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Abstract

An exact invariant I has been shown to exist for gen-
era three-dimensional Hamiltonian systems of N particles
confined within a general velocity-independent potential.
Since the invariant depends on the explicitly known tra-
jectories of the particle ensemble, it can only be obtained
after the solutions of the equations of motion have been
calculated. If the time evolution of the particle ensemble
is obtained from a computer simulation, the invariant can
no longer be expected to be strictly constant because of the
generally limited accuracy of numerical methods. The de-
viation of a numerically obtained “invariant” from a strict
constant of motion may thus be used as a posteriori error
estimation for the respective simulation.

1 EXPLICITLY TIME-DEPENDENT
HAMILTONIANS

We consider a system of a non-relativistic ensemble of N
particles of the same species moving in an explicitly time-
dependent potential, whose Hamiltonian H takesthe form

N
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with Z, ¢, and Z the N component vectors of the spatial
coordinates of all particles. From the canonical equations,
we derive for each particle i the equation of motion
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and likewise for the ¢y and = degree of freedom. The func-

tions z;(¢) and 4,(t) denote the i-th particle tragjectory in

the z-direction and its time derivative that follow from the

integration of the equation of motion (2). A quantity
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congtitutes an invariant of the particle motion if its total
time derivative vanishes, i.e. if dI/dt = 0 aong the phase-
space path representing the system’s time evolution.
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2 THE INVARIANT

The invariant I as defined by (3) for the Hamiltonian (1)
followsas[1]
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with f>(t) representing a solution of

N
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The domain of (3), and hence the physical significance
of the subseguent equation (5), is restricted to the actual
phase-space path, defined as the one-parameter subset of
the 6 N-dimensional phase-space on which the equations
of motion (2) are fulfilled.

Along the phase-space path, all terms of Eq. (5) that
depend on the particle trajectories are in fact functions
of the parameter time ¢ only. Accordingly, the potential
V(Z(t), y(t), Z(t),t) and its derivatives are time-dependent
coefficients of an ordinary differential equation for f5(t).
The invariant (4) is easily shown to provide atime integral
of Eqg. (5) by caculating the total time derivative of (4),
and inserting the single particle equations of motion (2).
Hence, Eq. (4) embodies a time integral of Eq. (5) if and
only if the system’s evolution is strictly consistent with the
equations of motion (2).

3 EXAMPLE

As a simple example, we investigate the one-dimensional
Hamiltonian system of an “asymmetric spring”, defined by

H =3 + 1w%(t)2® + a(t) 2°. (6)
The related equation of motion follows as
i+ wi(t)r +3a(t)2® =0. (7)

Theinvariant I isimmediately found writing down the gen-
eral invariant (4) for one dimension and one particle with
the Hamiltonian H given by (6)

According to (5), the function f2(t) for this particular case
is given asasolution of thethird order differential equation

I=f (:'v2 +wia? + 2az3)

Fa + 4faw? + A fowe + 2(t) (4f2a + IOan) ~0. (9

Since the particle trajectory « = x(t) is explicitly con-
tained in Eqg. (9), we must know it prior to integrating
Eq. (9). Thetrajectory is obtained integrating the equation
of motion (7).

In order to provethat Eg. (8) isindeed an invariant of the
particle motion, we may calculate the total time derivative
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of Eg. (8). Inserting the equation of motion (7), we end up
with Eq. (9), which is fulfilled by definition of f2(¢) along
the given trgjectory « = x(t).

Substituting p2(t) = f2(t), Eq. (9) may be converted
into the alternative form of an “envel ope equation”

9 (t)
I
Eqg. (10) is equivalent to (9), provided that the time deriva-

tive of the function g, (¢), introduced in (10), is given by
g(t) = —(t) (2ap; + 10ap}ps) -

Expressing theinvariant (8) intermsof p . (¢), and inserting
the auxiliary equation (10), we get

=0.

P (t) + w?()pu(t) — (10)

(11)
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(12)
With regard to the definition of ¢,.(¢) given by Eq. (11), we
observe that the invariant (12) reduces to the well-known

Lewisinvariant [2] for the time-dependent harmonic oscil-
lator if a(t) = 0, which meansthat g,.(¢t) = const.

w(t)=cos(t/2),a(t)=10"sin(t/3) X(0)=1,%(0)=0,f,(0)=1,f,(0)=f,(0)=0
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Figure 1. Example of anumerical integration of Eq. (7) and
the subsequent numerical integration of Eq. (9).

Fig. 1 shows a special case of anumerical integration of
the equation of motion (7). Included in this figure, we see
the result of a subseguent numerical integration of Eq. (9).
Knowing both results, we are able to cal cul ate the invariant
1 given by Eq. (8), or, equivalently, by Eq. (12). Fig. 2 dis-
plays the relative deviation of the numerically obtained in-
variant I from an exact invariant, thereby providing amea-
sure for the accuracy of the numerical method.

4 SYSTEM OF COULOMB
INTERACTING PARTICLES

A more challenging exampleis defined by an ensemble of
N Coulomb interacting particles of the same species mov-
ing in atime-dependent quadratic external potential, astyp-
ically given in the co-moving frame for charged particle
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Figure 2: Relative deviation of the numerically calculated
invariant (12) from the exact invariant 7(0).

beams that propagate through linear external focusing de-
vices. The potential function V' of this system is given by

N

V(Z,§,7,1) Z[ )22 + 3wl (t) y?
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with 72, = (= —2;)” + i —y)” + (27— 2)” and

c1 = q?/4megm, g and m denoting the particles charge
and mass, respectively. The equations of motion that fol-
low from (2) with (13) are
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and likewise for the y and = degrees of freedom. We note
that the factor 1/2 in front of the Coulomb interaction term
in (13) disappears since each term occurstwicein the sym-
metric form of the double sum.

With the effective potential (13), Eq. (5) specializesto

(a%) (3 + 4fw2 + A fowains) +
() <f2 + 4]52%3 + 4fgwywy) +

(22) (B + 4?4 foonss) + 20D

f>=0. (15)
Herein, the sumsover the particle coordinatesarewrittenin
terms of “second beam moments”, denoted as (22 for the
a-direction. Furthermore, T (¢) stands for the electrostatic
field energy constituted by all particles

1 2
= Nzljmz(t)

Theinvariant I for thissystem isgivenby (4), provided that
f2(t) is asolution of (15). Again, we may directly prove
that Eq. (4) with (1) and (13) is atime integral of Eq. (15)
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by calculating the total time derivative of (4) and inserting
the single particle equations of motion Eq. (14).

Substituting p?(t) = f2(t) and defining the function g(t)
according to

g(t) = (%) p° (5 + wz (t)p) + (v*) p* (B + wy(t)p) +
() (54 2(0p) (16)

the third order eguation (15) can be transformed into an
equivalent system of a first and a second order eguation
for p(t), thereby eliminating the derivativesw., ,, .(t) of the
lattice functions. Similar to the previous example, solving
(16) for j(t) meansto expressit intheform of an “ envelope
equation”

. 2 . g9(t)
Pre e BT (B 1 (2)

with the “average focusing function” w?(t) defined as
wz (@%) +wy () +wi (=)
(@) + () + ()

It may easily be shown that Eq. (17) isequivalent to (15) if
the time derivative of ¢(t) satisfies

w2(t) =

mw2f<mwm¢+waﬁ+QWMﬁ+wa»+

. 2 w .

(22) (5 + w2p) mN@. (19)

We may apply these findings to test the results of a nu-
merical simulation of a system governed by (14). As stated
above, Eq. (4) embodiesatimeintegral of (15) — or equiv-
alently a time integral of the set (17) and (18) — if the
system’stime evolution is strictly consistent with the equa-
tions of motion (14). On the other hand, a strict consistency
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Figure 3: Second beam moment (2?) and f versustimeas

obtained for 2500 simulation particlesin a3D simulation of

an isotropic periodic focusing lattice with strong Coulomb

interaction. 7 denotes the focusing period common to all
three directions.
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can never be accomplished if the evolution of the particle
ensemble is obtained from a computer ssimulation. Under
these circumstances, the quantity I as given by Eq. (4) —
with f2(t), f2(t), and f5(t) following from (15) — can no
longer be expected to be exactly constant.

Fig. 3 displays the function f5(¢) resulting from a nu-
merical integration of Eq. (15). Its coefficients (z?),
(y*), (2?), and W (t) have been calculated from a three-
dimensiona simulation of a charged particle beam propa
gating through an isotropic periodic focusing lattice with
non-negligible Coulomb interaction, as described by the
potential function (13). Fig. 4 displays the relative devi-
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Figure 4: Relative deviation of the numerically calculated
invariant (4) from the exact invariant 1(0) for the simula-
tion of Fig. 3.

ation of the numerically obtained invariant I from an exact
invariant for our simulation. We observe that the main de-
viations from I = const. take place at the edges of the
focusing lenses. The horizontal sections of the function
AI(t)/I(0) — occurring along the drift spaces— indicate
that the field-free regions do not significantly contribute to
the overall error of our simulation.

5 CONCLUSIONS

— =

For the specia case of a potential V' (Z, ¢/, 2) that is inde-
pendent of time explicitly, the Hamiltonian (1) yields the
system’s total energy E. The invariant I then reduces to
I < H = E. For these systems, the time evolution of £
is commonly used as accuracy test, which means to check
inasmuch the energy is actually conserved in the smula-
tion. On the basis of the general form of Egs. (5) and (4),
this accuracy test may be performed as well for explicitly
time-dependent Hamiltonian systems.
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