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Output devices and charged particles transport channels are necessary components of any modern particle accel-
erator. They differ both in sizes and in terms of focusing elements depending on particle accelerator type and its
destination. A package of transport line designing codes for magnet optical channels in MATLAB environment is
presented in this report. Charged particles dynamics in a focusing channel can be studied easily by means of the
matrix technique. MATLAB usage is convenient because its information objects are matrixes. MATLAB allows the
use the modular principle to build the software package. Program blocks are small in size and easy to use. They can
be executed separately or commonly. A set of codes has a user-friendly interface. Transport channel construction
consists of focusing lenses (doublets and triplets). The main of the magneto-optical channel parameters are total
length and lens position and parameters of the output beam in the phase space (channel acceptance, beam emittance
— beam transverse dimensions, particles divergence and image stigmaticity). Choice of the channel operation param-
eters is based on the conditions for satisfying mutually competing demands. And therefore the channel parameters

calculation is carried out by using the search engine optimization techniques.

PACS: 29.27.Eg

INTRODUCTION

Depending on the type of accelerator and its purpose
transport channels differ both on the length and on a set
of focusing elements whose parameters depend on the
type of accelerated particles and their energy. For parti-
cles with a momentum in the range from tens of MeV/c
to hundreds GeV/c basic channel elements are magnetic
quadrupole lenses and dipole bending magnets [1 - 9].
The main characteristics of the magneto-optical chan-
nels are full length of the channel, the location of the
lenses along the channel and magnitude of the magnetic
field in the lenses, as well as the acceptance of the
channel and the emittance of the beam at the output
plane of the channel (the transverse dimensions of the
beam and the angular divergence of a beam of particles)
and the stigmatic image [7]. Achievement of the re-
quired parameters is associated with the choice of a
compromise of mutually competing conditions imposed
on the parameters of the channel and thus final calcula-
tion of focusing system is made with search methods for
the minimum of function of many variables. The objec-
tive function, which determines the quality of the pro-
jected channel (ie, the degree of achievement of the set
of parameter values), is a multiextreme function, which
creates additional difficulties in the calculation of the
focusing system.

Existing software packages for magneto-optical
channels calculation (see for example [4, 6]), developed
and intended for the design of unique accelerator com-
plex are rather difficult to apply to the majority of mass-
produced accelerators for industrial and medical appli-
cations, as they require a lot of experience and sufficient
skills for their users. The proposed method is intended
to relatively simple designing of transport channels of
charged particles and allows a convenient and under-
standable form study the focusing process of focusing
charged particles by different systems and to assess the
degree of influence of each channel parameter on re-
quired sizes beam formation.
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Since the dynamic of charged particles in the focus-
ing channel are conveniently written in matrix form, the
use of MATLAB, where information processing object
is a matrix, is quite justified. Program code is easy to
write and understand. Resources of the system allow use
the modular principle of the program creation. Software
modules of basic elements of magneto-optical systems
are small in size and easy to use. IFR «Katran» having
an opened modular structure can be adapted to the spe-
cific technical requirements of the accelerator installa-
tion. The developed method can also be used for train-
ing students in the course of CAD electric torch.

1. TRANSPORTATION CHANNELS
CALCULATION METHOD
1.1. MATHEMATICAL PROBLEM
As it is known the motion of a particle with charge e
in an electric field with a strength of E and a magnetic
field with the induction of B is described by the equation
%(mV) =e(E +[V*B]) O

in which the right side is the Lorentz force, where m is
the total relativistic mass and T = zZ, + xX, +s5, — radi-
us vector of the particle, V = F is particle speed.

Fig. 1 shows a coordinate system where 1 and 2 - 3 -
4 -x and z are transverse coordinates, and s is longi-
tudinal coordinate along which particle motion per-
forms, X,,7,,5, is orts.

[]

- il
T -

Fig. 1. Stationary Cartesian coordinate system {z, x, s}
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Taking into account that the energy of the relativistic
particles in a magnetic field does not change, and no
electric field, the equations of motion take the form

z — %()‘(BS —sB.)

s — %e(s-az — zZE_)D @)
§=—(zB, - %B,)
m

Going from time differentiation to differentiation
with respect to the longitudinal coordinate (s), making
the substitution variables and the corresponding trans-
formations, we obtain the equations of the particle tra-
jectory in the transverse planes [2].

"= %\/1+ 2?7 +x?[x'B, —(1+2?)B, +x'2'B,]

©)
K=~ ST 2T (2B, - W X7, + X 78]

where p=mu is momentum of the particle.

Transport channel is composed of quadrupole lenses
and drift spaces. In the most practically interesting cases
the transverse components of the magnetic field within
the lens can be considered as linear functions of the co-
ordinates, and the longitudinal component of the mag-
netic field is absent

B, = 9z,
B, = ox, @)
B, =0,

g is the magnetic field gradient.
Then the equations of motion (3) of the charged par-
ticles in the quadrupole take the form
2" =—ky1+2? + X" [(1+ %)z x’z'x].
()
X" =kyl+ 2?2 +x' [(1+ X?)x— x’z’z],
where k characterizes the focusing magnetic field
strength (k=e*g/p).

The solutions of these equations x(s) and z(s) in
the region near the axis (axis s) can be expanded in
powers of the initial parameters

2y =2(0), 25 = 2/(0), %, =x(0). x, =x'(0),

In the practice in the majority cases it is enough only
to keep the linear terms of the expansion. Then x(s)
and z(s) are solutions of linear equations of the trajec-
tory (6) in the quadrupole

X"—k*x =0,
" * (6)
2"+k*z=0.

Solutions of the equations (6) in the matrix form on
the output of the lens with length | can be written as

z| lch(@)  1/0*sh©®)|z
2| lo11*sh(@) ch©) |z|

X| [cos(6) I/6*sin(0)(x,

x| | —011%sin(0) cos(6)|x,| (7)

where 6 is transit

(6=4/3*g/p*I),

Xo: Xg1 Zg, Zo are the coordinates of the particle input,

angle.
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X,X',Z,2" — coordinates of the particles at the output of

the channel section — linear and angular coordinates of
the particles relative to the optical axis of the channel.

The motion of a charged particle in free space in the
matrix form can be written as

zZ| [ s|z, X| 1 s
01 01
where S is the length of the drift space.

1.2. THE STRUCTURE OF THE RFP «KATRAN>.
DESIGN STAGES TRANSPORTATION
CHANNEL

The basic flowchart of the software package and in-
terrelation of modules are given in Fig. 2. In the head
program key parameters of a beam of charged particles
and structurally set parameters of lenses and the channel
as a whole, and also values of target parameters neces-
sary for calculations, normalizing and weight coeffi-
cients are established.

Xo

z Z, X Xo| ®

Channel
elements
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) |
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Range Range Range
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=) ]
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doublet

Stigmatic
doublet

of the beam
Fig. 2. Block sheme of the modular structure
of the package

Design of the channel of transportation consists of
several stages. At the first stage the choice of "refer-
ence" option of a quadrupole lens, i.e. the lenses which
parameters allow to carry out in principle the necessary
focusing of a beam without claims for a system optimal-
ity as a whole is carried out. The subsequent construc-
tion and specification of focusing system can lead to
correction of parameters of a lens. At the second stage,
based on a "reference™ version of the lens focusing sys-
tem formed in accordance with the requirements im-
posed on the transportation channel and conducted re-
search of their focusing properties based on a range of
characteristics. At the last stage, the selection of optimal
parameters focusing system and visualization of the
results — the construction of phase ellipses and the beam
envelope. Calculation of dynamics of particles is carried
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out for a nominal momentum of charged particles
P = Po-

First step: Modules — «Elements channel» — «The
quadrupole lens» + «free period». The matrix of transi-
tion of quadrupole in focusing and defocusing planes
and the transition matrix of space are written down in
the modules. A pre-selection “reference" version of
quadrupole parameters — the magnetic field (B), the
length of the lens is carried out. The transition matrix
structure - the "free span - a lens" has the form

X _ My My | (1 F) (%

X' My, My, 01 X; ’

(ij M Mz *(“] ©)
X' M, My, X )

Xo | is parameters of the beam at the entrance to the

Xo

structure, (X J is parameters of the beam at the output
X/

of the structure, [M: M2 | is transition matrix of lenses
le mZZ

[1 F] — is transition matrix of free interval, (Mu My | —
0 1 MZl MZZ

transition matrix structure of the "free period — lens".
Therefore, to determine the focal length of the lens F
necessary condition is x'=x,*M,, + X; *M,, =0,
which is equal to
M,, =0, because X, =0. (10)
Performing matrix multiplication in (9) we obtain
M,, =m, *F +m,, =-0/1*sin6*F +cos6 =0, (11)
N, =n, *F+n,, =0/1*sh0*F +ch6=0. (12)
The focal lengths of the quadrupole lens in the fo-
cusing ( Ff ) and defocusing (Fd ) planes.

Ff =1/0*ctge,

Fd =-1/6*cthe.

These relations allow for construction and analysis
of the range of characteristics of the quadrupole lenses.

Second stage: Modules — «Doublet» — «range of
characteristics.” In modules are written procedures for
search focal length doublet and procedures for the for-
mation of the objective functions for different variants
of calculation. Based on the results of the first stage and
advancing relevant requirements of the numerical values
of the transition matrix elements in the transverse planes
can be formed by a beam of charged particles of the
desired configuration, and adjust the overall length of
the transport channel. As an example, consider the con-
struction of a system of two quadrupole lenses (dou-
blet), which provides stigmatic image of the output of
the system and tries to save the initial shape of the
beam.

Link between the output and the input parameters of
the beam is determined by the full transition matrix in
the area "source — the output of the second lens."

MF " and MF ™" s the transition matrix of the
free period "source — the first lens",

(13)
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D - the transition matrix of the free space between
the lens,

X X,
= |L2|*|D|*|L*[MF oo |*| ™)
‘XI‘ | | | | | 1| | | X(I)

X Hll HlZ

HZl H22

X

X
(14)

0

H =|L2J*[D| *|L1|*|MF °°F | ‘
z

z Vll V12

Z| Vo Vyllz,

L1 and L2 are transition matrixes of the first and se-
cond elements in the appropriate orientation; H and V
are the transition matrixes in the area "source — the out-
put of the second lens" in the horizontal (FOD) and ver-
tical (DOF) planes.

If a point source is located on the optical axis by a
distance equal to the focal length of the doublet then
after doublet passing particles will travel on parallel
axis. Mathematical notation of this condition

H 2 = O V22 = 0
Knowledge of focal lengths of the doublet

and FP%% determines the geometry of the focusing
system. Fig. 3. Shows the dependence of focal length

doublet FF°° and FP°F on the values of the transit
angle of the second lens at selected above “reference™
parameters of the first lens and a given distance between
the lenses. As seen from the graphs, there is a range of
values of the transit angle of the second lens, wherein
the focal length of doublet F™°° and F °°F are posi-
tive. This is the "work area™ suitable for further search-
es. To solve this problem we use extreme methods of
search and in this case, in objective function is setted

only one target parameter — H,, -0 (for F FOD) and

V,, >0 (for F boF ) by varying the values of the trans-
it angle of the second lens.

You can assess the nature of the influence of the dis-
tance between the lenses on the value of the "work area”

(see Fig.3) — with increasing distance between the
lenses, "workspace" increases.
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Fig. 3. Dependence of the local lengths of the doublet
transit angle of the second lens

The third stage: Modules — «stigmatic doublet» —
«transition matrices. The envelope of the beam »—«The
phase ellipse of the beam. The procedures for finding
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optimal parameters of the doublet and procedures of the
objective function for the stigmatic image doublet, as
well as the procedure for constructing the phase ellipses
at the output of each element of the transport channel
and the construction of the beam envelope are written
down in the modules. For the quadrupole doublet lenses
are searched optimal values of the following parameters
— span angles of the two lenses, the distance from the
source to the first lens, the distance between the lenses
and the distance from the second lens to the image
plane. All these doublet parameters are included in the
formation of the elements objective function of the tran-
sition matrices channel.

2. EXAMPLE OF CALCULATING
OF TRANSPORT CHANNEL ELEMENTS

The mathematical formulation of the synthesis prob-
lem — to determine the optimal solution, which, for
whatever characteristics preferred over others solutions.
The problem is multiextremal because in the solutions
search area there are a number of local minima of the
objective function, which can be represented as

Ft :\/ESZE‘% (o (;n)o;(ﬂ?)jz

i=1 i

(16)

where @, (7() — function depending on the vector (sys-

tem settings); (pi* — setting goals; @™ - normali-

zation factor; a; — weighting factor.

One of the features of the problem is bad scaling —
length of transport channel free gaps vary in the range
from tens of centimeters to hundreds of meters, while
the values of angles spans the lens lie in the range
0.2...0.5 rad. Scaling — transformation of the variables

with the appropriate normalization coefficients ¢

to this form when the value of the variables are compa-
rable in magnitude, and the objective function value is
measured in terms of dimensionless quantities are close
to unity.

As a method for finding the optimal solution uses
the internal functions of MATLAB realize the direct
search method (the simplex method) — the algorithm
Nelder-Milda and gradient methods.

In the context of solving the above problems as a

function (pi(f() are the transition matrices elements
H,, =0 and V,, =0 to determine the focal length dou-
blet, HD,, =0 and VD, =0 (full matrix elements of

doublet transmission) to obtain a stigmatic image, and
the total length of the focusing system. The weighting
factors take numerical values indicating the degree of
importance of the achievement of this component of the
objective function the parameter setting goals. Target
data ¢, — values set by the user.

In Table, the first column contains the parameters of
the starting vector, i.e. the value of the channel, which
begins the process of finding their optimum values. Pa-
rameters of starting vector are set based on analysis of
the first two stages of the calculation. These parameters
are described in the order of elements along the channel.
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Symbols U, D, V — corresponding to free intervals
(measured in meters), 6 — the transit angle lens (meas-
ured in radians).

From the analysis of wide-band characteristics of the
lens was chosen reference variant lens length L = 0.2 m,
with the induction of the magnetic field B = 1.6 kgs and
the transit angle ¢ = 0.42 when the momentum of the
particles P = 100 MeV/c. A result of optimization of
parameters (see Table) the total length of the canal will
14.5...20.5 m. These characteristics are consistent with
existing channels FIAN synchrotron [11].

Optimized parameters of the doublet a transition matrix

: P HD VD
S\thr:ttglrg &?2;: éf:g Horizontal Vertical
plane plane
U=10.0000 | U=9.9935 -1.3137 -0.7615
6,=0.4300 | 6,=0.4361 0.0014 -0.0062
D=0.3000 D=0.0911 -0.2027 -0.2028
#,=0.4500 | §,=0.4361 | -0.7610 -1.3149
V=10.0000 | V=9.9919
U=10.0000 | U=9.4120 -1.3087 -0.7362
6,=0.4300 | 6,=0.4363 | 0.0024 -0.0028
D=0.3000 D=0.1068 -0.2171 -0.2183
6,=0.4500 | ¢,=0.4365 -0.7637 -1.3592
V=10.0000 | V=9.2326
U=7.0000 U=6.9441 -1.4883 -0.6714
6,=0.4300 | ¢,=0.4104 | -0014 -0.0016
D=0.3000 D=0.2856 -0.2970 -0.2971
0,=0.4500 | ¢,=0.4104 | -0.6722 -1.4901
V=7.0000 \/=6.9399

The first two solutions differ in the normalization
factor for the lengths of the input and output gaps. A
third option in the starting vector has a smaller dimen-
sion values of input and output space than the first em-
bodiment. The presented data show that the achieve-
ment of the optimal variant is mainly due to the selec-
tion of the values of the span angle and distance be-
tween the lenses. The third embodiment shows the
phase channel ellipses particle beam entering and leav-
ing the doublet (Fig. 4).

X',z'[mrad]
o

-2 -1.5 -1 -0.5 o 0.5 1 1.5 2
X,z, [mm]

Fig. 4. Phase portrait of the beam: entrance plane —
a solid ellipse, output plane (horizontal) — dotted
ellipse; output plane (vertical) — pointed ellipse

In Fig. 5 the envelopes of the beam in the horizontal
(solid line) and vertical (dashed line) planes are shown
for symmetrical beam. Therefore at the initial part of the
channel from output of the accelerator to the first lens
envelopes on both planes coincide. If the maximum
angular particles divergence at the exit of the accelerator
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is about 1 mrad then the maximum beam size at the
channel is = 17 mm.

From these results one can conclude that for a given
channel geometry beam with a larger angular diver-
gence can be transported (up to 5 mrad with an aperture
of 10 cm), or it is possible to use a lens with a smaller
aperture (e.g., aperture 4 cm) or it is necessary to repeat
the search of focusing doublet parameters for satisfying
formulation problem. In such a sequence the design of
the quadrupole lenses triplet and symmetric cell is per-
formed.
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METO/MKA PACYETA KAHAJIOB TPAHCITOPTHPOBKH ITYYKOB 3APSIKEHHBIX YACTHII
B CPEJE MATLAB

I'.Il. Agepvanos, I0.A. bawmaxos, B.A. Byokun, B.B. /Imumpueea, H.0. Ocaduyk

IIpencraBneH nmakeT NPUKIAAHBIX MPOrPaMM IO MPOEKTHUPOBAHUIO KAHAIOB TPAHCIIOPTHPOBKHY, MPEIHA3HAUCH-
HBIN 17151 pa3pabOTKH MarHUTOONTHYECKUX KaHAJIOB B CPE/e MIMPOKO pactpoctpanéHHoi cucremsl MATLAB. Ilo-
CKOJIbKY JMHAMMKY 3apsDKEHHBIX YacTHIl B (POKYCHPYIOLINX KaHaJlaX yIO0OHO 3alKCHIBATh B MATPHUHOH (opme, TO
ucrions3oBanue cucreMsl MATLAB, B xoropoit 00bekToM 00paboTKM MH(GOPMALMHK SIBISIETCS] MaTPHIA, BIIOJHE
obocHoBaHo. Kommiekc mporpamMM oOnajgaer HamIsgHBIM W yaoOHBIM mHTepdeiicom. KaHan TpancnopTHpoBKH
cTpouTtcs M3 (HOKYCHPYIOIIUX CHCTEM — IyOneTsl W TpuruieTsl. OCHOBHBIMHM XapaKTEpPUCTUKAaMU MarHUTOONTHYE-
CKUX KaHAJIOB SIBJIIIOTCS] UX MOJHAS JAJIMHA U MECTA PACIOIOKEHHS JIMH3, a TAKXKE MapaMeTphl IydKa B BBIXOAHOU
IUTOCKOCTH KaHalla (aKCeNTaHC KaHajla, SMUTTaHC Iydka — IONEpeyHbIe pa3Mepsl IydKa, PacXoIUMOCTh YacTHUIl U
CTUTMaTHYHOCTh M300pakeHus). BeiOop pabouero BapuaHTa mapaMeTpoB KaHaja IIPOU3BOIUTCS U3 YCIIOBUS yIO-
BJICTBOPEHUSI B3aMMHO KOHKYPHPYIOUIMX TPeOOBaHMM, M MO3TOMY pacdéT mapamMeTpoB KaHala OCYLIECTBISIETCS C
HCIOJIB30BAaHUEM METOAOB OMCKOBOM ONTHMHU3ALINY.

METOJUKA PO3PAXYHKY KAHAJIIB TPAHCITIOPTYBAHHSA ITYYKIB 3APA/KEHUX YACTOK
Y CEPEJOBHUIII MATLAB

I'.I1. Agep’anos, I0.A. bawmaxkos, B.A. Byokin, B.B. /Iuumpicsa, 1.0. Ocaouyk

[pexacraBneno maker nporpaM 3 NMPOEeKTyBaHHS KaHAIIB TPAHCIIOPTYBAHHS, IPU3HAYECHUH JUIs pO3pOOKH MarHi-
TOONTHUYHHUX KAaHAIIB y cepeloBHUIli IUpoko momupenoi cucremu MATLAB. Ockinbkn IUHAMIKY 3apsiiKEHHX
4acTOK y (POKYCYIOUMX KaHaJIax 3pydHO 3aIlMCyBaTH B MaTpuuHii ¢opmi, To Bukopuctanus cucremu MATLAB, B
SIKi 00'ekTOM 00pOOKH iH(pOpPMAILIii € MaTpuIl, IIIKOM 00rpyHTOBaHe. KOMIUIEKC MporpaM Mae HaOUHWH 1 3pydHHN
inTrepdeiic. Kanan tpancnopryBaHHs OymyeThes 3 (POKYCYIOUHX cucTeM — ayosery i Tpumietd. OCHOBHUMH Xapak-
TEPUCTUKAMH MarHiTOONTHYHUX KAaHAJIB € 1X MOBHA JIOBXXHMHA 1 MIiCII PO3TAllyBaHH JIiH3, @ TAKOX IapaMeTpH IIy-
YKa y BUXIJHIN IJIOMKHI KaHally (aKcenTaHC KaHally, EMITaHC ITydKa — MOIepeyHi po3MipH IydKa, po30iKHICTh yac-
TOK 1 CTUTMaTH4HICTh 300pakeHHs1). Bubip poboyoro BapiaHTa mapamerpiB KaHaJy pOOUTHCS 3 YMOBH 3aJI0BOJICHHS
B3a€MHO KOHKYPYIOUMX BHMOT, i TOMY pO3paxyHOK ITapaMeTpiB KaHaTy 3JIHCHIOETHCS 3 BUKOPUCTAHHSAM METOJIB
MTOITYKOBOI ONTHUMi3allii.
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