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Abstract

A algoritlen and a program for investigation of a mat-
ched straight insertion has been proposed. Formulae have
bevn derived for analytic computation of the insertion pa-
radneters inoa “thick” lenses aproximation. The resulis of
tatching of the synchrotron straight section are presented.

[. INTRODUCTION
Bemn Matching

For the beam transport of charged particles, there is the
need o sulve often an inverse problem of beam dynamies,
such as the matching of phase volumes of the beam [3-6].
Wo assume the detection of parameters for the elements
ol the magnetic optics (such as geometry, flelds) of a fa-
cibity realizing the beam transport with a phase volume
of Vo= (&, 1-'1, 1n, y;) from point s; (beginning of
the niathing section of the transport channel, see fig.1)
53 {end of the mathing section) with a phase
volume of Vo = (22, ;r,;, Ys, y;) to be the solution of this
tiateling problem. We shall assunme the betatron functions

Lo pold

oot o, Y for horisontal and vertical motion at the
Leginning of the matching section and of, g5, o, 85 at
the cnd Lo be well-known quantities. Under certain circum-
~lancess culy sone of above wentioned quantities or their

conibiuations, such as /35 /3%, \/84/37, of = af =0,
cte nught be known, whereas the remaining quantities
will he arbitrary ones. In order to solve the matching prob-
fern i1 s necessary to establish the required phase leading
ot the matching section (s1, s2), to dispose of applicable
chromatieity or even to match the dispersion function Dy
/)i ., lotally, or sometimes we must take care of the match-
e of dircetion and polarization degree of the beam and,
possibly. of other characteristics.

Optimization

The problem of optimizing parameters of such a facility
< connected closely to the matching problem. [ts solution
will be carried out by taking into account the limitations
on all possible values of the parameters for elements of
magnetic opticsiof the projected facility.

Somwetimes, it is impossible or objectionable during the
projection period to have lengths of lenses and single gaps
dilferent from those, which were selected during preliminary
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designing. In experiments with colliding beams [7] for in-
stance, one strives to provide for an interaction point: the
cross-over in some free gaps, where 87 does not surpass a
certain taken value. The solution of the optimization prob-
lem as a whole tends to increase the planning and operation
economy of the transport channel under investigation.
Usually (see ref.[8,9] ), the matching is not separated
from the general optimization problem and their solution
occurs commonly and simultaneously. In the proposed
method, the matching and optimization functions were
separated. The optimization was carried out on the basis
of a transport channel, which was developped and matched
already. In order to solve the matching problems, we pro-
pose analytical expressions, which will be compiled below.

IT. MATCHING METHOD

We shall present a solution of the matching problems
in linear approximation by means of a minimum number of
magneto-optical elements: a doublet of “thick” magnetic
quadrupole lenses. For the chosen matching section (see
fig.1), we shall whrite the matrix equation of matching as
follows:

La-F - Ly-D-Ly=M(2/1), (1)

where L, F D are matrices of linear optics of 2 x 2
size, the shape of which is well-known, ref.[3,10]. For ins-
tance, the matrix elements (m.e.) LY, = LY, = L, F}, =
PF, D!{! = (l/kp) -singp, Fj = cospp, or = kr I,
kp = /Cp/B,; Gp is the gradient and [¢ is the effective
length of the lens; L indicates the length of a free path,
and ;- the magnetic particle rigidity of transported par-
ticles. M (2/1) can be expressed (see e.g. [10]) by beta-
tron functions oY, A7Y, af¥, B87¥ and phase leading
AYTY = ™Y (sy) — ™Y (s1)

My Mo )
May J°

where
My = \/B2/B1(cos Ay + a) - sinA)

M(2/1) = ( Mo (2)

My = /By - FasinAy

Mo, = — (1+eroz}sindy+(oz—oy) cosAg
o \/111‘;32

Mag =/ g—;(cosAu” — ag - SinAY)
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Fig 1 Section of matching by lens doublet.

After having determined the m.e. in (1), we can write
e (1) as a system of 8 equations:

= My T3 = My 3q = M, (3)
TY, = My, T3 = M3, T = Mj

where Lhe matrix 0 s the result of the matrix product
on the left side of (1). We should note that the equation
of Ty = Mys s fulfilled automatically due to the Lousville
theareina on the concervation of the phase volume: dct!T| =
det]M] = 1. The problem of wmatching phase volumes
ol the transported beam is solved usually by nonlinear
programnnng methods [8,9]. If we have written the match-
tng equation system of (1), which is transcendental, we are
able vo proceed with the following siage: its solution by
direet numerical methods. We are able to reduce the com-
puscl matching equation system (3) in the present paper
by means of successive analitical transformations to one
cquation with one unknown quantity, that is A¢®. After
having solved this equation on a computer, we can write
ithe characteristics of the matching section: the lengths
ol fickdless paths, the effective lengths and the gradients of
niagietic lenses analitically as a function of the chosen vec-
tor of the parameters: P = (%, 57 of, 8%, oy, Y, of,
A1 2, en, AY) and the free parameter Ay®,

We shall mtroduce a series of notations, which are help-
ful for solving the equation system (3}

_31‘3 = by by — s ey,
AL =011 Lo by = (@ - aa —ary as)t
~Ly-{ass-aja — a2 010 aq),

Afy = by + Ly -boy = (11 doy — uy - wa)+

T j‘.j . (‘—ill ctdug — Uy o {1-]4),

Nye = d3) - dar — @41 a3,

by + basfhp) = (@33 - 042 — a3z - asz)+
+(1/7kr) - (@34 - G40 — daq - azz),

bay + ban/hp = (as1 - ae3 — ass - e )+

+(L/kr) (231 - @aa — azq - @qy).

A= AIZ : A34 . (b22 . b32 - 512 ' 642):

Ay = Ay [Arg - (baz - bay — bay - baz)+

+A34 - (b1y - bag — bay - baa)],

Ay = Aszq - [Agz - (b2 - bay — ban - b31)+

+Agq - (a1 - b2z — b1a - bay )],

where

apy = 8 - ea, a1 = 81 - S,
ayy = —8y  Cy, agy = —8§) - 8y,
a3l = 8§y - §3, a3y = —31 - cp,
4] = 87 - Su, @ap = 8§ - Cu,
asy = —¢ - 82, ags = —§&; - 53,
agy = ¢ - So, dgy = 8]+ §u,
alg:Mflfél s e, dl.;gfﬂdffl,
a;;;:;l{'[}’l w1 Cuyy dug = in',Jl,
a3y = —¢1 S, azq = — M3,
@43 = €1 - $2, aqq = — MY,
agz = My, — ¢ - c2, asy = =M,
dgy = J‘M—é"z —C1 - 52| g = —M-gl,

€1 = CO8pPp, Co T COSPR,
¢1 = chep, i = chop,
$1 = Singp §e = SiNpF,
31 = shyp, 59 = shpp.

After a series of transformations and using this notation,
we are able to express the unknown values of

kp = AJA,
kD = hp - Dgy /A,
La - A]./A‘ (4]

Ly ={(1/kp) Al,/Ars,
Ly =(Lo kg as+ose kp/kp — as3)/asy

Fach of this (L1, L2, La, kr, kp) 15 a function of the
parameters «f o, ﬁf)g, wr, en, AYY, AyY* (one of which
may be free, for instance Ay®). It follows from solving
system (3) by taking into account (4) and above notation
that these parameters are coupled by the equation:

P = Lo 4y Ge1 +ags krp/kp —aes — L1 -asa =0, (5)

from which we derive the value of the given free param-
eter, in this case AvY*. For the matching section of the
beam injection channel into the synchrotron SPIN, which
we shall investigate below, the function ®{Av¥*) is plotted
in the fig.2, where the solution of eq.(5) corresponding to
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physical requirements is denoted by the symbol (*). The
valie of pop, pp determines the length of lenses.

cp-
S
o]

)

-10-

T aW:pan 2N

£y 2 Functipn ®(AY®). (*) denoted the physical solu-
Fro ()f ‘I)I.'Al,ﬁlr) =0,

‘I'he range of permissible values for these quantities are
illistrated in fig.3.

HL PROGRAM MATCH 1.0 and RESULTS

The describgd matching algorithm was realized as
LORTRAN-program MATCH 1.0 on the VAX, IBM, CDC-
GG and [BM PC computers at Dubna JINR. As user’s
titeractive mode with computer, this program allows to
ok quickly over the spase of the parameters P oand 1o
~elect the st economical version of calculated structure.

Tl matching of the channel {11] for beam injection
tuto the ring of the superconducting synehrotron SPIN [1,2]
wis carried out by the proposed method for an energy of
0.60U NMeV with 8, = 0.111945 T - . The beam envelopes
Novwe anel Yioaye along the injection channel are plotted.
W obiatued the betatron functions of, of and 37, 4 by
teans of MATCHT.0, calculating the betatron mation on
tlie transport section from the entrance into the regular
svnchirotron strycture. At the entrance point «®
0. 4% = 2431 m and BY = 0.685 m. The values of §¥, 8%
ael of, of were obtained in beam transport matching
section. At the beginning of this section

=¥ =

l'rF »
PAL.

Yy, PALL

Fog d Hewge of values of the paramelers pp and pp.
e at;uﬁhc;l@denoled the chosen value of op = 0.559 rad
wud o= 0488 rad.

Br = By = 1.500 m and o, = ay = 0. The values of
574 and a7y which have been obtained at the ends of the
matching section follows:

£7=21327Tm
3 = 1.3168 m
£ =3.5482 m o} = 0.38639
33 = 1.2876m oY =-0.25838

For the quantities @p = 0.559 rad, ¢p = 0.488 rad
and ApY = (0.885b rad we have AY*® = 2.02296 rad. Here
is L; = 0.5276 m,

ip =0.1529m, kp = 3.1919m™ 1,
[F = 03096 m, kp = 1.8056m!,

IV. CONCLUSION

Analytical expressions have been found, which offer a
solution for the matching problem of a doublet of magnetic
quadrupole lenses in 7thick” lens approxtmation. For the
given beam profile, it is easy to chose the most economical
version of the miatching structure, which fulfills the given
requirements. The mathing of phase volurue of a beam,
which was injected and captured in the accelerating cy-
cle for the injection channel of the superconducting syn-
chrotron at Dubna JINR, was achieved by means of the
given method.

= 2.51607
= -2.56981

r
ayl
Wy

Lo = 0.8268 m,
La = 0.2096 m.
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