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In this report the problems of orbital and spin nonlinear calculations are discussed. The introduction of the special
P- and D-functions allows us to formalize the determination of the orbital and spin Lie operators and to apply the
systems of the analytical calculations to find them. An increase in the accuracy of numerical calculations can be
achieved through the usage of these functions instead of the standard math-library functions cos, sin and etc.
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1 INTRODUCTION

The problem of the nonlinear orbital and spin dynamics can be considered as one of the
most urgent ones. The reasons are as follows. Firstly, the magnetic structure of the modern
accelerators has become more rigid and therefore, nonlinear effects have turned to be more
significant. Secondly, unfortunately there is as yet no universal method for these tasks.

Different approaches are used in accelerator physics. The choice between them depends
on the problem or on the author’s preferences. We have used Lie technique but the subject
matter of this report can be applied to any other approach.

In our case it is necessary to find the map from initial orbital and spin vectors to its final
values. The orbital and spin Lie operators determine this map.!+?

Special rules exist for, Lie operators calculations. But in practice, rules are usually
very complicated, which makes the calculations too cumbersome. The usage of computing
systems in analytical calculations should be considered as a good solution.

The rules of Lie operators determination include repeated integrations of different poly-
nomials of the trigonometrical functions. As a result of these integrations the constructions,
which are a division of small differences by other small differences, appear. For this reason
the accuracy of the numerical calculations decreases. Both of these problems can be solved
by the introduction of the special P- and D-functions. The rules for the operations with
these functions allow us to formalize the calculations and to apply systems of analytical
calculations for of Lie operators determination. An increase in the accuracy of numerical
calculations is achieved through the usage of explicit expansion P- and D-functions in the
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series. These series converge very quickly in the cases of accelerator problems since the
function’s arguments are less than unit usually.

The plan of the paper is as follows. In parts 2 and 3 special P- and D-functions are
discussed. They are offered in order to obtain explicit expressions for the orbital and spin
Lie operators for all types of collider elements. The application of the analytical calculations
system (REDUCE) to compute these expressions is considered in the following part. Orbital
and spin matrices and Lie operator formulae for different elements of the collider were
calculated by code HAMIL.RED and few of them are presented in the last part. The results
for orbital motion in the case of the homogeneous field can be compared with.> These
examples show advantages of usage of P- and D-functions for simple as well as complicated
expressions. .

Lie operators, which were obtained by computer code HAMIL.RED, were programed in
FORTRAN code SPINLIE for calculations of polarization in colliders.?*>

2 P-FUNCTIONS

For practical calculation of the Lie operators it is useful to introduce special P-functions.
Expressions for them include, as a rule, complicated combinations of trigonometrical
functions, since the usage of P-functions (and D-functions; see the next part) allows us
to formalize calculations and to use them for computer analytical system.

Let us introduce the function P; (Q, s) as a “single” series

i (0%
R e

Itis easy to verify that the relations between the functions P; (Q, s) and usual trigonometrical
ones are determined by the following expressions:

Po(Q, s) = cos Os,

PO, ) = sin Qs _ (sin Qs)’

o Qs
_l—cos Qs  ,(1—cos Qs
PO =0 _S( (057 )
sin Qs sin Qs
s Y e
P3(Q.5) = —C3 —s< Gop )

and etc. The usage of P-functions allows us to eliminate small denominators (Q and it
powers) in the right parts of these expressions.
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‘P-functions have the following properties:

i

N

Pi(oys)'_‘._',

l!

0.0 { 0 ifi#0,
10,0 = 1 ifi=0

The following recurrent expressions are valid:

1 i
Pisa(Q,5) = 53 [f—, - Pi(Q,s)],

and inversely,?
st 2
Pi(Q,s) = T Q" Pi2(Q,9) |
Integration and differentiation have the following properties:

dPi(Q,s)

25 = Fi-1(@.9),

ro Jo(=DF .
[5Pi@uxdx = Y S Pk (@0)
g k=0 TR

and in particular

/Pi(Q,x)dx = Piy1(Q,s).
0

The “multiply” property (for any integer m) is
Pi(Q,ms) = m'Pi(mQ, 5).

Thus, a very useful “doubling” rule is:

Pi(0,2s) =2'P;(20, s).

There are the following “product” rules (they can be proved with the help of usual
mathematical induction method):

%These expressions are very useful for saving computer time, because they allow us to calculate all P;-functions
if series P;, with highest odd and even numbers are known.
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2i+2j
Pau(Q1,5) - Paj(Qa,9) = LEED T p 01+ 02 5)+
2010,
 \2i42)
OO (01— 02 9)-

20107

i-1 2k 2i—2k
Z > (&) Paiv2j-2k(Q2, 8)—

- = 2!\ 01
=1 g2k 1o \Y
B = 20! (@) Pait2j-24(Q1, 8);

(01 + Q2)2i+2j+l
. 27
2Q%1+1 Q2]

Pri+1(Q1,5) - P2j(Q2,5) = Paiv2j+1(Q1 + Q2, 5)+

— Oo2i42j+1
L @10y 57— Prit2j+1(Q1 — 02, 9)—

ZQ%H-I Q2

izl g2kt 2i-2k
s )
= 2k + 1! <E) Pait2j-24(Q2, 5)—

j_l 2k 2]‘_2k )
$ 01 '
— £ (2k)! (E) ’P21+21+1_2k(Q1', 5):
(Q1 + Q)% +2i+2

P2i+1(Q1,5) - P2j+1(Q2,5) = - -
2Q%l+1 Q§]+1

Pait2j+2(Q1 + Q2,5)—

(Ql _ Q2)2i+2j+2
- 2i+1 A 2j+1
2Qlt+ Q2]

Prit2j+2(Q1 — Q2,5)—

i=1  2k+1 2i—2k

$ )

= 2k+ 1!\ 01 Prit2j+1- L 5)—
= @k + 1! (Ql) 2i+2j+1-2k(Q2, 5)

_”4_ﬁ§ii_(gg

These “product” rules are very useful and were effectively used in the computer code
HAMIL.RED for Lie operators calculations.

2j—2k
) Pait2j+1-2k(Q1, ).
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3 D-FUNCTIONS

Let us introduce the functions D;(Q1, O3, s) as “double” series

Di(Q1,02.9) =5 ) 7y M, Z( 01s? (- @3sH".

j=0

The relations between D-functions and usual trigonometrical functions are determined by
the following expressions:

Q% cos Q15 — Q% cos Qas
0% - 03

Q1sin Q15 — Q2 sin Oss
0% - 02

Do(Q1, 02,5) =

E)

Dl(Ql’ Q2a S) =

’

—cos Q15 +cos Qas
0% - 03
__sin 015 + sin Ors
[P

0
D3(Q1, 02,5) = Ql% —

Dy(Q1, Q2,5) =

9

and etc. The constructions in the right parts of these expressions appear as a rule during the
determination of Lie operators for magnets with skew quadrupole components. The usage
of D-functions allow us to simplify the computer analytical calculations and final formulae,
and to eliminate the small denominators Q% — Q%.

These functions have the following properties:

D,'(0,0,s)=—l,

0 if i #0;
Di(Ql,Qz,0)={ o

1 ifi=0,

Di(01, 02,5) =D;i(Q2, 01, 5);
Di(Q,0,5) = Pi(Q, 5).

The following recurrent expressions are valid:

P;(Q2,5) —D;i (01, 02, 5) _
01

_ Pi(Q1,5) —Di(Q1, 02, 5)

03

Di+2(le QZ’ S) =
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and inversely,?

D;(Q1, 02,5) = Pi(Q2, 5) — 0¥Di12(Q1, 02, 5) =
=P;(Q1,5) — 03D;i1+2(Q1, 02, 5).

Integration and differentiation have the following properties:

dD;(Q1, 02,
—(Q; Q2,5) =D;-1(01, 02, 5),
)

p . J -1 ko
/x’Di(Ql, 03, x)dx =j!y" ((. _3(),S]_k'Di+k+1(Q1, 02,5)
5 k=0 J TR

and, in particular
s
/Di(Ql, 02, x)dx = D;+1(Q1, 02, 5).
0

The following expressions contain 7P-functions only:

0%Pi(Q1,5) — Q3Pi(Q2, 9)

Di(Q1, Q2,5) = 07— 02 ’
Pi(Ql,S) —Pi(QZ»S)
Di+2(01, Q2,5) = — 07— 02

and, in particular
Di(Q, Q,s) = % [sPi—1(Q,5) + 2 = )Pi(Q, 5)] fori > 1,
1
Do(Q, @) =Po(Q, 5) = > Q*sP1(Q, 5).

The following useful relations were used also into the REDUCE code:

bThese expressions are very useful for computer time saving, because they allow to calculate all D;-functions if
series D; with the highest odd and even indices are known. Naturally, the 7P-functions must be calculated as well.
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Do(Q1, 02,5) = Po (&;—Qz,s) Po (QI%QZ, s) -

B Q%+Q%Pl (Q1+Q2,s)7>1 (Ql . 02 S>’

4 2

D1(Q1, 02, 5) = [ (Q”;Qz )PI(Q12Q2 s)+

Py (QI;Q2’S)PO(Q1 . 0> s)]

1
DZ(QI, QZ, S) = EPI (Q1+Q2’s) 731 (Ql > Q2 S) ’

1
Di1(Q1+ 02, 01— 02,5) = 3 [Po(Q1, s)P1(Q2, 5) + Po(Q2, s)P1(Q1, )1,

1
Dy(Q1+ 02,01 — 02,5) = 57’1(Q1,S)771(Q2, ).

4 REDUCE CODE FOR OPERATOR DETERMINATION

Computer code HAMIL.RED was created for the calculation of analytical expressions of
the orbital and spin Lie operators. We restrict calculations to the sextupole order only for
orbital and spin motions, but the code for calculations of next order Lie operators without
serious problems can be modified.

The expansion of the vector potential in power series in coordinates and expressions of
orbital linear transformation matrices was used as input data for this code. The scenario
of the code HAMIL.RED is as follows. Firstly, the code reads expressions of the vector
potential and calculates terms of magnetic field and Hamiltonian, separated by the order of
the variables in six-dimensional phase space. The following code reads orbital matrices and
calculates spin linear matrices. Coefficients of orbital and spin Lie operators are calculated
at the next stage. Finally the code checks the expressions obtained.

The expansion of the vector potential A was written in the natural frame.5 The terms of
the 3-rd power of the orbital vector Z _= (x, px, 2, pz, 0, ps) components were used in
the expressions for the components of A. Therefore, the sextupole terms will be taken into
account for the Hamiltonian, including all edge-effects (the corresponding derivatives with
respect to longitudinal coordinates are preserved).

Only one limitation was used: the orbit was assumed to be without torsion (the orbit is
piecewise planar!).

The following notations are used for the dimensionless magnetic field B =eB /Eo (Ep
is the fixed particle energy) on the reference orbit (x = z = 0):
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K = B, — the curvature in x-direction,
3B

g = 3, — the magnetic field gradient,
1 (33%‘ — %) — the skew-gradient,

m, = 82B,/8x? — the sextupole moment of the magnetic field,
m, = 8*B,/9xdz — the skew-sextupole moment.
Primes are used for the definition of the s-derivatives.

These are the following expressions for the components of the vector potential
A(h =1+ Kx):

1 1 1 1
Ac= =Bz — > Bz — By 2 - - KB))xz*—
1/, 1 1 1
2 —__B 2 B 3’
4<q 2s)xz+12q+2 Z
A 1 1 / 1 1.2 / G2
= EBsx + 2Bzxz + 4Bxx + - (g — KB))x“z—
1 + lB// + 1 lBI/
— — x — —
2\7*3 S50 -3
1 1
h-Ag = — B,x + Byz — @&+ KB)x? + 5gz2 + gxz—

1 1 1 1
- E(mx +2Kg)x> + gmzz3 ) (mZ —Kqg+ EB;’) x%z+

1 1 " 2
+5 mx+Kg+EBz xXzZ".

These equations allow to find the components of the magnetic field and the total
Hamiltonian:

N N\ 2 -
H=c (P—EA) +m2c2 + Qi
c

in the form of series over Z;. The following abbreviations have been used: e, m and 7 are
the charge of the particle, its rest mass and spin vector respectlvely, ¢ is velocity of light, P
is canonical momentum and  is a spin precession frequency.’

Let us write the results for the total Hamiltonian as a sum of the corresponding
polynomials H; and @ = &©@ + &M + &@:

H = Ho + Hi + Ha,
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where€

1
Ho=5<p,%+p§+3s<pxz )+ 1B (¥ +22) = 2Kxps + (K2 + ) 42

—gzz) —qxz+a?

= hg.))Zi Zj + cog))na,

1 3 1 " 1 2
’H1=g(2Kg+mx)x +§ mz—Kq+zB z—gB (x +z) o+

1., 1
—Kxp: + =

2 ZBsxPxPo_

1 1 1, 1
+2prx——§ mx+Kg+zB xz? —szxzpz—i-

=Bspxzps — gm Z +a

_—2_(px+pz)p0+ BZPxZ )

4

ht]kZ ZiZy +a) naZ,,
Hy = dPi

= o' naZZ

aij

and (@ = 1.159...- 1073 is the dimensionless anomalous magnetic momentum of the
electron)

o a 1y, 1\,
&® = — B, ayo+ﬁ+—2 é&—Bs|1+a+-—)é,
2 2 2%

1) 1, 1
W' = ZBS (1 +ayo)x + Bsa(l — yo)px +

2 sa(VO - 1)_

—g( +ayo)]z}§x+
1
+ { [2 sa(l —y)+ (KB, +g)(1 +a)’0)]

1
+ (2 s ) (1 +ayp)z+ Bsa(yo — 1)p; + sza} e+

+ {~B,( + &)z + Bia(yo — Dp; + Bs(1 + @) po } &z,

¢ All Latin indices i,j,...areequalto1,2,..., 6 and correspond to components of the orbital vector Z ; all Greek
indices «, 8, . . . correspond to x,z,t and the standard rule is used for the summation over the mute indices.
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W = E(mz —Kq)(1 +ayp)x” — (mx + Kg)(1 + ayp)xz — 2Bs —q ) xps+
/ 1 b
+B,ayopxz + B:ayopxp; — Emz(l + ayo)zpo | ex+
1 2
+ —me(l +ay)x” + (Kq —mz)(1 + ayo)xz + (KB; + g)xps—
1B 1 2, 1 K B"(1 24+ B

3 (1 +ayo)py + 5( g +my + B,)(1 +ay)z” + Bayozp,—

1 >
- (ZB; + Q) ps + = Bz(aVO - 1)pz zpfzf} e+

11 1)\1 ., 1,
t173 4Bs(2ayo+1)+ q — 385 ) [¥"+ (49— 5Bs ) avoxpx—

1 1
—g'xz+ [gayo + -2—352(261)/0 + 1)} Xp; — EBS(Zayo + p2—

1 171
- [533(2ay0 +1) - gayo] Pxz =5 [ZBS(Zay +1)—

1 1 1
_ (q/ + EB;’)] 22— (q + 5B;) ayozp; — EBs(Zayo + Dpi+
+ Bjzps — Bsp}, }é’,

The next HAMIL.RED stage is the calculation of the Lie operators. As it is known,
the operators of the linear transformations are simply the matrices A for orbital and S
for spin motion. For each type of collider elements the first of them is included into

the code “by hand”. The matrices S are calculated within the code according to the
formula?(wy = |0©@|):

S5ij(60) = 8ij + P1 (w0, Oeijr0® + Pa(wo, 0) [wga - w(‘”w(")]

After that the code calculates all coefficients F;j, WS) and ng for orbital and spin
Lie operators for all element types:*
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2]
Fijn©0) = [ AORD A1 () Ay (6 Ank (),
0

6
wih ) = f d6'Sy5 ©")el) Aji (6,
0

aij

[’
w® ) = / 48’ ( Sz @0 Aui (0 A1 0+
0

1
+ 5e,»o,,gy)/v(”(e) )S; 0w Ak (6))+

+824 €050 A (6') JimFii )

J 0 0 0 —1
_—_(O J 0) and J:(l 0).
0 0 J
The last steps of the HAMIL.RED are tests of the results for Lie operators. The “doubling”
rule is used for these calculations. The rule is based on the comparison of two different
methods for the operator calculations of the element with double length: a) the substitution
of value 2L into the results instead of value L and b) “unification” of two elements with

length L for each of them (indices (#) and (v)) corresponding to one element (index (w)).
The Lie operator transformation formulae are used for this “unification”:*

and, as is known,

.A(w) — A(v)A,(CM)

1

(w) (u) (v) W) g(u) 4(u)
}-tjk _f;]k lmn'Al 'A ’Ank’

SW = 5w,
WP = +587 VP AY,

o) 3) (™! PO 4@ 4@
Waz] uon/ S ,Bkl'Akt ‘Alu +

1 1
+ Leop S8 VD 4D+

S(u) Vé}{)A(u)Jm]:(u)

mij*
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All s-derivatives of the magnetic field or its gradient are considered in the case of EDGE
element only. They are treated as delta-functions of s(B’ = B3(s — sin) for entrance or
B’ = —B&(s — sout) for exit). For this reason the integrals from the first s-derivatives are
taken as equal to the field steps (A By, A B, and etc.) or its gradient steps (Ag, Ag and etc.).
The second s-derivatives are replaced by the first, using integration by parts:

s+€ s+€
/ B"Z;Zjds' = B'Z;Z; |;*¢ — / B'(Z;Z;)as'.
S—€ §—€

5 MATRICES, LIE OPERATORS

The orbital and spin Lie operators for two types of collider elements — magnets with
homogeneous vertical field and magnets with quadrupole and skew quadrupole components
are presented in this part. We have chosen these types as examples, but all types which are
used in modern colliders were calculated. The first one allows us to compare results for
orbital Lie operators (using P- and D-functions) and results of previous authors @ for
example). The second example demonstrates complicated final expressions which must be
programmed for real numerical calculations, and shows the advantages of using P- and
D-functions.

All orbital and spin Lie operators which are not included in this list equal zero. For all
P(Q, s)- and D(Q1, O, s)-functions the second argument equals L and is omitted for
simplicity.

Let us ascribe different indices to the spin second order Lie operators in the following
cases:

a - the sextupole order term ®‘® taken into account in the expansion of the spin
precession frequency £2;

b —the term taken into account caused by the orbital motion nonlinearity (the “product”
oD . Fi):
w i _]k)’

¢ —the product [&3(1), 3)(1)] taken into account.

In practice the sum of all these terms is calculated. Sometimes, the separation is useful
for investigations of different terms influence on nonlinear spin dynamics.

5.1 Bending magnet with homogeneous field

(A) Parameters length L, magnetic field K = ELOBZ.

(B) The orbital matrix:
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Po(K) PiuK) 0 0 0 KPyK) \
—K¥Pi(K) Po(K) 0 0 0 KPi(K)
0 0 1 L O 0
A=
0 0 010 0
—KPi(K) —KPyK) 0 0 0 —K?*P3(K)
0 0 0 0 0 1

The vector of the distorted orbit, which is connected with synchrotron radiation losses
(c1 = %r0y3, where rq is the classical electron radius. Since ¢; = 0.14077848-10~11.

3 .
E [MeV] ):

(—c1K3P3(K), —c1K>Pa(K), 0, 0, c1K*Ps(K), —c1K2L).

The spin matrix

Polay K) 0 —ayKPi(ayK)
S= 0 1 0
ayKPi(ayK) O Po(ay K)

The orbital Lie operators:

Fin = 2K =P GK) + PR,
Fiz = %K [Po(3K) — Po(K)],
Fue = ZKZ [P1(3K) — P1(K)],
Fip = %K [3P1(3K) + P1(K)],

1
Fi6 = I [Po(K) — Po(3K)],

Fi33 = KP1(K),
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3
Fie6 = ZK [P1(K) —P1(3K)]1,

3
Fom = 7K 3P2GK) + P2(K)],

Fne = — %[37’1(31() + Pi1(K)],
Faus = KPr(K),
Fae6 = %K [P2(K) — 9P2(3K)],
Fase = — P1(K),

3
Fe66 = 7 [P1(3K) — P1(K)]I,
(F) The spin Lie operators:

W) = a’y K*Py(ay K),

WY = — (ay + DK*Py(K),

WS = — (ay + DK*Py(K),

WS =K [(ay + DP1(K) —ayL],
Wy = ayKPi(ayK):;

WeD — %1@ [@ay — DP2((ay — DK) — (ay + DP2((ay + DK)],

WD = ayK [Pi((ay — DK) + Pi((ay + DK)],

2.a) _ ay .2
Wiie' = 5K’ [ay + DPa((@y + DK) - (ay = DPa((@@y = DK)].
WED = _ (ay + DKP3(2K),

WEP = (ay + DK>P,(2K),
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W3 = K2[26ay + DEP3@K) + Pi(K)],
WS = — (ay + DK>P32K),
WS = K2 [Pa(K) — (ay + DP,QK)],

@ay _ay —1
Wi’ = =5—KL,

WeD = = K [y + DE*PK) + Py ()

WEP = K [Pu@y — DK) = Pi((ay + DK)],

(2a) _ Y 2

Wiy = 7K [(ay — D)P2((ay — DK) + (ay + DP2((ay + DK)],
2.a) _ ay

Wi = TK [P1((ay + DK) — Pi((ay — DK)],

WED =2y + DKP32K),

WED = — 23y + DK*P2K),

WED = _ 4@y + DK*P32K),

ay +1
2

Wy = [P1(2K) —2P1(K) + L1,
W3 =2(ay + DK*P22K),
WED = @y + DK*P3(K),

WP = 24%(ay + DK>P32K),

R -1 1)2
weo _ @ )ffy U k3 [Pytay — DK) - Pa((ay + DK)],

ay +1

2.0)
Wis” = 4

K [(ay + DPi(@y — DK) + (ay — DPi((ay + DK)—

—2ayPi(ayK)],

275
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1
Wis = 1K {@ = D@y + D? [Pa@y + DK) - Pa((ay - DK)] +

+2a%y* [Py(ayK) — L’Pl(ayK)]} ,

2. 1
W:f44c) = §a3V3K37’3(aVK),

. 1
Wi = LK [y + DPy((ay — DK) — @y = DPy((@y + DE)=
2Py,
c 1
Weo = ﬂ;—ﬂ [~@v? = ) [Pat@y - VE) + Pa(ay + DEO] +

+2a [azyz’Pz(ayK) — Pz(K)]] s
1

+2P1(K)] — 2ay [LPo(ayK) — Pi(ay K)] — 2a3y3733(ayK)} .

5.2 Combined-functions magnet with skew-quadrupole

(A) Parameters: length L and the standard values K, g and q. Then one can introduce:

K? £ /(K2 +2g)? + 442

2 _
Q1,2 - 2

(B) The orbital matrix .4 (the arguments of all D-functions are Qp, Q2, L and for all
‘P-functions are Q,, L):

A =1- 030+ 8)Ds — (K> + 2) P2,
Az =L — 03(0} + g)Ds — (K* + g)Ps,
Az = g(03D4 + Po),

Ais = q(Q3Ds + P3),
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Ats =K [(Q} +9)Ds + ],

Ao = — (K + @)L+ 0}(Q} + 9)Ds + [¢7 + (K? + %] Py,
An = Au,

Az =q(L — 01Ds — K*P3),

Az = Ass,
Az = K Az,
Az = Ass,
Az = A,

Az =14 0203 + g)Ds + gP,

Az = L+ Q1(Q3 + 8)Ds + gPs,
Az = — qKDa,

Agr = Ags,

Ap = Aps,

Asz = gL — 01(01 + )Ds + (4* + 8")Ps,
Ass = Ass,

Ase = K A,

As1 = — Ay,

Asz = — Ags,

Asz = — Ags,

Asq = — Az,

Ass =1,

Asg = — K? [(Q% +8)Ds + ’P3] ,

Ags =1,
A;j = 0for otheri, j.

277
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(C) The vector of the distorted orbit is simply the seventh column of the total 6&7 orbital

matrix A:
Az = —ak? [(Q% +8)Ds + 7’3] ,
A1 = — c1 K2 As,
Asz7 = c19K°Ds,
Agr = — c1 K% Asg,

As7

I

ak* [0} +)Ds + P

Ag1 = — 61K2L,

(D) The spin matrix is the same as for bending magnet.

(E,F) The expressions for orbital and spin Lie operators in this case are very complicated

and not shown here.
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