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Summary 

The matrix method of Brown has been adopt ed t o 
design the beam transport system of a OSD Magnetic 
Spectrome ter and that of an On-line Isotope Separator . 
The Computer Code , 'ODESSA', developed for this pur­
pose, is capabl e of optimising various magnet i c 
elements through ei ther firs t- or second- order 
aberrations for a given objec tive f unction and uses 
the 'Simplex' a l gorithm due to Nedler and Mead . 

Introduc t ion 

Various t ypes of aberrat i ons (in a beam t rans-
port system) contribut e significant l y to the final 

image wid th. Hence, for an opt imum design of any 
such sys tem, one is required to optimi se the image 
~Iidth by minimising such aberrations as far as possi-

ble. The matrix method , first introduced by Penner l 

and further deve l oped by Brown2 has been wide l y used 
for calcul ating the various parameters of any beam 
transport system including momentum dispersion , aber­
rations, beam trajectory et c . We have devel oped a 
Computer Code 'ODESSA~ based on the same formalism, 
which has been used for designing the beam transport 
sys t ems for a OSD Magnet i c Spectrometer and also for 
an On-line Isotope Separator for our Laboratory . 

Matrix Formalism 

In a beam transport system , the final vector v 
is a func tion f of (x, 9 , y, ~ , Z)b ) of displace­
men t s in the x and y plane, momen t um dispersion 
and path length where x,y are the displ acements , G- , 
~ are the diver gences z is the pa th l ength and b is 

t he dispersion of the particle concerned. This is 
rela t ed to the initial vector u by the express i on 

v = [T] u 

where T is the transferred matrix for the 
beam transport system. In the second order 
ma tion I'lhich corresponds to an expansion of 
u upto second order i n the Tayl or series, 
is r ewritten as -

(1) 

compl ete 
approxi­
v about 

eqn . (1) 

~~ =L Tij Uj +~ VijK. I.!j l.(." (2) 
j ,j,1C. 

In the expression, the T'j and Vijk matrices are 
the first and second ord~i: elements of [T] and [VJare 
obtained by mul tiplying t ogether in correct order the 
matri ces describing the matrix el ements of the indi­
vidual sys tems. The expression for displacement in 
the radial plane as given by equation (2) becomes 

+ T16 S 

(3) 

Similar expressions for g , y and <f may be 
deduced. 

Thus one may calculate the comulative transfer 
matrix by multiplication of the matrices of the indi­
vidua l el ements of a gi ven beam transport system in 
the order specified . This f eature enables one to 
sol ve various problems such as determination of 
envelope of a beam passing through a beam transport 
system and calculation of various aberrations focuss­
ing properties and energy resolution of analyzing 
magnets, magnetic spec trometers etc. without going 
through ac tual r ay tracing . Earlier this method was 

applied by Bhattacharya e t a13 in deriving the orbit 
proper t ies of an A.V.F. Cyclotron as an alternative 
t o the conventional orbi t integra tion procedure. 

Description of the Code 

ODESSA i s a FORTRAN programme reqUIrIng about 
16 .5 K words of memory and approximately 6 seconds 
f or calculating each case on the IRIS-80 Computer 
at VECC . It comprises of a main programme and sub­
routines DRIFT, DIPOLE, NNEND, NNEXD, QUAD, SEXT, 
MULT and SIMPLEX. The main programme reads input 
i nformation regarding the number of elements in the 
magnet sys t em, the order of occurrence of different 
elements and the parameters of the magnetic elements. 
The main programme also transfers control to one of 
various subroutines DRIFT, DIPOLE, NNEND, NNEXD, OUAD 
or SEXT in sequence depending on whether the relevant 
element is a drift space, a dipole , a non-normal 
entrance edge t o the dipole, a non-normal exit edge 
to the dipole, a quadrupole or a sextupole 'element. 

Fina lly, an optimization procedure minimizes a 
given objective function such as 'double focussing' , 
'minimum aberra tion' or 'optimum resolving power' 
depending on the users choice and by varying given num­
ber of variable parameters, in an iterative manner. 
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It is also possible to minimise anyone or 
all of these objective functions simulta­
neously. All optimization methods aim at 
minimizing an objective function of the 
parameters of the system. Depending on the 
method used restrictions ~re usually imposed 
upon the objective function e.g., it should 
be a linear function of the parameter, it 
should have derivative existing at all 
points or that it should be expressible in 
a closed form. The method used is the 

'Simplex' method of Nedler and Mead4 which 
is perfectly generalized in the sense that 
none of these restrictions be imposed on the 
objective function. The only limitatj.on 
being that the number of variable parameters 
should be less than ten in order that the 
convergence process may proceed efficiently. 

Application to Specific Beam Transport 
Systems 

i) QSD MagnetiC Spectrometer: 

One of the facilities now under construc­
tion around VEC machine is a Magnetic Spec­
trometer of QSD type. The design of the 
spectrometer is similar to the one at LBL, 

Berkeley and its beam optics is available 5 • 
We took up the beam optics of the said spec­
trometer to test our code and did reproduce 
the results. Figwd_ shows schematically the 
lay-out of various elements of the spectro­
meter. 

For a given momentu~ the resulting image 
at the focal plane can be found by using 
equation (3). In order to have a first 
order image at the focal plane, the displace­
ment should be independent of 9 0 • Hence, 
T12 = O. Also since we are studying the 

behaviour of a beam for a given momentum 
T16 = Vl16 = V126 = V166 = O. So the image 

width lim along the axis reduces to 

The resolution of the spectrometer is 
then given by 

Equations (4) and (5) tell ¥s that the 
second order aberrations in e ,cp 2 Y 2 

contribute significantly to th~ imag~' 0 
width specially when the solid angle of 
acceptance is large. Hence in order to 
improve the resolving power the designer has 
to minimize the second order co-efficients 
V122 , T

144
, V

133
, V

134 
etc. with the help of 

multipole elements. Since the co-efficients 
Tijk's depend on the parameters of the indi-

vidual elements of the magnetic system, de­
signing the system for minimum aberration 
would require calculating the Tijk's for an 

arbitary set of parameter followed by syste­
matic optimization with a view to minimise 
the most important aberrations and at the 
same time achieving best resolution. 

The object functions chosen in our case 
is the image Wi~h ,inverse of the energy 
resolution and ~02 aberration. Taking the 

d~ole field strength to be 8.993 kG and 
) = 1.775 m, the strength of quadrupole and 

trie length of the last drift space was allow­
ed to vary to achieve double focussing in 
the first order. This led to dB/dx = 120.08 
kG/meter and L = 1.382 meters. Next, the 
strength of the sextupole was varied to 

minimise~o 2 aberration, leading d 2B/dx2 

= 235 kG/m2 • Final first and second order 
matrix agrees completely with those obtained 

in the Berkeley design5. 

ii) Gas-jet Coupled ISOL (Isotope Separator 
On-Line ) 

An ISOL facility coupled to a Gas-jet 
Recoil Transport (GJRT) system has been de­
signed for VECC which will allow spectrosco­
pic studies on short-lived nuclides far from 
the line of ~-stability with half-lives 
~100 m.sec. and production cross-section 
r-- 50 ,.M- b. The magnetic analyser forms a 

crucial component which decides the ultimate 
mass resolving power of the instrument, 
thereby assuming minimum contamination in the 
radio-active nuclide of interest. We chose 
a 90· dipole magnet w.i th 1 m radius of cur­
vature as the main analyzer, because it 
allows to plan for a near symmetric beam 
optics as well as less involvement in fabri­
cational complexity. The B ~ has been chosen 
to suit the energy of the extracted ion beam 
from the ion-source. 

We introduced a non-normal entry (entry 
angle p = 40.4 0 

) and a normal exit for the 
dipole~ This assures double focussing with­
out the help of quadrupoles normally used in 

- -1 t 6 Slml ar sys ems • 

A sextupole placed down-stream after the 
dipole has been incorporated in order to 
correct for the rotation of the focal plane 
perpendicular to the beam axis. As a first 
step towards optimization we chose 'Double 
Focussing' as the objective function while 
the object distance, image distance and entry 
angle ~l' were kept variable. For double 

focussing one has objective function as 

u T 2 T 2 
-" 12 + 34 (6 ) 

since 

In the second stage we introduced the new 
values of LO' Ll and ~l. The objective func-

tion was V144 Le., the co-efficient of cf. 2, 

keeping R2 as variable. The optimization 

procedure gave R2 = - 0.197~· 

In the third stage we used the modified 
values as the input and tried to minimise 

the <P.2 aberration and also satisfy the 
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double focussing condition simultaneously, 
sO that objective function is 

222 
F T12 + T34 + V144 (7) 

while the deflection angle e and radius of 
curva ture r are the variables. 

In the final stage of optimization we 
compared image width lI'm in the two cases: 

(1) with the modified values of e and p 
and (2) without the modified values of 
and 

0.001591 

0.001589 

Case (2) 

Case (1) 

Since the change in image width was 
fo~~d to be negligible we decided to retain 
the previous values of e and P i.e., 90 
and 1 meter respectively and calculated 
resolving power corresponding to 
Vim = .001591. 

The optimised pa~ameters for the mass 
separator along with the sextupole is given 
in 'ruble 1. The final first order as \,ell 
as second order matrix elements are given 
in Table 2. The details of the other design 
parameters for the Gas-jet coupled IS01 is 

being published elsewhere7 • 

o 
I 

SECTOR MAGNET 

1 
! I 

METERS 

2 
I 

BEAM 

-------------------~ 

FIG, 1 BEAM TRANSPORT OF MAGNETIC SPECTROMETER 

Table 1 

Parameters for the separator 

Dipole 

Deflection angle (G) 

Radi us of Curvature (f ) 
Field Index (n) 

Magnetic field (B) 

IvIagnet gap (g) 

90 

1 metre 

o 
10 kG 

7 cm 

.r;n try angl e (~l) 40.4
0 

.3xit angle (~2) 0 0 

Object distance (LO) 1.96 metre 

Radius of Curvature (R
2

) -0.197 metre 

Image distance (11 ) 1.36 metre 
(from dipole end) 

Magnification (MX) -0.5 

(Ny) -1. 5 

Resolving Power ( A: ) 600 

(Object size: xo = 0.25mm, 

yo = 2.5 mm 

x O' 6.25 mrad, 

yo' = 45 mrad) 

Dispersion (D) 2.36 metre 

v[eight (including coil) 2.5 ton 

Sextupole 

Length 15 cm 

d
2

B 235 kG/metri 
dX 2 

Table - 2 

First and Second Order IvIatrix 
elements,Units are meters, rad ians. 

T 1 2 ~ 4 b j 
1 -0.51 0.002 2.36 

2 -1.0 -1.96 1.0 

3 -1.5 0.002 

4 -0.851 -0.67 

6 1.0 

i 

ij VI ij V2 ij Kl V3 kl V4 kl 

11 -3.00 -1.84 13 -2.25 -1.12 

12 -18.07 -12.38 14 2.27 2.30 

16 -3.51 -3.32 23 -13.48 -5.63 

22 -28.02 -20.24 24 -0.51 -5.75 
26 -12.79 -11. 58 36 -2.96 -1.20 

33 -0.65 -0.94 46 10.31 7.20 

34 -4.39 -5.51 

44 -0.0009 -1.43 
66 -5.31 -3.54 

Conclusion 

In this work, we have demonstrated the 
usefulness of a simple-minded code, such as 
ODESSA. Based on matrix method beam opticS 
to obtain the optimum parameters of system 
like QSD spectrograph and magnetic analyser 
of an ISOL system. The code, in its present 
form, can handle all types of dipole magnets 
',vi th non-uniform field, non-normal entry and 
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exit angles, having finite radii of curva­
ture, quadrupole and sextupole magnets and 
drift spaces. The input requirements for 
the code is simpler compared to the widely 
used code I TRANSl'ORT I though it is capable 
of giving comparable results. It is planned 
to include effects due to solenoids, Einzel 
lens etc. in the current list of elements 
for completeness sake. 
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