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Summary Applications 

Relativistically correct computer simulations of 
transporting a beam of charged particles through a 
solenoid lens were used to study nonlinear focusing 
effects of this lens type. Input beams with both 
zero and nonzero emittance can be studied. The mag- 
netic field is specified either by a Fourier-Bessel 
function-type expansion of the vector potential at a 
suitably chosen radius or by a direct interpolation 
of the fields calculated by the magnet design code 
POISSON. As an area in phase space, the dependence 
of nonlinear effects on field strength and beam radius 
was determined for a few magnetic field distributions. 
Attempts to tailor the field to minimize spherical 
aberrations are discussed. 
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that the resultant solenoid has the effective length 
and strenqth required by the transport system; and 
that the fabrication of the excitation coils and iron 
yoke is oractical. The most useful form of the 

Introduction Eq. (5) solution for this application was found to be 

This paper's scope is some aspects of solenoid 
focusing of axially symmetric beams. The beams con- 
sidered have radii that are a large fraction of the 
solenoid's bore radius and may be highly convergent or 
divergent; thus, the normal paraxial approximations 
are not valid. The motivation for the work arose 
from the desire to use solenoid lenses in the Fusion 
Materials Irradiation Test (FMIT) accelerator's low- 
energy beam-transport line to match the symmetric beam 
from the injector into the symmetric acceptance of the 
radio-frequency quadrupole linac. The results for the 
cases presented are appropriate for this application 
and should not be considered general or comprehensive. 

s =FCn sin (F 7) I,(? r) , 

where L is the field's physical length and I1 is 
the Bessel Function of the first kind, for imaginary 
arguments. Initial values for the Cn are obtained 

from the Fourier-series expansion of a typical A0 at a 

radius, r 

The approach is based on ray tracing. The tra- 
jectories for an arbitrary number of particles having 
specified initial conditions are determined by solving 
the differential equation 

0' which is somewhat larger than the maximum 

beam radius. With this choice of Cn, s was compared 

to the vector potential calculated by the magnet 
design code POISSON. For radii less than or equal to 
r o and using n = 51, the agreement between Eq. (6) 

and the POISSON output was better than 1 part in 104. 
The computer program, which performs the trajec- 

tory calculations, also includes a least-squares 
search routine used in attempts to find those values 
of cn that optimize the beam transport, that is, 

reduce the apparent emittance growth. Initial appli- 
cations of the technique were used to generate vector 
potentials for a solenoid with a 30-cm effective 
length, a 12.7-cm aperture, and a 3900-G peak axial 
field. The potentials obtained typically resulted in 
10 to 25% reductions in emittance growth when compared 
to similar calculations for the solenoid as it had 
been originally designed. Further, POISSON was used 
in attempts to empirically determine a yoke-and-coil 
configuration that would reproduce the optimized vec- 
tor potential. Undoubtedly, the more sophisticated 
magnet-design computer program MIRT, which enables a 
search for the yoke contours and coil excitations, 
could be used to reproduce the vector potential to 
improved accuracy. 

r,, = (1 ;1r'2) ax 
[z - r(E)] ’ (1) 

where r is the particle radius, the primes designate 
differentiation with respect to z, and h is defined 
by the following relations: 

A = ~(1 - n*) , (2) 

(c/r - ecs /Eo) 
n= 

E1'2 
. and (3) 

F = h(l +;, . (4) 

In Eqs. (Z)-(4), qj is the vector potential's 

only nonzero component, E. is the particle's rest 

energy, and T = T/E, (T is the kinetic energy). 

The differential equation is relativistically correct 
and exact. Because the interest is in beam transport 
and not image formation, the criterion for evaluating 
the quality of a solenoid field is the rms distribu- 
tion area in phase space that results when the tra- 
jectory calculations are projected onto the x-x' (or 
y-y') plane. 

(5) 

(6) 

Studies now in progress indicate that in at least 
one limiting case, reduction in the aberrations could 
be significantly larger than the reductions already 
discussed above. The vector potential's form for this 
case is 

An = f(z)r , (7a) 

where 
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, 

;B(l-s) 

for z, 2 z' 22 (7b) 

for z2< z' 23 (7c) 

for z3' z 2 24 . (7d) , 

In Eqs. (7), B is the axial field at the solenoid's 
center. This vector potential's trapezoidal form 
satisfies Eq. (5) in a piecewise fashion. Trajectory 
calculations based on Eos. (7) (for the 30-cm effec- 
tive lenath solenoid with a 3900-G strenqth) resulted 
in an 276% reduction in the apparent emittance growth. 
Preliminary calculations using POISSON are encouraging 
but have not as yet produced a magnet design that 
duplicates Ae to the required accuracy. 

The computer program SOLABSR, written to support 
these calculations, also includes two other useful 
options. The optimization calculations are based on a 
zero emittance input beam; however, the transport of 
finite emittance beams described by the appropriate 
Courant-Snyder parameters can be evaluated in single- 
pass calculations. A bicubic spline interpolation of 
the vector potential calculated by POISSON provides 
the basis of a fast method for evaluating any POISSON- 
generated magnet design. 

For the solenoid described above, several finite- 
emittance beams were studied. To first approximation, 
the effective beam emittance after transport through 
the solenoid could be obtained by an algebraic addi- 
tion of the initial beam emittance and the apparent 
emittance growth arising from aberrations. This fact 
has been particularly useful in assessing the relative 
importance of aberrations for a variety of beams. 

The effect of magnet strength, B, and beam size, 
r, on the apparent emittance growth, E, also was 
investigated. The results can be summarized as 

F B n -= 
0 B;T ' and 

FO 

m E r -= 
E 

0 0 r, ' 

where the subscripted parameters are reference values, 
and n and m typically are in the 2 to 4 range. 

An experimental program to measure beam-emittance 
effects on the solenoids in the low-energy beam- 
transport line of the FMIT accelerator is planned. 

Acknowledgments 

The authors express their appreciation to 
K. Creek, who provided the POISSON calculations and 
generated the empirical approach for the optimized 
magnet design. 


