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We wish to discuss the ?ossibie role of the betatron effedf as & 2

mechanism for the acceleration of cosmic particles to felativistic

‘énergies;‘ We'propose that this mechsnism can be extremely efficient in a

“

region where the magnetic field is zero, or very:-small compared with tiﬁe-

dependent magnetic fields in nearby regions. This brings us to a possible

."modgl.for extragalactic radio sources;'which.is briefly Outlineda.'“A_ﬂ&;hfwmw;fwww

If the zero-field condition is not met, the betatron mechanism is

e _rather-inefficient. For instance, the gain of momentum of a particle in

a homOgenqous magnetic field that is slowly>incieasing with time is given

e

1/2
p(t)/p(0) = [B(t)/B(O)] .

In a given acceleration event the particle'therefore gains a certain fraction

' of.its initial momentum.

' Thé inefficiency of the betatron mechanism~is paradoxically connected ﬁlf'

1:fiwith the very ekistence'of a magnetic field. 'The magnetic field causes the

particlesto spiral, and therefore llmlts the amount of magnetic flux that -

, ;;_their orbits encircle, while the acceleration effect is dlrectly proportional

to the time derivative of this flux.
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These difficulties do not epply in a reglon where the magnetic

which could be a star, or a galaxy.-
The magnetic fleld 1n the free space surrounding our object should

'1be roughly described as the field of & dlpole D centered in the obJect

.plus some slcwly varying field B0 due to ohher obJects in the universe
. ‘1!

4

is unlform

; Let us consider e perticularly simple case in which BO

'The’field is“zefo'at"r.= r

0 Ty and particles of any momentum can’ be
\3accommodated in circular orbits 1n the region r > rd (see Fig. l)

It is easily seen that these orbits are stable against radial

? -

h.
oscillation but unstable against vertlcal oscillation, so. thet any
__partic&e accelerated near the median plane 1is lost after 8 number of turns..

vahis mechanism can be of interest if the tlme scele of the effects that

yproduce the acceleration of the particles 1s comparable to the time in
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which they complete a few revolutions.tf ﬁ”
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The mechanism of acceleretion could be the following'v Suppose that

-+

~i; the central'bbject" is undergoing some catastrophic eVent‘ it is conceivable
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that during this event the strength of its dipole D vundergoes some ‘:[fff;f‘ﬁ
* variation. This will cause betatron scceleration of the charged particlesf,tfcf .
- in the free space around that object itself, In the spirit of our simple ‘37

5

’”.‘i model, let us assume the direction D to be constant and parallel to ktiﬁHLf;v
B0 » Wwith only its strength increasing with time. 1In the median plane

this vill cause & magnetic field, e T T “;f;cwi;9“?’¢%%@¥

B.z(r‘,t)ie B = D(t = .fc'_)/r? ,

1
{

vpand actaﬁgential electric field,

7Mmﬂﬂb&«?k%;

A particle initially in & region where B # 0 spirals around
without gaining much eneréy. On the contrary, the particles initially
| . near the median plane at ro experience the full accelerating effect of .14"ﬂ
;;ﬁ the electfic field and are injected in circular orbits near the zero-field

"fzr;region.é When. D increases, the zero-field region moves outward. The 1

’V”n;‘pafticles already in circular orbits are accelerated, and their orbits

kifgexpahd and precede the zero-field region in its outward motion. At the

. same time new particles are caught up by the zero-field region'and are

i inJected into circular.orbits. In this'way; most of the particles
initially in a washer—shaped region near the median-plane- are accelerated -

", and ‘radielly focused in a region neat the 1nstantaneous value of ro .

independent of thelr in;tlal condltions.‘

'A, A rough estlmate shows that a partzcle captured in the zero-field

\ -

region at t =. 0 with 8 - small initmal momentum has at a time t a momentum



It is rather instructhe to contrast our: case ‘to that in

facceleration.
is now

uwhich Bo is antiparallel to D In the median plane B,

'everywhere positlve, and for T > (2 D B

)

The lack of a zero-field reglon, however, prohibits any sdmple

orbits.

3 10"6

7In the case of a star inside our galaxy, we .can’ assume B0

of the order of one llght year and get

.

*instsntaneous values of ro
energles of the order of 1013 to 10 h eV. In a galaxy, we could assume

.~ -8
By %
: 16 17
would then give energles of the order of lO to 10 : eV

ow1ng to the vertical instabillty._

'The actual spectrum of the cosmic rays produced by many independent events ;
' a_n;i;f-:..ro R

lof thls kind would depend on the distrlbution of values of Bo.

'1)1/3 we have completely stable

G (the intergalactzc space), and rofV 105 llght years, which

The shape of the spectrum is therefore
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dipole field expanding against a background field, for exempleg we canfﬂ';

“admit some angle between By and D , or some inhomogeneity Of Bo -

"fBecause the main ingredient seems to be the existence of a zero-field _:”"

RUE pegion, efficient acceleration can also arise in other magnetic configurations, e
'i_as, e.g., the field of two magnetic dipoles of comparable strength and

7 nearly’ antiparallel, one or both of which is rapidly time dependent.

It is an interesting pOSSibiiity that the mechanism considered here 'fﬁf"
'?Fiisfrfffeculd be related to the occurrence and structure of some peculiar extrau'rQ

" galactic'radio sources. Some of these sources apparently consist’offtéo N
Ty xl C » '
~7 - radiating regions on opposite sides of a visible object (often a galaxy),

T

“i and at large distances from it.

~In the model-—considered before--of an increasing dipole plus a

{ﬁ{,constant field, we have an efficient method of transferring energy to
;;?;;t:}ﬁd; {f particles near the zero-field region, which can be well outside the r";t‘;ftiii
| "i.uff”boundarieé of the objJect that produces the dlpole field. The acceleratedlg'}if;'ﬁfx
’iﬁifsigifv'iee‘Particles form a-loop.gurrent around the central "obJeet". This current:{ S

"‘E'i.ff‘fj.ffproduces a magnetic field, which can give rise to the following effects:

-

(a). It provides containment, which causes the orbits to be stable
' against vertical, as well as radial, betatron oscilla.tions.8

(v) The magnetic field produced by the current reduces the size of the

;.zero-field“ region, and. prevents the inJection of new particles into
'*fcircular orbits and their acceleration to high energy. -

The first of these effects insures stability of the current against

‘9

'V'w}jthe more obvious losses. : The second effect is also important- After utf:i¥t5j

: :“yjﬁthe first stage, during which the loop current of highly relativistic
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.to partlcles ‘of lower energy that spxral along the lmnes of the magnetlc

: fleld surroundlng the current. It is easy to see that such particles

radiate preferentially in forward and backward dlrect1ons with respect to B
the current. The radlatlon of the rlng source is highly anisotroplcal and

»is hlghest near the plune of ‘the loop. An observer in this plane (or near 1t)

’ then sees the radiation coming malnly from two opposxte regions of the loop.~1

The quantltatxve problems connected w1th this model are now under

linvestigatlon. The model seems to explaln some of the more strlking { ;‘_;;if
, RN e

«pecullarltxes of the sources, llke the double structure and the dlstadcé

The anisotrOpy of the source, whlch follows

from the main v1sual object.
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e magnetic field, N o . o v : R

W“.ﬂp rotating in an opposite direction.

; :.;:738 discussed later.
5,

+ _to that of the (constant) angular momentum of the obnect.

" FOOTNOTES AND REFERENCES

" This work'was performed under the:auspices'of the U, S.vAtonic-Energyifki? .

Commission. fpa,

This equation applies if the particle moves orthogonally to the
\ . P . .ir.

~

~ The importance of "zero field",regions has'already'beenvstressed before;i5:3?1f;

et

especially in connection with the problem of solar flares see

R. G Giovannelli Monthly Notices Roy. Astron. Soc. 1 I, 338 (l9h79

Another set of orbits is also available for . r ( ro , for particles

This ‘could be modified.by-the magnetic field of the rotating particles,4

-

This seems reasonable, as_the direction of ‘D should be closely related(
: {

Particles of opposite charge, like electrons and: protons (or light 1}{

: 7"”3f'nuclei); will be,indected'into the. same family oféorbits»with'vr > ro:, L

but will rotate in opposite directions.

For an extensive survey, see P, Maltby and A. T. Moffet, Astrophys.

J..Suppl. 67, Vol. T, 141l (1962).

The application of these focusing properties to particle acceleratorS”

'~ has. been proposed by G.. J. Budker, CERN Symposium, Geneva, 1956 Vol. I 68.5,?;
n'The stability of intense currents of relativistic particles against LN
jiplasma instabilities is still an, open problem. Our situation is

quite different from that of a plasma accelerator (see reference 8), or
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devices, see Ni C. Christofilos, Second United Netions .. == .
- International Conference on Peaceful Uses of Atomic Energy, Vol.-32, . ;" ;5"
pa.per 22166. ) : : A :
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R o FIGURECAPTION
."" :v,‘.«Fig.._' 1. The n;smentum' of -9,'2 'pa.rt?ic'le ina ‘circﬁié.r. 'o’z"b‘it as a..' function .

; A'.'éf.theb radiusof ﬁhe orbit. All pe.rticles with . : '
4<egoroare piledupbetween "ro 'aLndl apprd:':_,"i_lb..s ro ER
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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