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Abstract: We develop a Hamiltonian control theory suitable for a 4D symplectic map that models a
ring particle accelerator composed of elements with sextupole nonlinearity. The controlled system
is designed to exhibit a more regular orbital behavior than the uncontrolled one. Using the Smaller
Alignement Index (SALI) chaos indicator, we are able to show that the controlled system has a
dynamical aperture up to 1.7 times larger than the original model.
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1 Introduction

Particle accelerators are technological devices allowing studies at both “infinitely small scale”,
e.g. particles responsible for elementary forces, and “extremely large scale”, e.g. the origin
of cosmos. In a simplified approach, such devices are composed of basic elements sequence:
focusing magnets, defocusing magnets, accelerating electromagnetic fields and trajectory bending
elements in the case of ring accelerators. The resulting total dynamics is thus nonlinear, and
can be described, in the absence of strong damping, by a conservative system. This system
can be modelled by a symplectic map built from the composition of several elementary maps
corresponding to each basic magnetic element.

One of the main problems in the dynamics of ring accelerators is to study the stability around the
nominal orbit, i.e. the circular orbit passing through the centre of the ring. Each component of
the ring can be seen as a nonlinear map that deforms the trajectory at large amplitude. Moreover,
such maps possess stochastic layers whose effect is the reduction of the stability domains around
the nominal circular orbit (the so-called dynamical aperture - DA) [1]. Such behaviors imply that



(chaotic) nearby orbits can drift away after a few ring turns, eventually colliding with accelerator’s
boundaries, and consequently reducing the beam lifetime and the accelerator performance.

The goal of this paper is to present a reliable improvement of beam stability by increasing the
DA in a simplified accelerator model, consisting of only one type of element having a sextupole
nonlinearity [2, 3, 4, 5].

We work in the framework of the Hamiltonian Control Theory presented in [7, 8], where two
methods of controlling symplectic maps have been described, namely using Lie transformations
and generating functions. In the present paper we use the former method, which allows direct
determination of the new controlled map; avoiding the possible problems related to coordinate
inversion.

The aim of control theory is to improve selected features of a given system by slightly modifying
its Hamiltonian with the addition of a small control term, so that the new system and the original
one are conjugated namely, they have the same dynamics. This technique is particularly suitable
whenever one can directly act on the system and modify it, e.g. in the case of a particle accelerator
where the addition of a control term in the Hamiltonian function can be seen as the introduction
of a suitable magnet in the accelerator lattice.

In our study, we use the Smaller Alignement Index (SALI) [6, 10, 11, 12] method, which is
an efficient indicator for characterising orbits as chaotic or regular in Hamiltonian flows and
symplectic maps. The SALI is computed using the time evolution of two deviation vectors along
the studied orbit.

The paper is organized as follows: After the introduction of the accelerator model in Section 2,
we present a general result for the control of symplectic maps in Section 3 and the application
to the studied model in Section 4. Then we briefly recall the SALI chaos indicator in Section 5,
while Section 6 presents our results on the chaotic behavior of the model. Finally, in Section 7 we
summarize our conclusions. In the appendix, several technical theoretical issues are discussed in
detail.

2 The model

Let us consider a charged particle passing through a simplified accelerator ring with linear
frequencies (tunes) ¢,, ¢,, having a localized thin sextupole magnet (for more details the interested
reader is referred to [2]). The magnetic field of this element induces a modification of the orbit
once the particle passes through it, modelled by the following 4D symplectic map

x) coOsSw; — Sinw; 0 0 1
! sinw; cosw 0 0 To 4+ 22 — 22
2 o 1 1 2 1 3 (2 1)
/ — . .
T3 0 0 COSWwy — Sinwy T3
; .
xy, 0 0 Sinwy  COS Wy Ty — 22173
Ty
T2
=T (2.2)
xs3
Ty

where 27 (x3) denotes the deflection from the ideal circular orbit in the horizontal (vertical)
direction before the particle enters the element, and xs (x4) is the associated momentum. Primes
denotes positions and momenta after the particle passes through the element. The parameters w;
and wy are related to the accelerator’s tunes ! ¢, and ¢y by wi = 2mq, and wy = 2mq,. The first
matrix in (2.1) describes the linear motion of a particle, which corresponds to a simple rotation in

!Such parameters have been fixed throughout this work to the values ¢, = 0.61803 and ¢, = 0.4152,
corresponding to a non-resonant condition (see [5]).



the phase space. The nonlinearity induced by the thin sextupole magnet is represented by the 2"¢
order polynomial expression in (2.1). The particle dynamics at the n-th turn, can be described
by the sequence (2™, 25", 2{" 2,50, where the (n + 1)-th positions and momenta are defined
as a function of the n-th ones by 2.1.

Map (2.1) decomposes naturally in an integrable part, the rotation by angles wy, wo, in the planes
x1, T and x3, x4 respectively, and a quadratic “perturbation”. The following observation will be a
key point used in the next section: such maps can be obtained as the time-1 flow of the following
Hamiltonian systems (see A)

3

and  V(xy,z9,x3,24) = —31 + 7173, (2.3)

e 3 + ]
H(IE17$27$3,I4) = —w 5 — W2 5

more precisely using the compact form of the Poisson brackets

7 =T(7) =eelViz, (2.4)
where & = (z1, 19, 23,74)", with T denoting the transpose of a matrix, and by definition, for any
function f defined in the phase space, {H}f = {H, f} = (VH)YJVf, with J = ( 0 1 >,

-1 0
being the symplectic constant matrix,

=Sy =y ). (2.5)

n>0

The dynamics of map 2.1 has been already studied in [6] where it has been shown that its
phase space contains both regular and chaotic orbits. The chaotic orbits reduce the DA to a
hypersphere of radius ~ 0.39 in the 4-dimensional phase space (see Figs. 5 and 6 of [6]). The
goal of the present paper is to show that the stability region of the nominal circular orbit can be
increased once map 2.1 is controlled by an appropriately designed map.

3 Control theory for symplectic maps

The general aim of Hamiltonian control theory is to slightly modify a given system, by introducing
a small control term, to improve some chosen feature of the system (e.g. to reduce the chaotic
regions or to build invariant tori).

In the following we will be interested in controlling a quasi-integrable symplectic map in such a
way that it will allow us to obtain a new, controlled map “closer” to the integrable part of the
original map, and thus increase the stability region around the nominal circular orbit. Since chaos
opens the way to diffusion in the physical space, the controlled map is expected to have a smaller
number of escaping orbits and a larger region occupied by invariant curves in a neighbourhood
of the origin. For this purpose, we apply the method of [8], except that in the present case the
integrable part is not expressed in action-angle variables. In particular, the integrable part is
a rotation, so the present theory applies to perturbations of rotations, instead of maps close to
identity.

Let us consider an integrable symplectic map defined through its infinitesimal generator > H

i =g, (3.6)
and consider the quasi-integrable map perturbation of the former

7 =T(7) =eMelViz, (3.7)

2In the literature one can sometimes find the alternative equivalent notation {H} = L.
3In [8] a similar theory has been developed for a general symplectic map devoid of an infinitesimal generator.



where 7 € R?" and V is a perturbation, namely V' = o(H). The aim of Hamiltonian control theory
is to construct a third map, the control map, whose generator F' is small (it satisfies F' = o(V'))

and moreover the controlled map
Tory = eetVetf (3.8)

will be conjugated to a map T, closer to et} than T (see 3.12 below). We note that the use of
the exponential of a Poisson bracket, ensures that such maps are symplectic by construction.
More precisely, let us define the unperturbed map

Al = U (3.9)

and observe that (1 — .A7!) is not invertible, since its kernel contains any smooth function of H.
Thus we assume the existence of a “pseudo-inverse”operator, G, that should verify (see [8] for
details)

G(1-A1)gG=g. (3.10)
At this point we can define the non-resonant and the resonant operators
N=(1-A")G and R:=1-N\, (3.11)

which are projectors, i.e. N2 = N and R? = R.
Our main theoretical result is the following theorem:

Theorem 1 Under the above hypotheses and defining S = GV we have

e, e 10 = M ARVE . (3.12)
where
Ty = et elVEielF} (3.13)
with a control term given by
AFY — o~ VIAW=9)V} ARV} {9V} (3.14)

Remark 2 (Warped addition) Let us define as in [8] the warped addition, {A} & {B}, of two
operators by
eAtelBl = oAIeLB) (3.15)

An explicit formula can be obtained using the Baker-Campbell-Hausdorff formula [9], where
{A} @ {B} is a series whose first terms are

{Aye{B} ={A} +{B} + % {AHB} —{BHA) + ..., (3.16)
hence the warped addition is a deformation of the usual addition between operators.
Proof: Using this warped addition, we can rewrite the controlled map
Ty = etire{Vie{r} ’ (3.17)
where the control term 3.14 can also be rewritten as
{F} =A{Vie{W-9)VIe{RV}a{gV}. (3.18)

From 3.11 we have:

N-G=-A"¢G. (3.19)



One can easily prove (see appendix A of [8]) that
(—{#h) & (—{Sh @ {H} = —{A'S}, (3.20)
hence, recalling the definition of S and 3.19, we can rewrite 3.18 as
{F} ={V}ie(H{H}) e (H{ShHe{H}e{RV} & {S}. (3.21)
By rearranging the terms we can easily get
{Ste{H}te{Vie{F}ae(-{5}) ={H}e{RV}, (3.22)
which is nothing but 3.12 rewritten using the warped addition.Q.F.D. |l

Remark 3 Let us observe that the control term is, as required, small compared to V. In fact
from 3.18 and by using the approximated formula for the warped addition 3.16, we obtain

{F} = —{V}a{N-G)V}a{RV}a{GV} (3.23)
—{V}+{NV} —{GV} + {RV} +{GV} +o(V) =0o(V), (3.24)

where we use the relation N + R = 1.
Under the assumption of absence of resonances, i.e. RV =0, the o(V') term in the control map
can be explicitly computed to give (see Appendiz A)

Fe %{V}QV +o(V?). (3.25)

4 The control term for the non-resonant map (2.1)

Let us now calculate the control map for system (2.1). The variables (x1, z3, x3,24) in which the
generators 2.3 are given are not suitable to develop the control term, roughly because the operator
{H} is not diagonal in these variables. So, we introduce complex variables

Cl = I9 + il’l and gg =Ty + Z'I'g s (426)

and rewrite H, still denoting it with the same letter, as

H(G.G) = =510 = Flel. (4.27)
Using these complex variables the Poisson bracket with H takes the form
{H) = i (G0 — G,) + s (8D, — o) (128)
Hence, for any 7 = (ny,ne) € N? and m = (my, my) € N we obtain
{H Y™ = i (wymy — wing + wamg — wong) (¢ = i - (11 — )¢, (4.29)

where we introduce the vector & = (w;,w;) and use the compact notation (" = (;*(3? for the
complex vector ¢ = ({1, (2). The operator {H} is diagonal in these variables and thus map 3.9 is
straightforwardly obtained as

ATLTEM — o~ AHY (A . —id(Ti—il) (7 G (4.30)

Once we have this map, we can compute the operators G, A" and R. For all 77 and m € N2\ {0},
such that 77 # m and
& (m—n)#£2kr VkeZ (4.31)



(which defines the non-resonance condition), we get

1

G = m/\/’fﬁfﬁl, (4.32)
with o o
N = (¢ (4.33)
if
5. (7 — i) £ 2%kr VhkeZ (4.34)

and is 0 otherwise

In the rest of the paper, we will assume the above non-resonant condition 4.31 to hold for the
considered values of ¢, and g,. Let us remark that this is not a limitation of the actual theory, but
just a working assumption. We could equivalently have chosen to work in the resonant regime,
using a different control term suitable for resonant dynamics.

We are now able to explicitly compute the control term 3.14. Even under the non-resonance
assumption, RV = 0, the computation is cumbersome. In fact, we need to express V in the
complex variables, then compute S = GV, go back to the original variables, and finally (what is
really the difficult task) compute the exponential e{9V}. Actually, even if GV is a polynomial of
degree three in the variables z1, 2o, 3, 4 the map 19"} is given by an infinite series. The terms of
this series can be sequentially computed, but the degree of complexity (i.e. the number of involved
terms) increase very fast. That’s why we decided to use the approzimated generator of the control
map 3.25 truncated at order 2

Fy = %{V}QV. (4.35)

We note that F5 is composed by about twenty terms. A detailed discussion of the whole procedure
needed to obtain Fy, as well as its explicit formula, are presented in A.

We now face another difficulty, namely the computation of the control map from the generator
F5. This is equivalent to performing the sum of

1
el =1 4 {B) + 5{FQ}2 +..., (4.36)

whose complexity once again grows very fast. We thus introduce a second approximation to our
construction, by computing only a finite number of terms in the above sum. So, we define a
truncated control map of order k

k
)
Cr(F2) =) t l!} , (4.37)
1=0
and a truncated controlled map of order k

Ti(Fy) = et elVICL(Fy) = T Cu(F). (4.38)

Let us now discuss the properties of the truncated controlled map. Since the exact control map
elf2} given by 4.36 is symplectic, the controlled map 3.8 will also be symplectic. On the other
hand, we cannot expect the k-th order control map Cy(F») to be symplectic. We know that a
map is symplectic if its Jacobian matrix A verifies (in its definition domain) the equality

ATJA—-J =0, (4.39)

Thus, in order to check the symplecticity defect of Ty (F,) we compute the norm Dy of matrix
ATJ Ay — J, where Ay is the Jacobian of T},(F,) given by 4.38. The results are presented in Fig. 1
for orders k = 1 up to k = 5, in the region (z1,23) € [-1,1] x [-1,1], 23 = x4 = 0. These
results show that T;(F3) is a good approximation of a symplectic map for k& > 4, because we get
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Figure 1: The simplicity defect of the controlled map Ty(F3) 4.38. Plot of log,, Dy, where
Dy, = ||AT JA, — J|| and Ay, is the Jacobian of the k-order controlled map T}, (F») given by 4.38, for
16000 uniformly distributed values in the square (x1,x3) € [—1,1] x [-1,1], 9 = x4 = 0, for (a)
k=1,(b)k=2,(c) k=3, (d) k=4 and (e) k = 5. The percentage of orbits with log,, Dy, < —4
is 0.5%, 11%, 28%, 53% and 73% for k = 1,2, 3,4 and 5 respectively. The gray scale corresponds
to the value of log,, Dy: the darker the color, the smaller the value of log,, Dy, is, and hence the
closer the map is to a symplectic one.



Dy, <107 for a large portion (2 53 %) of variables values. We note that in the central region of
the truncated controlled map, where the actual physical process of beam’s evolution occurs, the
symplectic character of the map is established quite well since there D), < 1078, As expected, the
larger the order k, the closer to symplecticity the approximation is.

The main objective of the addition of a control term is to increase the size of the stability region
around the central periodic orbit. This increase leads to decreasing the number of escaping orbits?,
as we can see from the results presented in Fig. 2, where we plot in black the initial conditions on
the square (x1,z3) € [—1,1] x [—1,1], 23 = x4 = 0, giving rise to orbits that do not escape up to
10° iterations of the map. In particular, we consider in Fig. 2(a) the original uncontrolled map 2.1,
and in Figs. 2(b) to 2(d), the k order controlled map Ty (F3) for k =1 to k = 5 respectively. One
can easily see that the region of non-escaping orbits for the original map is smaller than the one
of the controlled maps. This observation can be quantified by considering initial conditions inside
a circle centered at the origin of each panel of Fig. 2 (which represent the actual physical plane
since the initial momenta are x3(0) = z4(0) = 0) with radius r* = x1(0)? 4+ 23(0)?, and evaluate
the number of escaping and non-escaping orbits as a function of the circle radius for Ty (F,) with
k=1 up to k = 5. Results reported in Fig. 3 support the previous claim, by clearly showing that
controlled maps of orders 3, 4 and 5 behave very similarly and lead to an increase of the non-
escaping region. Let us note that the behavior of the controlled maps of orders k = 1 (Fig. 2(b))
and k = 2 (Fig. 2(c)) is somewhat misleading if it is not analyzed together with the information
from the symplecticity defect (see Figs. 1(a) and (b) respectively). In fact, these maps are strongly
dissipative and produce a strong shift of orbits towards the origin, preventing them from escaping.
This dissipation effect is not physical, as it is not observed in real accelerators, and therefore we
do not discuss further the £k = 1 and k£ = 2 controlled maps.

From the results of Figs. 2 and 3 we see that the addition of even the lower order (k = 3) control
term, having an acceptable symplecticity defect, increases drastically the size of the region of non-
escaping orbits around the central periodic orbit. A further increase of the order of the control term
results to less significant increment of this region, while the computational effort for constructing
the controlled map increases considerably. In fact, 77 (F3) contains around 100 elementary terms,
i.e. monomials in xj...z4, while this number is almost doubled for each order, so that T5(F5)
contains around 2000 terms. Also the CPU time needed to evolve the orbits increases with the
order. For example, while the integration of one orbit using 77 (F5) takes about 1.4 times the CPU
time needed to integrate the original map (2.1), the use of T5(F3) needs almost 21.5 times more.
Thus we conclude that the Ty(F,) controlled map, which can be considered quite accurately to
be symplectic, is sufficient to get significant increment of the percentage of non-escaping orbits,
without paying an extreme computational cost.

5 The SALI method

The Smaller Alignment Index (SALI) [10] has been proved to be an efficiently simple method to
determine the regular or chaotic nature of orbits in conservative dynamical systems. Thanks to
its properties, it has been already successfully distinguished between regular and chaotic motion
both, in symplectic maps and Hamiltonian flows [11, 12, 13, 14, 15].

For the sake of completeness, let us briefly recall the definition of the SALI and its behavior for
regular and chaotic orbits, restricting our attention to 2/N-dimensional symplectic maps. The
interested reader can consult [10] for a more detailed description. To compute the SALI of a
given orbit of such maps, one has to follow the time evolution of the orbit itself and also of two
linearly independent unitary deviation vectors 01(0),02(0). The evolution of an orbit of a map T’

4an orbit (z1(k), 22(k), 23(k), 24(k))g<p< v is defined as non-escaping if for all k < N 22(k) + 23 (k) + 23(k) +
23(k) < R? for a certain R (in the simulations we used R? = 10 and N = 10%,10°) and escaping otherwise.



Figure 2: Non-escaping regions of controlled map Ty(F3) as a function of the truncation order
k. 16000 uniformly distributed initial conditions in the square (z1,z3) € [—1,1] x [—1,1],
72(0) = x4(0) = 0 are iterated up to n = 10° using (a) the uncontrolled map 2.1 and (b)—(f) the
k =1 to k = 5 order controlled map T} (F5) 4.38, respectively. Initial conditions corresponding
to non-escaping orbits up to n = 10° are coloured in black, while escaping orbits are color ed in

white.



100f

75|

25/

Figure 3: Percentages of non-escaping orbits for the controlled map Ty(Fy) 4.38 as a function
of the distance from the origin in the physical space (x1,x3). We iterate initial conditions in a
circle of radius r centred at the origin of plane (x1,x3), with 22(0) = 24(0) = 0, and compute the
percentages of non-escaping orbits during n = 10° iterations, for the controlled map T}, (F») with
k=1,2,3,4,5, as a function of r.

is described by the discrete-time equations of the map
gt = (7)) (5.40)

where 7" = (mﬁ”),xén), ...,xg}\),)T, represents the orbit’s coordinates at the n-th iteration. The

deviation vectors 7\, " at time n are given by the tangent map

gt = Ay 5™ i=1,2, (5.41)

1

where A denotes the Jacobian matrix of map 5.40, evaluated at the points of the orbit under
study. Then, according to [10] the SALI for the given orbit is defined as

SALI(n) = min {H@§"’ + o } , (5.42)

Y

where ||- || denotes the usual Euclidean norm and 0; = Hg_zH’ i = 1,2 are unitary normalised vectors.
In the case of chaotic orbits, the deviation vectors v, U5 eventually become aligned in the direction
defined by the maximal Lyapunov characteristic exponent (LCE), and SALI(n) falls exponentially
to zero. An analytical study of SALI’s behavior for chaotic orbits was carried out in [12], where
it was shown that

SALI(n) o< e~ (1792, (5.43)

with o1, o9 being the two largest LCEs.

On the other hand, in the case of regular motion the orbit lies on a torus and the vectors 0y, 0
eventually fall on its tangent space, following a n~! time evolution, having in general different
directions. This behavior is due to the fact that for regular orbits the norm of a deviation vector
increases linearly in time. Thus, the normalization procedure brings about a decrease of the
magnitude of the coordinates perpendicular to the torus, at a rate proportional to n~!, and so
01, Uy eventually fall on the tangent space of the torus. In this case, the SALI oscillates about
non-zero values (for more details see [11]).

The symplecticity of SALI’s definition, its completely different behavior for regular and chaotic
orbits, and its rapid convergence to zero in the case of chaotic motion are the main advantages



that make SALI an ideal chaos detection tool. Recently a generalization of the SALI, the so-
called Generalized Alignment Index (GALI) has been introduced [16, 17], which uses information
of more than two deviation vectors from the reference orbit. Since the advantages of GALI over
SALI become relevant in the case of multi-dimensional systems, in the present paper we apply the
SALI method for the dynamical study of the 4D map (2.1).

6 Dynamics of the controlled map

As already mentioned, the goal of constructing the controlled map T,y = T el is to increase the
percentage of regular orbits up to a given (large) number of iterations, or equivalently increase
the size of the stability region around the nominal circular trajectory (i.e. the DA). Because the
presence of chaotic regions can induce a large drift in the phase space, that eventually could lead
to the escape of orbits, the achievement of a larger DA can be qualitatively inspected by checking
via the SALI method the regular or chaotic nature of orbits in a neighborhood of the origin (see
Fig. 4). We note that we define an orbit to be chaotic whenever SALI(¢) < 1078, and regular for
the contrary.

(a) log, ,SALI (b) log, ,SALI

Figure 4: Stability analysis in the (x1,x3) plane. 16000 uniformly distributed initial conditions
in the square (z1,z3) € [—1,1] x [=1,1], 22(0) = x4(0) = 0 are integrated using the T3(F3) ((a)
and (b)), and the Ty(F,) controlled map ((c) and (d)), up to n = 10* ((a) and (c)) and n = 10°
iterations ((b) and (d)). The gray scale represents the value of log,,SALI for each orbit at the
end of the integration time. The lighter the color the more stable is the orbit, while white color
denotes that an orbit escaped before the total number of iterations was reached. The black circle
indicate the initial condition of the orbit studied in Fig. 5.



In Fig. 4 (which should be compared with Fig.5 of [6]) we observe a strong enlargement of the
region of regular orbits. This region is characterized by large SALI values. In particular, for 10*
iterations of the Ty(Fy) map, 54% of the considered orbits are regular, while for the uncontrolled
map this percentage reduces to 33%. This improvement can be also confirmed by visual inspection
of Fig. 2, where the regions of non-escaping orbits are shown for different orders of the controlled
map (4.38).

In Figs. 4(a) and (b), we see that there exist orbits of the T3(F%) map, which are characterized as
regular up to n = 10% iterations, while they show their chaotic character once they are iterated up
to n = 10°. Such orbits correspond to the dark regions marked by a black circle in Fig. 4(b) (for
comparison this circle is also plotted in all panels of Fig. 4). This discrepancy is absent for the
T4(F») map, which shows almost the same geometrical shape for the non-escaping region when
we pass from 10% to 10° iterations. In order to better understand this behavior we followed the
evolution of a single orbit with initial condition #(0) = (—0.50,0, —0.65,0)" —inside the black
circle in Fig. 4— for both the T5(F3) and the T,(F5,) controlled maps, computing the corresponding
SALI values up to 2 x 10° iterations. The results are reported in Fig. 5 and clearly show that
the orbit behaves regularly up to n ~ 10° iterations of the T3(Fy) map since its SALI values are
different from zero, but later on a sudden decrease of SALI to zero denotes the chaotic character
of the orbit. This behavior clearly implies this is a slightly chaotic, sticky orbit, which remains
close to a torus for long time intervals (n ~ 10°), while later on it enters a chaotic region of the
phase space. It is interesting to note that iterating the same initial condition by the T, (F3) map
we get a regular behavior at least up to n = 2 x 10°.

Figure 5: (Color online) Dynamics of two orbits with the same initial conditions for the 3™
and 4™ order controlled maps. Time evolution of the SALI for the orbit with initial conditions
#(0) = (=0.50,0,—0.65,0)7 (see Fig. 4), using the T3(F}) [(r) red curve] and the T, (F3) controlled
map [(b) blue curve].

In order to provide additional numerical evidence of the effectiveness of the controlled map (4.38)
in increasing the DA, we consider initial conditions inside a 4D sphere centered at the origin
T, = Ty = 13 = x4 = 0 of the map, with radius, r? = 21(0)? + 25(0)% + 23(0)2 + 24(0)%. We
compute the number of regular, escaping and chaotic orbits as a function of the sphere radius.
The corresponding results are reported in Fig. 6(b), while in Fig. 6(a) we reproduce Fig. 6 of [6]
for comparison. From this figure we observe a strong increase of the DA, since the largest sphere
containing 100% regular orbits has a radius r ~ 0.66, while this radius was r = 0.39 for the
original uncontrolled map. We also observe that increasing the total number of iterations from



10* to 10° (dashed and solid lines in Fig. 6 respectively) increases the percentage of chaotic orbits,
but the radius of the 4D sphere containing only regular orbits does not change significantly.

100 100
75¢ [ @ | 75!
2 50 2 50
25/ o5l
% 05 T 12 0

Figure 6: (Color online) Dynamical aperture of the (a) original map (2.1) and (b) the Ty(F3)
controlled map (4.38). The percentages of regular [(b) blue curves|, escaping [(g) green curves]
and chaotic [(r) red curves| orbits after n = 10* (dashed curves) and n = 10° iterations (solid
curves) for initial conditions in a 4D sphere centred at the origin 1 = x5 = x3 = x4 = 0, as
a function of the sphere radius r. Each point corresponds the average value over 5000 initial
conditions. The largest radius at which the percentage of regular orbits is still 100%, is marked
by an arrow in each panel.

7 Conclusions

In this paper we considered a simple model of a ring particle accelerator with sextupole nonlinearity
that can be described by a symplectic map. In the framework of Hamiltonian control theory, we
were able to control the dynamics of the original system by providing a suitable control map,
resulting in a small “perturbation”of the initial map. This control map has been constructed with
the aim of DA enlargement of the particle accelerator, and thus improving the beam’s life-time
and the accelerator’s performance.

In particular, the theoretical framework we developed allows a 1-parameter family of approximated
controlled maps.  We performed several numerical simulations in order to choose “the
best” approximated controlled map T (F3) (4.38), taking into account the complexity of the map,
i.e. the number of terms by which it is composed, the CPU time needed to perform the numerical
iteration of orbits, and the accuracy of the results in terms of the symplectic character of the map.
We find that the 4™ order controlled map Ty(Fy) is an optimal choice for the controlled system.
Using this controlled map we succeeded in achieving our initially set goal, since the T;(F») map
exhibits a DA with a radius more than 1.7 times larger than the one for the original map (see
Fig. 6).

A Computation of the control term.

The aim of this section is to introduce further details for the construction of the control term and
of the controlled map, and to provide explicit formulas for the interested reader.



1.1 Notations

Let us first introduce some notations and recall some useful relations.

e Lie brackets and operators. Let X be the vector space of C* real or complex functions
of 2N variables (p,q). For any F, G € X, the Lie bracket is given by

N
{Fv G} = Z [aszaqu - aquasz] ) (144>
i=1
where 0., f = % denotes the partial derivative with respect to the variable z;.
Using the above definition, we can define a linear operator, induced by an element I’ of X,

acting on X
{F}: X - X

G — {F}G = {F.G} (1.45)
This operator is linear, antisymmetric and verifies the Jacobi identity
VE.GeX {{F}G}={F}{G}—{GHF} (1.46)

e Exponential. We define the exponential of such an operator {F'}, by
(F} ._ {
=% T (1.47)
k=0

which is also an operator acting on X. The power of an operator is the composition :

{F}G ={F}" ({F}G).

We observe that in the case of the Hamiltonian function H, the exponential provides the
flow, namely elftzy = x(t), of the Hamilton equations

p =—-0,H (1.48)
G =0,H. (1.49)

e Vector Field. The action of the above defined operators, can be extended to vector fields
“component by component”

VE.G HeX g}(i):(%%i). (1.50)
1.2 Mappings as time-1 flows.

We show now that map (2.1) can be seen as the time-1 flow of a given Hamiltonian system. More
precisely we show that

T cos(wy) —sin(wy) 0 0 T
| _ sin(wy)  cos(wi) 0 0 Ty + 23 — 22
T3 0 0 cos(wg) — sin(ws) T3
Ty 0 0 sin(wg)  cos(ws) Ty — 20173
L1
= etV | 2 (1.51)
T3

Xyq



where

.ZUQ +I2 .ZUQ +I’2
H<xlax27'r37x4) = —Ww L 2 2 — Ws 3 2 4 (152)
and ,
L1 2
V(l’l, $27I3,ZL’4) = —3 + T1Ts - (153)

Let us observe that H is the sum of two non-interacting harmonic oscillators with frequencies w;
and wy, hence its dynamics is explicitly given by

x1(t) = Acos(wit) — Bsin(w;t) (1.54)
xo(t) = Bcos(wit) + Asin(w;t) (1.55)
x3(t) = Ccos(wat) — D sin(wsat) (1.56)
x4(t) = D cos(wat) + C'sin(wat) . (1.57)

By definition i/ = et} % is the solution at time 1 with initial condition & = (z1, z2, 73, 74)T, hence
we obtain

Yy = os(wl)ml — sin(wy )z (1.58)
Yo = sin(wy)xy + cos(wy)xe (1.59)
Y3 = COS(U)Q)(Eg — sin(wsy)zy4 (1.60)
Yy = sin(we)xs + cos(we)ry , (1.61)
that is
) cos(wy) —sin(wy) 0 0 )
gy | w2 | _ | sin(wi)  cos(wi) 0 0 To
c T3 0 0 cos(wy) —sin(ws) T3 (1.62)
T4 0 0 sin(wz)  cos(ws) x4
From 1.53 and the definition 1.45 we easily get
{V} = 0,V0u — 04, VO, + 00, VOuy — 00, VO, (1.63)

= (2] = 23)0, — 201230y,
This means that once applied to a vector & only the second and fourth components of {V'}& will be
non-zero and moreover they only depend on the first and third components of Z, hence {V }2# = 0.
We can thus conclude that V& > 2 and V¥ € R*, we get {V}*7 = 0. Finally using the definition
(1.47) we obtain

T
o0 vV k 2 .2
eV = {k'} F=Ix+{Vii=| " +f31 3 (1.64)
k=0 ) 3
Ty — 22711‘3

1.3 Computation of the generator F' under the assumption RV = 0.

Let us recall that the composition of maps expressed by exponential defines the warped addition

A ABY . {Ale{B} : (1.65)
whose first terms are

{Ayo{B} ={A} +{B} + 5 ({A}{B} {B}{A}) + (1.66)



Using the warped addition with equation 3.14 of Theorem 1, we obtain

e} = e~ (VIlW=0V}o(RV} {0V} — o~ {VISAN-GVI&{RVI&{GV} (1.67)
and thus
{F} = {(Vie{W-9V}ie{RVie{gV}=—{VIe{l-9V}a{gV}+o(V?)

1

— |5 UVHEV) ~ (@VHVY) {6V} | ®{GV} +o(V?)
"= vevy
= S0V} + {VIGVIGV) o(V?) = S{{V}GV} +o(1?), (1.68)
=0o(V?)

where we explicitly used the assumption RV = 0 to remove the third term on the the right hand
side on the first equation and hence to write N'V = V. We are thus able to define the non-resonant
control term, up to order V2, to be

[ %{V}QV _ %{V,QV}. (1.69)

1.4 The operator ¢

To get the explicit formula for F5 we need to compute the expression of G. From definition 3.10
the operator G should satisfy

G(1-etg=g. (1.70)

To construct it, it will be more convenient to use complex variables
Cl = I9 + i[L’l and CQ = T4+ il’g . (171)

Then the function H becomes

H(G,G) = _%Q& - %CQC_Q, (1.72)
and using
0 o¢, 0 06 0 ) )
i T R S S 1.73
dr1  0m 0G| 010G 0G| 0G (1.73)
0 o¢, 0 96 0 0 0
g _%H9 ™I 9,9 1.74
8:@ 81'2 8{1 8372 OQ 8(1 8(’1 ( )

for (z1, ), the operator { H} becomes
OuyHOy, — 0y HOyy = 2i (0, HOz, — 05, HOL, ) = iwn (107, — C10c,) (1.75)

with a similar expression holding for (3, z4). Hence for any 71 = (ny,n) € N2 and m = (mq, my) €
N? we obtain

{HYCC™ =i (wymy — wing + wams — wyny) CC™ = i@ - (m — )¢ | (1.76)

where we introduced the vector @ = (w;,ws) and we used the compact notation (" = (J*(3?, for
the complex vector ¢ = (1, (2).



We note that from the knowledge of the operators’ action on such monomials ¢"(™, we can
reconstruct the operator action on any regular function. The operators are linear and they will be
applied on polynomials in the & variable, which are nothing more than polynomials in the complex
variables.

Let us now compute the time-1 flow of {H} by using complex variables. Starting from 1.76 and
then proceeding by induction, we can easily prove that for all £ € N

{HYCCM = (i3 - (m — i1))* ¢ (1.77)
and finally
00 4. o Kk
AHY (G Z (i< - (77;'_ 7)) (G — =) ¢t Fri. (1.78)
k=0 ’

Similarly e~ {H}¢(m = e=i-(m=—m)cifm,
Assuming a non-resonance condition

G- (m—m)#2kr Vi#AmeN\{0} and Vke€Z, (1.79)

a possible choice for the operator G is the following

GeiCm = WNCNQ% (1.80)
with o o
N = (¢ (1.81)
if
5 (7 — i) # 27k (1.82)

and is 0 otherwise
It is easy to check that the operator G defined by (1.80) verifies (1.70). In order to do so we
introduce the compact notation

Zpm 1= ("™ and Onm = e~ (M=) (1.83)

Developing the left hand side of 1.70 and using the linearity of all operators, we get

G(1—e¥GZ,,, = (G—GetM) ﬁZmn (1.84)
— ;gz — #ge—{’ﬂz (1.85)

1= O ™™ 1 —=Opm o ‘
_ L 7 L Oz (1.86)

- (1 . |:|n7m)2 n,m 1 . |:|n7m n,m+<n,m .

1 O
R e (e e D
1

1.5 Expression of the control term £

The function F; is defined by 1.69, where V' is a known function. The term GV will be computed
starting from the previously obtained expression of G. To construct F» we first have to express V'
in the complex variables (1.71):

V(€ G) = —2—142(% + éz’&ﬁ - éZZ%Cl + 2—14255’ + éiClsz - iiClCzéz

+éiC1C22 - é@fl(zg + i%l@@ — éiﬁg' (1.89)



By the linearity of the operator, and by using (1.80), we easily compute GV. In particular we
apply G to each term of (1.89). Then using the inverse change of coordinates

Ir = %Z(C_l — C1> and T = %(Cl + 51) (190)

(similar expressions hold for (z3,z4) and ({2, (3)), we can go back to the original variables #. The
obtained expression after some algebraic simplifications is

GV = —1/6 csc(3/2w) [w2 cos (1/2w;) + 2y sin (1/2wy)] [217 — 3a5” + 57
+ (2 12 — 6132 + x22) cos (wy) — xq T3 sin (wl)]

1/4 sin (wy)

cos (w; — wsy) — cos (ws)
(=29 24% + T2 232 + 211 14 13) Sin (wo)

~1/4 (1.91)

cos (wg) — cos (w1 + wo)
Then the explicit expression of the control term F3 is
Fy, = 1/2(2% —23) ( — 1/6 csc(3/2w;) cos(1/2w: ) (23 — 323 + 15

+(223 — 623 + 73) cos(wy) — 7172 sin(w;))

—1/6 cse(3/2w) <a:2 cos(1/2wy) + x; sin(1/2w1)> (2x9 + 29 cos(wy) — @ sin(wy))

—1/4 (1.92)

(22 — 22) sin(wy) / r123(2x123 — 2x974) Sin(ws)
cos(wy) — cos(wy + wo) cos(wq) — cos(wy + wo)
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