySf; [Watt]. A practical upper li-
mit for P; is about 3 X 10° Watt, which would require
that f; ~ 10%/y%. For vy = 102 one finds fpn 10-7, and
for y = 10° one finds f; ~ 10-!'?, The total number of
ions are Ni = 6 x 10" for v = 102, and Nj = 6 x 10%°
for y = 103,

The tuminosity L of colliding beams is

(28)

Optimistically, ry = 10°* cm may be possibie. For R =
1.6 km one has'v = 3 x 10* sec”!, Then, if vy = 10%, with

L = N?v/ﬂré , V= ¢/2mR

Ny =6 x 10'*, one has

L =4 x 1033/r§ em~2sec~! | (Ecy = 600 Tev) , (29)
and for v = 10%, with Ny = 6 x 10%0,

L= 4 x 1025/r§ cm™2sec-? (ECM = 6000 TeV) , (30)

In the first example, (€cy = 600 TeV), L = 10%%/cm®sec

can be easily reached by equating ry with the radius r

~ 1 cm of the electron beam. In the second example (ECM
= 6000 TeV), L = 10%% cm~%sec~! could be only reached

if in the collision region ry = 107* cm.

Adding a Tenuous Plasma

if a tenuous plasma with a density ny, = fn, is added,
a new situation arises, because the radial force on the
beam electrons is now

F=el(l - fE - BHI=0/Y" - fleE, (31)

For ¥ >> 1, the electric and magnetic fields are prac-
tically unchanged and the ions can be kept in their or-
bit with almost the same force. However, for f > 1/y%,
the radial force becomes negative and the beam cont~
racts. In case the beam contracts it can be also rela-
tivistically densified without the addition of new elec-
trons, provided r/ry =1/vy, where r; is the initial and
r the contracted beam radius. ’

The addition of a plasma leads to Coulomb collisions,
by . which the beam is heated. Per electron this heating
rate is given by

dE/dt = 47nf (e"/mc) &nA , (32)

where A = r/rq, re = e?/mc?. Besides being heated, the

.beam is also cooled by a second kind of synchrotron los-
.ses resulting from electron oscillations transverse

to the beam. These losses are given by

Pe = (2/3) (e?vZ/c®)v" ‘ , (33)
where Ef-is computed from the radial equation of motion

Ymr = - feEp = 2mne?fr (34)
One obtains ;E = {1/3) (2nne®f/ym)%r?, and hence

Po = (81%/9)(n?e®f2r?y?)/m?c? (35)
For the beam to contract Pe > dE/dt, which leads to

eErfY? > (92nA)mc? (36)

Putting f= k/Y%, k>1; and E.=YH, this condition is:

ry > (92nA)mc?/keH, = 4.5 x 10%/kH, , (37)
or Y 2 2% 10" {krgH,)™? (38)

For the above given example and k = 2, we find that the
beam contracts if y > 50. If for example Y = 100 the
final beam radius would be r = rg/vy = 0.1 cm. This 10-
fold focussing densifies the beam 100-fold. A tenfold
reduction in the beam radius permits to reduce the ra-
dius of the accelerator tube also 10-fold, and still
keeping the radial electric field below the limit for
field ion emission.

The addition of a plasma leads to more synchrotron
losses and to keep these losses down, one may wish that
Pe < I, where | = (2/3)e%cy*/R? is the orbital synchro-
tron loss rate. By a simple calculation one finds that
Pe <1 implies

-1 1 !
Yy >3 /“(eHsz/mcz) 2 1.8 x 1072 (H,Rk) & (39)

For the above given example one finds that y > 1400.
Therefore, unless the Y-value of theé electron cloud is
large, a price in more power to drive the beam has to
be paid.
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