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1. In high-current proton linear accele-
rators aimed for studying the mean energy
particle physics (meson factories) the par-
tiele losses during the acceleration process
must be very small because of the radiation
safety .
The particle losses in linear accelera-

tors are mainly due to small random perturbat-
ions of the focusing channel elements slowly
increasing the transverse oscillation ampli-
tude. The particle losses can be also conside~
rably contributed by the regular perturbati-
ons of focusing forces with the frequency mul-
tiple to that of the focusing structure Se,
The oscillation amplitude increases in this
case at definite resonant values of transver-
se oscillation frequences §2x. gzy connec-—
ted by the known relation with §2 :

n§2x +m§?,=i<52
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If one introduces the dimensionless fre-
quences JM>/instead of frequences Szw,y '
the relation (1) takes the form

NVy +mMvy (2

In (2) n + m is the resonance order, K
is the number of the resonant perturbation
mode.

It is evident that in the linear accele-
rators we may choose the working point only
in the first stability region, i.e. Y% < 72
and vy < " y thus we shall be interes-
ted only in the structure resonances on the
nonlinearities of the lense field and of the
eigen field of the beam.

The lense magnetic field accounting for
the pole symmetry has the form

Ly =Y
H,= G W21+ as(x*- 102y 4544 "o

The expression for Hx is obtained from (3)
by replacing X by Y. in (3) G(t) is the len-
se magnetic field gradient, 2@ is the dia=-
meter of the focusing channel aperture,
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1s one of the coefficients of nonlinearity of
magnetic field.

Let us consider a one-~dimensicnal model
of the beam believing the particle losses at

a given place of the focusing channel to occ—
ur in the direction in which the envelonpe of

Maal U i LLl 2ich The env TiLvpys Va

the beam is maximal, the n-order nonlineari-
ty determines the resonance Vee = KA+ 1)

n may take,according to (3), the values 5,9
etc,

The structure resonances on the nonline-
arity of the elgen field (Coulomb resonances)
result from the fact that the beam envelope
and consequently, the space charge force re-
peat regularly with a frequency of the focu-
sing structurs.

The expressiocn for Ec inside the beam
within the given model has the form (G (t) is

the gradient of the field E_, 28 - ig the
beam-diameter):
oo x 2L
- G.wz[1 +£:§/ b1‘3(-8“) ] ()

Coulomb resonances may be excited at frequen-
ces V= K/2(¢+), In the range of vV -values
from 0.1 up to C.2 which is characteristic
for proton linear accelerators, the nonline~
ar resonancés correspond to the values 1&95
1/6, 1/8, 1/10, 2/10 etc. The width of these
resonances is, as a rule, small, so the work-
ing point on the plane of transverse oscillat-~
lon frequences may be chosen sufficiently far
from the resonances from (2) which could be
nondesirable at permissible level of the par-
ticle losses. In the strong-focusing channel
the optimal value of y 1is near 0.2 but at
the beginning of the acceleration of protons
(low 2=v/c ) the values of V are practi-
cally not more than 0.1, At acceleration V
gradually increases, thus the beam passes
through the structure resonance with inevitab-
le loss of a part of the beam.
To estimate the number of lost particles

ANres let us introduce the particle dist-
ribution function in the phase space of trans-—
verse osc1llatlons Flu,t), 5duF(u t)=1, u=
=A /A max * A 1s the oscillation amplitude.



Tet AlUres is the maximal u increase when the

beam passes through the resonance, then the

approximate expression for ANres 7N is of
the form 1 ‘

_é__/\fff = 1 S du F(u){)
N 1—AUres 5>

The coefficient 1/4 approximately takes into
account the cscillation phase particle dist-

ribution at the moment of passing through re-

sonance. Analysing the nonlinear ﬁerturbat-
ions of transverse oscillations (22, (3 by the
averaging method, we get an approximate exp-
ression for small AUres :

-1
_ g n-4 _._351'_>
Aures /ﬁ"‘g\;‘ ( /l + Q s/n %, (6)
daM
1 n-f_g' TK 2 [HTV
2;«1 = (Z) __(_’_1____;_ [ﬂmax T ™
¥ Fprame c,)

In (6) and (7) }M‘L is the resonance inten-
sity ( Vres = K/ﬂ) ’

€ is the lense length relative to the fo-
cdsing period length,
M is the number of periods of the focusing
structure,

L - is the accelerating field wave length,
I — is the maximal peak current of the beam
m - beam envelope (PFlocket fumction modu-

lus),

I - is the effective radius of the beam,

cr
and gradiant G, are connected Dby relation
Gc - 2Ac/r’2 ).

The character of the time variation of
function F(u,t) is determined by two proces-
ses: 1) F(u,t) slowly varies under the action
of small random perturbations of focusing for-

, the linear density of the beam /lc

ces 2) F(u,t) rapidly varies when passing the
structure resonance. During the acceleration
process the time interval between passing of
two successive structure resonances is large
enough, so we put that at the moment of app-
roach to the next resonance the evolution of
F(u,t) is conditioned by random perturbations
of the focusing channel elements. This means
that F(u,t) obeys the Einstein-Fokker equation

AF d 12
2--% (B/F)+ 755 (B.F) o
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with the boundary and initial conditions:

PQ1,t) = 0, PF(u,0) = E‘o(u)

Y 4 su? R
In .(s) By = 7 » By = T y 4u, 4

are corresvondingly the mean increase and the
mean square increase of u due to the random
perturbations of the focusing forces.

In the high-current linear accelerators
of protons the particle losses must be small
[1 and the most part of particles is far from
the absorbing wall u=1l, thus the boundary
conditions may be given on O « The latter
assumpbtion seems to overestimate the losses

ANres, vut it enables one to get expression
for AMNres having a simple physical meaning.
If one takes F_(u)= §(1) @as an initial con-
dition, then F(u,t) will be of the form 'V

Flut) = = exp(— ;ﬁ%,‘) (9)

Al(t)
The particle losses due to the random pertur-
bations up to to will be (Auswc/. = Au(z‘,,)) s

AA/Sto:A ]
N - eX/D\/—. Ausfoc/x) 10)

and the particle losses when passing through
the resonance at ¢ will be
1[ @

AlNres l[e (L\Ures
A/ijoc/; 4 XP Alstod
3. Let us consider as an example the
beam passing through the structure resonance
Vres =1/6 in the first section of the linear
{aﬁ,celerator of protons for a meson factory
(1 =1.5m, M=100, @ =1.5 cu, § =0.25,
Ipeak=50 mA, I x=#00mA). We put that )
varies evenly from 0,1 at injection up to
0.2 at the end of acceleration, =10~
and the resonance V =1/6 is passed at S =
0.3, ;s is connected with the lense mag-
netic field nonlinesrity tolerance 44

; H
which is usually given at a distance of 0.7

from the lense axis; at 2" -10™2
5,107 , "

With the account of the parameters of

the focusing channel and of the beam (with

P

y Qg =

F(u,t) from (9) r= AVAUstogh | Cpp= (5114))1 Ausiod)

for the resonance intensity 516 we get

= ~5 -
975 = 015as + 10 (Austod) i12)



Table

ANS‘{'O(,I’) Aus‘“A AUreSI AMV‘@S Al IT A/vfts A__%‘._
N ANsiods "7 ANspod  ONstoch
10~ 0,09 0,16 1,3 0,18 1,7 3,0
-5
10™* 0,11 0,12 0,5 0,15 0,75 0,6
10~ 0,14 0,09 0,2 0,12 0,35 0,2
102 0,22 0,07 0,1 0,11 0,15 0,02

1 AL ga07

I = 1,4.1072

The table gives relative losses due to
the passing the structure resonance V =1/6,
A/\/res/A/szd. Separately, the table gives
the losses due to the Coulomb nonlinearity
ANc on two resonances V =1/8, Yy =1/6 at
the ideal fleld in the lenses.

Before we analyse the calculation re-
sults it should be emphasized that the assu-
med model of the particle distribution is va-
1id when the coherent oscillations of the
beam transform into noncoherent. Let us also
notice that the behaviour of transverse osci-
llation frequences should be chosen so that
either to exclude the passing through the re-~
sonance V =1/6 at all or to pass it fastly
at the beginning of the acceleration when the
particle energy is yet small, as the struc-
ture resonances of higher order in n give a
smaller contribution to the particle losses.
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It follows from the table that the par-
ticle losses due to the passing through non-
linear resonances depend on the value of non-
linearity of the focusing fields at a given
aperture of the channel, In practically in-
teresting cases these losses are comparable
in their value with those due to stohastic
processes resulting from the errors of ele-
ments of the focusing channel.

Note that at the given current in the
pulse the particle losses in the passing
through the Coulomb structure resonances com-
prise the 10'4 even at very hard tole-
rances to the regular nonlinearity of magne-
tlc lenses and to the random perturbations
of the focusiug forces. This is due to the
fact that in the high-current accelerators
of protons the lower limit for the particle
losses in passing thrcugh the structure re-
sonances is determined by the nonlinearity of
the eigen field of the beam.
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