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Summary

PARMILAL is an internationally accepted standard for
Monte Carlo simulation of linac and transport line
performance. We discuss several modifications and
improvements to this code. A generalized magnet
routine allows the simulation of electrostatic and
magnetic gquadrupoles, solenoids, sextupoles, and
octupotes. Optional inclusion of linear fringe fields
and/or geometric aberrations 1is provided for in the
guadrupole transformation. The dipole routine has been
replaced with a more accurate algorithm. The acceler-
ating gap transformation has been replaced by a set of
implicit equations which accurately describe the rela-
tivistic particle behavior in the presence of longitud-
inal and transverse electric fields described by a set
of 6 weighted Fourier moments (transit time factors).
A simple model allows these moments, in turn, to be
approximated from the cell geometry and the usual T and
S functions. A number of added convenience features -
interactive disk storage ‘and retrieval of particle
coordinates, individual particle input and observa-
tions, an interactively callable test for particle
Tongitudinal stability, and an automated gquadrupole
tuning procedure - all add to the code's versatility,
convenience, and strength as a design tool.

Dipoles

In the dipole subroutine, BEND, both the vertical edge
focusing and the central region tracking algorithms
have been changed. For an edge angle B with vertical
focusing, the effect of edge focusing is modeled by the
transformationZ

xt= o oxl+ (x,/p) tang

(1)
syt (YO/D)[tanB - (0.5 + tan? 8)(gk ) sec B]

In Eq. (1), xg, Xg»> Yo» Yo refer to the initial
horizontal position and divergence and vertical posi-
tion and divergence. The particle radius of curvature,
o, is the ratio of the rigidity (Bp) to the magnetic
field strength (By), while pg is the synchronous
particle radius of curvature, and g is the magnet gap.

The transformation in the central region is that used
in DECAY TURTLE.3 For a bend angle ¢,

(xg + Pp) cos ¢ +pl[cos Bz - cos(B; + )] - Po

x =
x! = tan 9,
Y =y, *tyye[e+ 81- 82]cos 6,
y' = ys cos Bi/cos 8,
where
6, = tan ' (xé)
(2)
sin g, = sin (8, + ¢) - [(x0 + oo)/po] sin ¢
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~The element is divided into N sections.
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To extend the generality of effects which can be
treated, we have added a coordinate rotation capability
to the low energy beam transport (LEBT) routine. A
rotation by angle ¢ about the z axis before the bend
and by - @ after the bend, for example, simulates the
effect of a bend at angle 6 with respect to the hori-
zontal.

Generalized Beam Optics

A new routine, MAGNET, has been written to allow quite
general treatment of the effects of solenoids, magnetic
and electrostatic quadrupoles, sextupoles, and octu-
poles.

Selenoids

The solenoid transformations were taken from Banford.4
Entrance and
exit fringe transforms

x' = x' =z y0/2p
. (3)
yoo= oy, ® o x, /2
are applied in the first and last calls. In between,
there are N sequential transforms through the constant
central field regions

x' = x cos (L/No) + y! sin (L/Np)
sin (L/No) + y; cos (L/Np)

xg P sin (L/Np) + Yy P [1 - cos (L/Np)]
Y =Y, - xé o [1 - €oS (L/Np)] + yé p sin (L/Np)

-X

~<
[}

© (4)
+

where L is the solenoid length. Between sections,
space charge calculations can be performed.

Quadrupoles

The first order equations of motion in a horizontally
focusing quadrupole are

x4 Kox = 0
a (5)
11 - = O
y Kq y
with
B'/(Bp) for magnetic quad
= 6
Kq (6)
vaeE'/{y + 1) AW for electrostatic quad
In Eq. (6), B' and E' are the magnetic and electric

field gradients, W is the particle kinetic energy per
nucleon, and A is the atomic mass number. For con-
stant Kq, the first order solutions to Eq. (5) are
well known. In order to allow for a more realistic
behavior of Kg, we have added the option for a piece-
wise linear behavior of Kq(s) over the fringe field
regions. Equation (5) may then be solved exactly in
terms of Airy functions. The third order expansion
of that solution has been implemented.
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If third-order geometric aberrations are included,
Eqs. {5) become

" = 1. - V2 _ 12 [ 1
X"+ Kq X 5 Kq [ 3xx xy'? + 2x'yy ]
+ Ké xyy' + % Ka (xy? + x%/3)
. K = L 12 4 12, [
y q Y 2 Ky [3yy x'fy - 2xx'y ]
- Ky 'y - kK (x2y + y*/3)
Equation (7) is solved approximately by treating the

right hand side as a small perturbation on the orbits
predicted by Eg. (5). A Green's function integral
approach is used. For example, the perturbation Ax
obtained in passage through a short section, L, of
magnet is approximated as
- L L
ax o= LoJf (s)ds - [ s f (s)ds (8)
0 o X

and Ax' = d (4x)/dL. Results in the y plane follow
with Kqg 2 - Kg and x 2 y. The force terms fy are the
right hand sige of Eq. (7) with x = xg + SXp, ¥ = Yo
+ syh, x' = xp, and y' = y5 .

Sextupoles and QOctupoles

multipoles are treated as pure,

Higher order magnetic
The magnetic field of a 2(n+l)

hard-edged fields.
order multipole is

B = [Bo a/(n+1)] v (r/a)n+1 sin (n+l) 8 (9)
where By is the pole-tip field at radius a, and (r,e)
are the cylindrical transverse coordinates. The coor-

dinate transformation is then given as a drift length
plus a perturbation, i.e., x = Xg * Lxy + Ox with
Ax obtained as in Eq. (8). For a sextupole, fy(s) =
Ke(x? - y2), fyls) = 2Kgxy with Ko = Bo/(Bpa2); the
octupole forced are fy(s) = - Kg X (S3y2 - x2?) and fy(s)
= Koy (3x2 - y2?) with Kg = Bo/(Bpa®).

Gap Transformation

In an accelerator gap,
through a nonlinear space- and time-dependent electric
field. PARMILA models this process by a series of three
transformations: a free (unaccelerated} drift to the
gap center, a single point transformation, and another
free drift. A lack of documentation for the "as
received® point transformation has led us to carry out
a detailed, self-consistent derivation. The resulting
algorithm differs from that supplied with PARMILA.

We use the following physical approximations:

1) The effective electric field which causes particle
acceleration is

[1 +(nr/8 07]EQ (2)

B, (zor) = - mr (3/32) E]

E. (z,r) =
zoo- (10)

2) In small correction_terms, the particle velocity,B,
may be replaced by 3 = % (Sin + 8 ).

3} The point transformation at the gap center, ex-
pressed in terms of the particle coordinates
there, is unaffected by the presence of space
charge or focusing.

out

particles follow an orbit

The relativistic equations of motion, in the absence of
space charge or focusing, are

(q/A)eE [Z r(z)] cos | & fz e+ 9
z [ 1 X 3 0

0

dW/dz

(2n/2) (87" - 8. 1) (11)

S

do/dz

(d/dz) (By dr/dz) = (ae/AmBc®) E, [z, 5(2)]

X cos [%E- IZ g%E) + ¢0]

0

In Eq. (11}, W is the particle kinetic energy per
nucleon, ¢ is its phase, r(z) its transverse displace-
ment when it reaches longitudinal position z. The
particle velocity is Bc, Bgc is the synchronous veloc-
jty, A is the wavelength of the rf accelerating field,
and ¢ the particle phase at the gap center.

Using the approximations above, these equations can be
integrated through a linac cell extending from z=-14,
to z = £, with z = 0 at the gap center. In the
absence of space charge and focusing, we find

Sout o5p t 4 %50 T L2 Pout +C['(sm¢s—ﬁn¢d

+ S' (cos ¢, - COs ¢0)]
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p = 1 - % (A* +BC) (12)

Eqs. (12) are an implicit transformation since they
involve, e.g., the gap-center values

by = by * D 03, * C[Ty (sin g - sin o)

+ S% (cos 9 - COS ¢0)] (13)

= 1 - 1

ro T % (rin * 40 T ¥ Foup ~ Lo Tout)
== : v
By Lo = % [(BY)in Tin (BY)out rout_

In these expressions, Vg is the-voltage acros$ the gap,

while the transit time factors are
-1 £, 0
T =V /  EJ cos wt_(z) dz
g _p 2 s
-1 £ 0
S = -V S ED sinwt_ (z) dz
g 3, ¢z s
et (2/B ) £) sin wt_ (2) dz
-2, (14)
(- -1 2 0
st = - Vg {K (z/BSA) E, cos wt, (z) dz

-1

, -1 o
e vy

(z/BSA) £2 sin wt (z) dz
2 -2,

z

! fo (z/ssx) Eg cos mts (z) dz

Sp = -V
2 -2,
where 2
-l
t, (z) = ¢ 7 dg/gg (&)
0

A simple parametric model

£ = (a+bz)o(z - z]) (15)
may be used to approximate T', S', Tgi , and S'y in
terms of T and S. Here, @ is the"Heaviside step
function, while a, b, z] are parameters to be fit to
Vg, T, and S.

Convenience Features

PARMILA is being used to optimize ANL's heavy ion
fusion test bed program, especially in the design of
low-beta linacs and final transport systems. We have
added a number of features (coordinate storage, indi-
vidual particle 1/0, tests for longitudinal stability
and automated tuning) to facilitate interactive param-
eter variation and testing.

Coordinate Storage

Coordinate storage is useful if one wishes to use the
beam coordinates at some point in a system as the
starting coordinates in iteratively studying a succeed-
ing section of that system. A command has been added
which replaces the initial coordinate array, COR, with
the contents of the final array CORD. The 1initial
coordinates may first be stored on - and later recalled
from - disk memory.

Individual Particle 1/0

Individual particle coordinate input and observation is
often useful; a few rays carefully placed in phase
space can characterize the entire beam behavior. We
have added the capability to explicitly enter the
initial ray coordinates and to observe the final
coordinates at the interactive terminal.

Test for Longitudinal Stability

From the approximate longitudinal equation of motion of
a particle under constant average accelerating field
and in the presence of space charge forces, it is easy

to show that 9 will execute stable oscillations
provided

%2 < ¢ <
and

1
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W - wsi < [- (qeE/2nA) sin ¢ R3viamc? (1 - k)]

(01 = 0)% - (o - ¢.)° %
X [(¢1 Seg) -6 -e) ¢ —— > }

31T -K) e
where
o1 = - (1 -2k) g
(16)
b2 = (2-k)¢s
In Eq. {(16), ¢¢ and Wg are the synchronous phase

and kinetic energy, and k is the ratio of space charge
to gap defocusing forces. A command has been added
which checks all particles according to the criteria in
Eq.(16). The average accelerating field and the beam
current and shape (used to determine k) are optionally
either input with the command or calculated from the
next cell description and the rms beam parameters.

Automated Tuning

Qur technique for optimizing the quadrupole gradients
in a linac is to force the rms emittance ellipses in
the x-x' and the y-y' planes to make equal but opposite
tilt angles with the x and y axes at the "neutral"
positions midway between horizontally and vertically
focusing magnets. A Newton's method interactive
search has been implemented to find the gradient
values which satisfy this criterion.
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