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Abstract coordinate system along the reference trajectony; is z,
Yvhere:n is the outer normal and the tangent to the tra-

a : . o X

J]ectory in the midplane, as shown in figure A4 gives the

{adius of curvature at each point of the trajectory.

A new numerical procedure computing the ion optic
transformation matrix up to second order will be presente
The magnetic flux distribution of an ESR dipole magne
is determined with the electromagnetic simulator MAFIA.

The reference trajectory between the inflector magnet and s //
the in—ring septum magnet, which enters the fringe field of I /
the dipole in a tangential way, is integrated by using the P ;/
calculated discrete field data. Along the trajectory, the ra- 4 \\\\\‘\%/},{” 7

dial derivatives of the field distribution are calculated and ‘f/ Yy o

the linear ion optical matrix elements are determined by in- S *

tegrating the well known differential equations of the Hill

type. We obtain the second order coefficients by integrat-
ing the corresponding driving functions as proposed by
K. L. Brown and K. G. Steffen. The new procedure has i ) i ) ,
been tested by applying it to a dipole with homogenoue% We want to describe the ion optical behaviour of a given

Figure 1: Global and local coordinate systems.

field and with parallel entrance and exit faces. The resul ef(l)ec';ma m_ag_”@f’ €. weo ar_e mttgrested n thi m?';tl
are compared with calculations using the ion optical codes? ©f the initial vectorz™ = (€7)i=1,.. 10 the fina

GIOS. RAYTRACE and TRANSPORT vectorz! = (z});—1, ¢ of the phase space coordinates
' ' (z,2',y,9',1,8). Including second order effects, for each

hase space component the map takes the expansion:
1 INTRODUCTION pnase sp P P P
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Usual ion optical program packages describe beam lines 1_ 11,.0y..0 1,00\, 0 0

as a sequence of elements like dipoles, quadrupoles, drift oh =2 (elle)ey + 3 (ilee)ria ()

spaces etc., which are determined by some physical para-

meters. The treatment of fringe fields, however, is only In order to get the first order coefficierits; |z)) the fol-

possible in a restricted manner, e.g. approximated by thréswing differential equations for the so called principal tra-

integrals [1]. jectoriesC, S and the Dispersiol have to be solved:
Problems occur if the real fringe fields cannot be handled

somehow idealized, as in case of the ion injection into th€'y (s) + k2 (s)Cr(s) = 0, C{,’(S) + ky(s)Cy(s) =

ESR [2], where the beam enters the first ESR dipole magned’/ (s) + &, (s)S, (s) = 0, Sy/(s) + ky(s5)Sy(s) = 0,(2)

tangentially. In addition the trajectory between the inflector

magnet and the in—ring septum magnet cannot be describ&ih boundary condition€’(0) = 1, C'(0) = 0, S(0) = 0,

analytically. Thus a numerical treatment of the whole probS’(0) = 1 and

lem is the consequence, i.e. calculating the magnetic flux "

density using a static field solver, integrating the reference Dy (s) + ke (s)Da(s) = h(s), 3)

trajectory and computing the ion optical coefficients withith boundary condition®(0) = D'(0) = 0. The prime

respect of the _numencal d_ata. . ._denotes derivation with respect to the path lengtiong
In the foIIgwmg we restrlct.our galgulatlons to deflectlngthe reference trajectory. In the general case the curvature
magnets,.wnh refgrence orbits lying in the symmetry planﬁ(s) — 1/p(s) and the factors, (s) = —q/pedB, (s)/dz
of the optical device. andk, (s) = h*(s) —ky(s) are non-constant and have to be
determined, using the a priori given chaiggand momen-
2 SECOND ORDER EXPANSION tum py of the reference particle, the calculated magnetic
flux densityB and its derivatives normal to the trajectory.
For the second order coefficients, = (zj|z}z}) also
he second order field derivatives must be taken into ac-
1work supported by GSI. count. The corresponding differential equations have the

i=1 dk=1

We introduce a global coordinate systémy, ¢, with £, v
lying in the midplane of the deflecting magnet. The Ioca{
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Figure 2: The fieldB, (0, ¢, 0) of the test magnet. E
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Giji(8) + ko ()i (5) = fign(5), @ Figure 3: The left plot shows the stiffness paramétgss)
with varying driving functionsf;;i.(s) and are listed in [3, which is proportional to the first order field derivative.
4]. These functions depend on the second field derivativg (s) on the right side gives the quadratic path curvature
normal to the reference trajectory. To get their optimum(s) minusk, (s). Both parameters are functions of the arc
accuracy we consider to use for their determination fielfbngths.
values on a larger box around the trajectory and to get the
fields in its near neighbourhood by harmonic interpolation /(1/m3)

[5]. . j\ "

3 THE PROCEDURE ' V s/m

For arbitrary structures with midplane symmetry we pro-
pose the following procedure. First the magnetic field
distribution is calculated using the static field solver S of
the electromagnetic simulator MAFIA [6]. Then we de-
termine the trajectory with the MAFIA tracking module  Figure 4: Weighted second order field derivatiye)
TS3. Finally the differential equations (2), (3) and (4)

are solved numerically using the computer algebra pack-

age MATHEMATICA[7]. shows the simulation of the Rogowski profile at the dipoles
exit face and figure 6 a radial cut to demonstrate the effects
4 ATEST MAGNET of the shims.

) Figure 7 shows a cut of the simulated ESR-Dipole and
To assure the accuracy of the solution, we tested thge caiculated trajectory. The particle rigidiy&$513 Tm
new procedure, implemented as part of the MAFIA TS334 the maximum field strength at the magnet midplane
module, on an idealized dipole magnet with parallel endss | 35 T. We complete our studies with the plots of the

The magnet length i8.8 m and the gap height 808 m  q|cylated parameters (figure 8) and principal trajectories
Figure 2 showsB.(0,v,0), the magnetic flux density in (figures 9).

the midplane over an interval @m. The maximum id
Tesla and the field is constant §ndirection. In this case
five transformation coefficients only depend on the injec- 6 CONCLUSION

tion and the ejection angle and therefore are given analyt,o proposed procedure allows the determination of the

cally [8]- ) i first and second order ion optical coefficients in arbitrary
Figure 3 shows, (s) andk, (s), referrlnglto the firstnor- fielq distributions with midplane symmetry. These coeffi-

mal derivative for an injection anglé = 15° and a particle  gients will be used in TRANSPORT and MAD simulations

rigidity of 2 Tm calculated during the tracking process byof the ESR and its injection and ejection lines to define cor-
using the discrete field data. They are functions of the atg tive measures (sextupole magnets).

lengths.
In Figure 4r(s) = —q/(2po)0?B,(s)/0z* is plotted, B et

. . . ; Ll ) |
which is used in the second order calculations. oo - : : : : : ! i :
Table 4 compares our first and second order results with R
the ion optical Codes GIOS [9] , TRANSPORT [10] and SRRl 4 § 11,
RAYTRACE [11]. NN Y Y
SN T

5 THE ESR-DIPOLE PR o s ; Liibb 5

As mentioned in the introduction the ion optical treatment L L hummm

of the ion injection into the ESR is difficult, because the w3
reference trajectory is not given analytically and lies about

2m in the fringe field region. Therefore the accurate simuFigure 5: Fringe field at the exit face of the ESR-Dipole
lation of the fringe fields has to be the first step. Figure ®ith the Rogowski profile.



GIOS | TRANSP.| RAYTR. | MAFIA
(z1]20) 1.01905 | 1.01905 | 1.01907 | 1.01905
(z'|2'°) | 2.00866 | 2.0092 | 2.0084 | 2.00847
(z[8°) 0.44333| 0.44339 | 0.44320 | 0.44326
(«'T[z°) | 0.00000 | 0.00000 | 0.00000 | -0.00011
(«'"|2’") | 0.98130 | 0.98130 | 0.98120 | 0.98112
(2''10°) | 0.44209 | 0.44209 | 0.44201 | 0.44205
%) 0.77318 | 0.77300 | 0.77304 | 0.77297
(y')y'°) | 1.86295| 1.8620 | 1.8626 | 1.86250
(v'"|y°) | -0.20084| -0.20109 | -0.20000| -0.20095
(y'"ly'°) | 0.80943 | 0.80927 | 0.80954 | 0.80949
GER) 0.45051 | 0.45051 | 0.45044 | 0.45051
(Iz"°) | 0.45297 | 0.4531 | 0.4528 | 0.45291
(RN 0.02848 | 0.02794 | 0.02866 | 0.02848
(zT[z°z%) | 0.00000 | -0.00000 | 0.00000 | 0.00040
(z'2°2'°) | 0.45219 | 0.4522 | 0.4521 | 0.45167
(z1[z°6°) | 0.08072 | 0.08071 | 0.08067 | 0.08063
(z'2"°z'°) | 0.23105 | 0.2311 | 0.2308 | 0.23071
(z'|2"°6°) | 0.08553 | 0.08583 | 0.08740 | 0.087291
(«'y"y°) | 0.06538 | 0.06787 | 0.06670 | 0.06503
(z'|y°y'°) | -0.30774] -0.3111 | -0.3048 | -0.30764
(«'ly"y'") | -0.61383| -0.6180 | -0.6115 | -0.61350
(2']6°6°) | -0.44408| -0.4441 * -0.44362
(yT]z"y°) | -0.03666| -0.03606 | -0.03668| -0.03631
(y')=°y'°) | 0.35505 | 0.3523 | 0.3549 | 0.35854
(y'|2""y°) | -0.54456| -0.5546 | -0.2726 | -0.55062
(y'=""y'") | 0.3310 | 0.3257 | 0.3309 | 0.33709
(y']0°y°) | 0.31741| 0.3446 | 0.3181 | 0.31960
(y*10y'°) | 0.36471| 0.3875 | 0.3630 | 0.36596
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Figure 7: Simulated trajectory of the injecsz:tion.

ky/(1/m?) kz/(1/m?) s/m

Figure 8: Stiffness parametekg(s) andk,(s).

[3] K. L. Brown, A First and Second Order Matrix Theory for
the Design of Beam Transport Systems, SLAC 75, 1967.

[4] K. G. Steffen, High Energy Beam Optics, Int. Publ., 1965.

[5] private communications H. Wollnik. See for example
H. Wind, Evaluating a Magnetic Field Component from
Boundary Observations only, Nucl. Inst. and Meth. 84 S.117-
124, 1970

Table 1: First and second order coefficients calculated i) The mafia collaboration, User's Guide MAFIA Version 3.20,

TRANSPORT, RAYTRACE and the new MAFIA proce-

dure (in TRANSPORT notation).

CST GmbH, Lauteschtjerstr.38, D-64289 Darmstadt

[7] S.Wolfram, Mathematica, Addison-Wesley Publishing Com-
pany, 1988

[8] B. Langenbeck, On the lon Optics of Dipole Magnets with
Parallel Ends Including Stray Field Effects, Nucl. Inst. Meth.
Phy. Res. A258 S.515-524, 1987

[9] H. Wollnik at al., IIl. Phys. Inst., Uni GieRen, 1994.
[10] K.L.Brown at al., TRANSPORT, CERN 73-16, 1973

[11] S. Kowalski, H. A. Enge, Larboratory for Nuclear Science
and Dep. of Phys., Cambridge, Massachusetts, USA, 1986.

Figure 6: Radial cut which shows the lateral fringe fields,
the position of the coils and the shims of the ESR-Dipole. S,

7 ACKNOWLEDGEMENT

We want to thank H. Wollnik, H. Weik and Winkler for

doing the calculations of the test example with GIOS.

8 REFERENCES

[1] H. Wollnik, Optics of Charged Particles, Academic Press,

Inc., 1987

[2] B. Franzke, et al., Commisioning of the Heavy lon Storag

Ring ESR, 2nd Europ. Part. Accel. Conf., Nice 1990

s/m . s/m

digure 9: Principal trajectorie§’;(s), S:(s), Cy(s) and

().



