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1 Panofsky-Wenzel and Planar Wake Theorems
1.1 Concept of Wakefields

To a large degree, accelerator physics and plasma physics are quite similar. Both
involve nonlinear dynamics (single-particle effects) and collective instabilities
(multi-particle effects). However, there is an important difference:

beam self fields > external applied fields (plasma)
beam self fields < external applied fields (accelerators)

This difference means perturbation techniques are applicable to accelerators
with
unperturbed motion = external fields,

perturbation = self fields, or “wakefields”

In fact, in accelerator physics, a first order perturbation often suffices.

It is important to appreciate the fact that our instability analysis in acceler-
ators is based on the validity of this perturbation technique. In particular, the
concept of wakefields is based on the validity of this perturbation technique as
applied to high energy accelerators — the words “high energy” are critical, as we
will explain.

Consider a beam with distribution ¢. The dynamics of the evolution of v is
described by the Vlasov equation,
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In case the beam is intense, the EM fields contain two contributions,

—

E= Ecxt + Ewakc
é = éext + Ewake (12)
The wakefields (N is beam intensity)

(Ev é)wake x N
(E7 E)wake < (E> E)ext (13)

are determined by the Maxwell equations where the source terms p and j are
determined by the beam distribution :

o= [@vo. G- [y (1.4)

We therefore have the situation when the beam distribution is described
by the Vlasov equation whose force terms are given by the electromagnetic



fields, while the electromagnetic fields are described by the Maxwell equations
whose source terms are given by the beam distribution. It is clear that a full
treatment of the beam-wakefield system requires solving a coupled “Vlasov-
Maxwell equation”.

Most wakefields are generated by beam-structure interaction. Figure 1.1
shows no wakefields when the beam pipe is smooth and perfectly conducting,
while a structure causes wakefields to be generated.

Smooth Pipe Pipe with Structure
=> No Wakefields => Wakefields
< ———
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Figure 1.1: Wakefields are generated when the beam pipe is not smooth.

Beam-structure interaction is a difficult problem in general. Its solution
often involves numerical solution using particle-in-cell (PIC) codes. Applying
PIC codes is reasonable for small devices such as electron guns and klystrons,
but becomes impractical for large accelerators.

So, can we simplify it for our purpose? The answer is yes. For high energy
accelerators, this complication can be avoided due to two simplifying approx-
imations. These simplifications lead to the concepts of “wake function” and
“impedance”.

Rigid beam approximation The first simplification is the rigid beam ap-
proximation. At high energies, beam motion is little affected during the passage
of a structure. This means one can calculate the wakefields assuming the beam
shape is rigid and its motion is ultrarelativistic with v = ¢. In fact, we only need
to calculate the wakefields generated by a “rigid cosm#f ring beam” as shown
in Fig.1.2, where m = 0 is monopole moment (net charge), m = 1 is dipole
moment, etc. Wakefield of a general beam can be obtained by superposition of
wakefields due to the ring beams with different m’s and different ring radii.

Impulse approximation The second simplification is the impulse approxi-
mation. First, let’s note that we don’t need to know the instantaneous E or B
separately. We need only to know f. Second, for high energies, we don’t even
need the instantaneous f We only need the integrated impulse

Ap= /oo dt f (1.5)
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Figure 1.2: An ultrarelativistic cos m# ring beam going down the beam pipe in
the rigid-beam approximation.

where the integration over t is performed along the unperturbed trajectory of
the test charge e, holding D fixed. See Fig.1.3. The integration from —oo to oo
assumes the wakefield is localized to the neighborhood of the structure in the
beam pipe.
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Figure 1.3: Configuration of a ring beam and a test charge that follows it.
The ring beam generates a wakefield. The test charge receives a wake-induced
impulse in the impulse approximation.

The instantaneous wakefields are complicated, but as we will soon see, Ap’
is much simpler and it is Ap that we need! Mother nature has been very kind.
The quantity cAp'is sometimes called the “wake potential”. Note that although
the beam is considered to be rigid during the passage, the impulse will affect
the subsequent beam motion after the passage.

Reasoning along this line turns out to be quite fruitful. In the following, I will
first derive a theorem (Panofsky-Wenzel), and then consider various applications
along similar lines, including the introduction of another theorem called the
planar wake theorem. The Panofsky-Wenzel theorem is the basis of all beam
instability analyses in high energy accelerators.



1.2 Panofsky-Wenzel Theorem

We derive the theorem in this section. Details of the derivation are different
from the original paper. Maxwell equations read

V'E:4ﬂp
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where we have made the important rigid beam approximation ; = pv and U =
Bcz.
The Lorentz force, Eq.(1.1) is given by
f=e(E+p2x B) (1.7)

which leads to

= dpL -2

(1.8)

= —e (12 + 6£> B (1.9)
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As mentioned, we are only interested in the impulse given by Eq.(1.5). To
be more specific, we want to calculate the net kick received by a test charge e
which has a transverse position (z,y) and longitudinal position D relative to
the moving beam (see Fig.1.3). Both the beam and the test charge move with
¥ = fBcz. Eq.(1.5) is then written more precisely as

o0
Aty D) = [t Fla,.D+ et (110)
— 00
Note that D < 0 if the test charge is trailing the beam.
So far, we have not assumed any detailed shape of the beam. Neither have
we assumed any information of the pipe boundary. We have kept 3 in the
derivation, postponing setting 4 = 1 until later.



With Eq.(1.10), we have
/ dt [V’ X ﬂ(z,y,z,t)}
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In Eq.(1.11), V refers to taking derivative with respect to coordinates (x,y, D),
while V' refers to taking derivative with respect to coordinates (x,y, z). If the
wakefield B vanishes far away from the region of interest, we have

VxAp=0 (1.12)

which is the Panofsky-Wenzel theorem.

One might ask if the Panofsky-Wenzel theorem exhausts all the useful infor-
mation contained in the Maxwell equations regarding the wake impulse. The
answer to this question is no. Panofsky-Wenzel theorem, in this sense, is nec-
essary but not sufficient. In particular, one observes that the Panofsky-Wenzel
theorem (1.12) makes use of Eq.(1.9), but not Eq.(1.8). Also, Eq.(1.12) implies
that Ap can be written as the gradient of another quantity W, but it does not
say what W is. On the other hand, Maxwell equations allow expressions for W,
as illustrated in Exercises 4 and 5.

We introduce W by

Aﬁ(xvyaD) = —€VW(J,‘,y,D) (113)
Equation (1.17) in Exercise 2 then requires the Laplace condition (when 3 = 1)
W PW
217 —

Ezxercise 1 Equation (1.12) is a vector equation. One can decompose
it into a component parallel to Z and a component perpendicular to
Z by taking Z- or Zx operations to it. Use these operations to show

V(2% AF) =0 (1.15)
0
@APL =V,.Ap, (1.16)

Eq.(1.15) says something about the transverse components of Ap.
Eq.(1.16) says that the transverse gradient of the longitudinal wake
potential is equal to the longitudinal gradient of the transverse wake
potential.

FExercise 2 When (3 = 1, show that
Vi -Ap, =0 (1.17)



By setting 0 = 1, we have dropped the direct space-charge terms,
i.e. the 1-st term on the right-hand-side of Eq.(1.8).
Solution

o0

o rF
v-ar = [ alvfesen]
- -2f dt<8Ez> e f dt(aEz>
CJ_~ ot z=D+ct —00 0z z=D+ct
(O _ oAy,
B /oodt(a’z)z:D-‘t-Ct oD (118)

which proves (1.17).

Ezxercise 3 In Cartesian coordinates, Eq.(1.15) gives ag‘pm = agpy,
Yy T

while Eq.(1.17) gives 82;“ + 0353’ = 0 when 8 = 1. Combining

these equations give (8‘9—; + 83—:2)Apm,y =0if 8 =1. It is clear that
Panofsky-Wenzel theorem imposes strong conditions on Ap.

Exercise 4 Use Maxwell equations and the Lorentz force equation
to show that

o0
W:/ dt((b_AZ){-@,y,D-&-ct,t (1.19)
MWithE:_v¢_%%§ and B = V x A, we have
dp D 53 ea/Y aA’l
= = E B _ _€eoda AZ _ 0AL
5 OB+ ExB)=—eVo———n +eV, 2

We then use %‘f = %—‘f +(7-V)A = %—‘f + c%—f, and integrate over ¢,
to obtain

Af=—e / dt(Vé— VA,) (1.20)
Eq.(1.19) then follows.

Ezxercise 5 Show that one can cast the Panofsky-Wenzel theorem in
terms of relativity 4-vectors as

oW 1 [

Ap® = —e— where W = 7/ drAPug (1.21)
0y cJ_

where 7 is the proper time.

Solution The 4-vectors are z® = (ct,x,y, z), u* = (y¢,y¥), A* =

(¢, A), p* = mu® = (E/c,p). Start with the 4-vector equation of

motion for a relativistic particle,

dp® du® e (8145 0A% )
- _ ug

dr _dr ¢ Ore  Oxg
e [ 0AP e [, 0A“
Ap® = mAu® = —- d - d 1.22
= p* =mAu C/_OOT3$auﬁ+C/_ooT xﬁu,g( )



The second term on the RHS can be written as, using the fact that
updr = dug, —¢ [7 drg G- = —¢A°|T_ = 0. Eq(1.21) then
follows. This result is consistent with Eq.(1.19).

It should be pointed out that Eqgs.(1.19) and (1.21) are formal
expressions. Explicit expressions of W still requires solving Maxwell
equations for A%, which is the difficult part. Indeed, the power
of Panofsky-Wenzel theorem lies in the fact that one can obtain so

much result without resorting to solving Maxwell equations in detail.

Ezxercise 6 As an illustration of decomposing a general beam dis-
tribution into a superposition of cos mé-ring components, consider
a point charge g located at r = rg and 6 = 6y, moving with velocity
¥ = cZ. Perform the cos mf-ring decomposition for this beam.

Ezxercise 7 Panofsky-Wenzel theorem applies when the impulse is
caused by a Lorentz force. Consider a particle with magnetic mo-
ment (i, which experiences a Stern-Gerlach force instead of a Lorentz
force. Does the Panofsky-Wenzel theorem apply to its motion?

1.3 Cylindrically Symmetric Pipe
In cylindrical coordinates, Eq.(1.15) gives

V- [2 x (Ap,7 + Apgh)] = 0

0 9
= 5. (rApe) = z5Ap: (1.23)

Eq.(1.16) gives

O Ay D
. { B AP = r D (1.24)

Eq.(1.17) gives

B 10
o (rAp) o+~ Apy =0

— —a(A )———aA (B=1) (1.25)
A L R - '

Equations (1.23-1.25) are surprisingly simple. They do not contain any beam
source terms. Exact shape or distribution of the beam does not matter. Neither
do they depend on the boundary conditions. The boundary can be perfectly
conducting or resistive metal, or it can be dielectric. The boundary does not
have to be a sharply defined surface; it can for example be a gradually fading



plasma surface. The boundary also does not have to consist of a single piece.
The only inputs needed for the Panofsky-Wenzel theorem are the Maxwell equa-
tions in free space and the rigid-beam and the impulse approximations.

We are now ready to consider a cosmf ring beam with ¥ = ¢Z as in Fig.1.3.
Eqgs.(1.23-1.25) can be solved, and it follows that there exists a function W,, (D)
such that

APy = —el, W (D)mr™ (7 cosmb — 6 sinmb)
cAp, = —el, W] (D)r"™ cosmb (1.26)

where I,,, is the m-th multipole moment of the ring beam. The reader should
try to derive Eq.(1.26) from Eqs.(1.23-1.25). On the other hand, the derivation
can be recovered as a special case when we discuss Eqs.(1.28-1.33). Eq.(1.26)
can also be derived by solvng Eq.(1.14) to obtain

W = I,,W,,(D)r"™ cos mf (1.27)

The solution (1.26) contains explicit dependences of r and §. The depen-
dence on D is through the wake function W,, (D) which can be obtained only
if boundary conditions are introduced. The fact that we can go so far without
much details shows the power of this line of study.

When the beam pipe is cylindrically symmetric, each m-multipole compo-
nent of the beam excites a wake pattern according to (1.26). Different m’s do
not mix.

I assume the reader is familiar with the properties of the wake function and
its Fourier transform, known as the impedance. Suffice it to remind the reader
that the rigid-beam and the impulse approximations have led to a drastically
simpler Vlasov system (instead of a Vlasov-Maxwell system) to solve, and as
a result one obtains a large amount of analytical results without resorting to
PIC codes. Below we look for other applications along the line of the Panofsky-
Wenzel analysis.

1.4 Cylindrically Symmetric Pipe With a Central Con-
ductor

Consider now a cylindrically symmetric beam pipe except that this time there is
a perfect conductor at the center. The pipe therefore has a coaxial-like geometry,
as sketched in Fig.1.4. The beam has ¥ = ¢Z and is necessarily ring shaped and
goes around the central conductor. The beam can again be decomposed into a
superposition of cosm# ring beams. Other than being cylindrically symmetric,
the geometries of the pipe and the central conductor are arbitrary.

Everything from Maxwell equations (1.6) to the Panofsky-Wenzel theorem,
Eqgs.(1.12-1.25) still hold. But Eq.(1.26) needs to be changed. In obtaining
Eq.(1.26) as solution to Eqgs.(1.23-1.25), we have applied the condition that the
solution must be well-behaved at the pipe center r = 0. Indeed, when » — 0 in
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Figure 1.4: When there is a central conductor in the beam pipe.

Eq.(1.26), the wake potentials are well behaved.!

But with a central conductor, this condition does not have to hold and there
are new modes which can be excited by the beam. As we will see, the general
form of the wakefield will then be quite different from Eq.(1.26). This can be
of concern because one of the techniques often used to measure the wakefield
is to run a thin conducting wire down the pipe structure. The concern is then
whether the thin wire has profoundly perturbed the wakefield.

With a cosmf beam, even with a central conductor, we can write

Ap, = Ap,.cosmb, Apg = Apgsinmb, Ap, = Ap,cosmb (1.28)

where Ap,., App, Ap, are functions of » and D. Substituting into Egs.(1.23-
1.25), we find

0 B _ o . _ o . _
5y, (1APs) = —mApr, 3020 = 5 AD:
0 . _ m, _ 0 _ _
a—DApg = —7Apz, E(rApr) = —mApy (1.29)
It follows that, by eliminating Ap, and Apy,
0 OAp, oA~

IThe only questionable case is when m = 0, the 7™~ !-dependence of Ap| seems divergent.
But when m = 0, the entire Ap’, vanishes because Ap| « m.



There are two solutions of Eq.(1.30) for Ap, as far as its r-dependence is con-
cerned, namely

—m

_ ™, T s lfm;é()
Ap, = {Constant inr, In(r/b), ifm=0 (1.31)

where b is the pipe radius far away from the structure. This leads to the general
solution

m ! —m7yr/ 3
Ap. = {r W) (D) +r—™U] (D), iftm#0 (1.32)

WH(D) + UL(D)In(r/b), ifm=0
where Wy, (D) and Wy(D) are the wake functions introduced before, while
U (D) and Up(D) are a new set of modes excitable by the beam due to the pres-
ence of the central conductor. Had there be no central conductor, we re-obtain
our previous results.

Having obtained Ap,, the other components are obtained from Eq.(1.29).
Together with Eq.(1.28), we find

B m[rm W, (D) — r=™"U,,(D)] cosm@, if m #0
Apr = —elm { 1Uo(D), if m=0

_ —m[r™=IW,, (D) + r~™~U,,(D)]sinmb, ifm#0
Apg B BIm { O7 if m=20

_ [rmW! (D) +r~™U, (D)]cosmf, if m #0
Apz = —cln { W (D) + U(D) In(r/b), if m =0 (1.33)

We can apply our results to the case when the central conductor is a smooth,
perfectly conducting wire of radius a. For the mode m = 0, the condition that
E. = 0 along the surface of the wire leads to the condition that

Ap,(r=a,0,D)=0

Wo(D)
== Uy(D) = —
o(D) In(a/b)
Apr = ely rﬁo(g/)g)
— Apg =0 (1.34)
Ap, = —elgWi(D) {1 - i ;;;g}
with Iy the total charge of the driving beam.
For modes m # 0, similarly, we obtain
Un(D) = —a*"W,,(D)
Ap, = —el,mW,,(D)[r™=! + a?>mr=™"1] cos m@
= Apg = el,mW,,(D)[r —a?™r=m=sinmé (1.35)

D m—1
Ap, = —el,,W! (D)(r™ — a®™r=™) cos mf

Compared with Eq.(1.26), the central wire seems to perturb the wakefield
pattern profoundly. The effect of a central wire in some impedance measuring
devices is yet to be analyzed more carefully.

10



Exercise 8 What if the central conductor looks like Fig.1.4(b)? Is
a divergence at r = 0 allowed in the analysis of wake potentials?

1.5 Planar Wake Theorem

Planar Structures In order to reach higher acceleration gradients in linear
accelerators, it is advantageous to use a higher accelerating RF frequency, which
in turn requires smaller accelerating structures. As the structure size becomes
smaller, rectangular structures become increasingly attractive because they are
easier to manufacture than cylindrically symmetric ones. One drawback of
small structures, however, is that the wakefields generated by the beam tend to
be strong. Recently, Rosenzweig suggested that one way of ameliorating this
problem is to use rectangular structures that are very flat and to use flat beams
[4].

In the limiting case of a very flat planar geometry, the problem resembles
a purely two-dimensional (2-D) problem as sketched in Fig.1.5. The beam is
considered to be infinitely long in the horizontal z-direction; it propagates with
v = c in the z-direction. The beam distribution in the y-z plane is arbitrary.
The environment consists of boundaries which are independent of z, but are
otherwise unrestricted. We do assume, however, that the beam trajectory is
entirely in free space and that it nowhere intersects the boundaries. A test
charge e in the beam (or trailing the beam) also moving in the z-direction with
v = ¢ samples the force due to the wakefield generated by the beam.

Proof of Theorem Under these conditions, there is a “planar wake theorem”
which states that the transverse wake potential Ap’| received by the test charge
is independent of the y-positions of the beam and the test charge, and is also
independent of D, the longitudinal separation between the beam and the test
charge (see Fig.1.5). In addition, the theorem states that the longitudinal po-
tential Ap, wake kick is also independent of y, though it does not say anything
about its D-dependence.

From the symmetry of the problem, we know that the only nonvanishing
EM field components are F,, E, and B,, and all components depend only on ,
z and t (and are independent of x). We also have the condition j = ¢p? (rigid
beam approximation). The Maxwell equations then become

OE, OF,

Ty + 5% =A4mp
0B, 10E,

9z ¢ ot

9B, + 1@ = —4mp
oy c Ot

OE. O0E, n 10B,
oy 0z c Ot

=0 (1.36)

11
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Figure 1.5: A planar beam-environment arrangement.

and the Lorentz force components are given by

fy(yvz7t) = eEy + EBx
fz(yazvt) =ek, (137)

Combining Eqs.(1.36) and (1.37), we obtain

Ofy 9 19
o - ot
Ofy _ 0 19

0z 6(32 + cat)Ey
of. 9 19
By = o5z + g (Ey = Be) (1.38)

Note that the right hand sides of Eq.(1.38) all contain the operator % + :‘:gt
We are interested in the wake kick cAp),

CApTI, y7 / fyz y7D+Ct t)d (139)

Substituting Eqs.(1.38) into Eq.(1.39) we obtain integrals of the form

/_Oo dt [(% + %%)G(z,t)}

oo

z=D+ct

which in all cases equals zero, since the integrand is proportional to the total
derivative dG(D + ct,t)/dt and since G(D + ct,t) approaches zero as |t| — oco.
It therefore follows that

0Ap, 0Ap, O0Ap,

= = = 1.4
dy oD dy 0 (1.40)

12



which proves the planar wake theorem.

Note that the boundary properties never enter into our proof of the planar
wake theorem. Also note that for our problem, the wake kick is also independent
of the y position of the driving beam. This is because the wakefield is a response
to the primary field carried by the driving beam, and the primary field at
the boundaries is independent of the y-position of the beam in a 2-D planar
geometry.

Eaxercise 9 Repeat the proof of the planar wake theorem using Eqgs.(1.15-
1.17) instead of starting from Maxwell equations.

Hint You may be able to show dAp,/dy = 0 and 0Ap,/0D =
O0Ap,/dy, but not the complete theorem.

Two Soluble Problems There are two known 2-D planar geometries whose
wakefields are exactly soluble. The boundaries in both cases are wedge-shaped,
made of perfectly conducting metal, and are only on one side of the beam path
[see Fig.1.6]. By solving the Maxwell equations it was found that the transverse
wake kick received by the test charge due to the wakefield generated by a rod
beam (i.e. one that is infinitely long in = and a J-function in the y- and z-
directions) of line charge density \q is given by

_J 2meAg for Fig.1.6(a)
cApy(y, 40, D < 0) = {7‘(6)\0 for Fig.1.6(b) (1.41)

where yq is the y-offset of the rod beam. We note that the transverse wake kick
is independent of y, yo and D, as the planar wake theorem states. It is also
interesting that the result, Eq.(1.41), does not depend on «, the wedge angle.?
Although Eq.(1.41) applies only to a rod beam, the wake kick for a more general
y-z beam distribution can be obtained by simple superposition.

The two examples in Fig.1.6 are not the only soluble cases with planar ar-
rangement. By applying conformal mapping technique, with Schwarz-Christoffel
transformation, there should be other soluble cases, including cases with metal
boundaries on both sides of the beam.

Two Corollaries The planar wake theorem has an interesting corollary when
the 2-D boundaries have the additional property of up-down symmetry, as is
sketched in Fig.1.7(a). In this case, the transverse wake kicks due to the upper
and the lower halves of the boundaries cancel each other and the net transverse
kick becomes zero. Note that the beam does not need to observe up-down
symmetry and that the cancellation applies even when it has a y off-set.

To prove this corollary, let us first consider a rod beam. Since the wake
kick does not depend on the y-positions of the beam and the test charge, we
can choose to locate both along the symmetry axis y = 0 without affecting the
result. But for such a configuration the transverse wake kick must vanish due to

20ne would expect no wakefields when o = 7, but this is a singular case.

13
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Figure 1.6: Two soluble planar problems.

the symmetry of the problem. Finally, we can extend this result to an arbitrary
y-z beam distribution by applying superposition, and the corollary follows.

Note that the corollary applies to the total integrated wake kick received by
the test charge. The instantaneous wake force is not necessarily zero. In case
the boundary has translational symmetry, i.e. is independent of the z-position,
the instantaneous transverse wake force would, of course, also vanish. Note also
that the up-down symmetry of the boundary is required for the corollary to
hold; the transverse wake kick is not zero due to the 2-D planar geometry alone.
Two nonvanishing examples were shown already in Eq.(1.41). It vanishes only
when the additional requirement of up-down symmetry is applied.

Another application of the planar wake theorem is when the boundary on one
side of the beam path is a perfectly conducting plate, as sketched in Fig.1.7(b).
In this case, one must have Ap, « §(D). To demonstrate this, consider a test
charge that travels immediately next to the surface of the plate. For this test
charge, F, necessarily vanishes and thus Ap, = 0. An application of the planar
wake theorem then predicts Ap, = 0 for a test charge with any vertical position
y. The only way this can happen is when Ap, (D) x §(D). The reason the wake
kick is not identically zero is because there must be some net loss of energy by
the beam.

Questions not yet addressed It is conceivable to hope that, by using planar
beams and planar structures, one might be able to eliminate, or at least to min-
imize, the transverse wakefield effects (using the first corollary and Fig.1.7(a))
or the longitudinal wakefield effects (using the second corollary and Fig.1.7(b)).
Before these potential applications, however, we need to address a few questions.
1. A very flat 3-D structure is not the same as a 2-D planar structure. How
flat does a 3-D structure have to be before it becomes effectively 2-D planar?
2. Even in a purely 2-D structure it may turn out that an initial, slight

14
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Figure 1.7: Two corollaries of the planar wake theorem.

un-evenness of the beam distribution in the z-direction, or a tilt of the beam
in the x-y plane, leads to unstable growth as the beam propagates down the
accelerator. This question requires a study of collective instabilities (see next
section).

3. Although the arrangement in Fig.1.7(a) potentially solves the transverse
wake problem and Fig.1.7(b) potentially solves the longitudinal wake problem,
there is not one arrangement that solves both problems.

1.6 Planar Pipe with Nonplanar Beam

As a first step in analyzing beam instabilities, consider a beam, or a perturbation
on the beam, with ¥ = ¢Z and j = cpZ with

ple,y,2) = By, 2) cos ka (1.42)

When k£ — 0, we obtain the case of planar beam. It is conceivable that when
k ~ the planar gap size b, the instability mechanism becomes as severe as a
cylindrically symmetric pipe with radius b, except for the fact that the beam
density is lower in the planar case because the beam is more spread out.

The EM field and Lorentz force components can be written as

(EwaByaBzaf:mApx) = (E£C7Bvaz7fl‘aAf)w)Sinkx

15



(Eya E., B, fy7 fza Apy7 Apz) = (Ez7 By7 BZ7 fyu fza Aﬁyy Aﬁz) cos kx

All barred quantities are independent of x. Substituting into Maxwell equations

and using
fro=eEx—By), fy=eEy+B.), [f.=
we obtain
%—J; _ e(% 4 %%)Bz s
U~ o L4105, kf.
B = g+ o) Bem b,
% - e(% é%)Ey } kB,
%’;z - e(% %%)(Ey _B,)+ekB,
which leads to the conditions for the wake kick,
agypw = —kAp,
o = ki,
a?gy = 5?52« = ek/dth

One solution which avoids Ap, — oo when k — 0 is

Ap,
Ap, =
Ap z =

[(Wo + kao(D)) cosh ky + (W1 + ka1 (D)) sinh ky| sin kz
—[(Wo + kao(D)) sinh ky + (W1 + ka1 (D)) cosh ky] cos kz
—[a((D) cosh ky + a} (D) sinh ky] cos kx

(1.43)

(1.44)

(1.45)

(1.46)

where Wy 1 are some constants, and ag 1 (D) are some functions of D (Wy 1 and

ap,1(D) may depend on k).

obtain
Ap, =~
Ap, =
Ap, =

Wosin kx

—[W1 + kay (D) + Woky] cos kx

—lag(D) + a}y (D)ky] cos kx

When £ is small, we keep to first order in k to

(1.47)

which satisfies the planar wake theorem that, when k& = 0, Ap, is independent
of y and D, and Ap, is independent of y. The quantities Wy 1 and ag,1(D)
remain to be calculated by imposing proper boundary conditions.
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2 Echo Effect

This is a curious effect that can occur in a proton or heavy-ion storage ring.
Consider a beam which has been stored for a long time and is in a steady state.
At t = 0 we kick this beam by a one-turn dipole kicker. The beam’s centroid then
subsequently executes a betatron oscillation. Due to a spread in the betatron
frequencies in the beam, the centroid signal decoheres in a relatively short time,
say in 1 ms. Long after the kick, say 1 s later, the centroid signal is of course
dead zero. At this point, we give the beam a quadrupole kick. Such a kick does
not affect the beam centroid, and thus the beam centroid signal stays zero. The
curious thing is that if we wait approximately another 1 s after the quadrupole
kick, the beam centroid signal would give a sudden and pronounced blip. This
sudden blip is called the echo, and is a result of the correlation and interplay
between the two kicks and the detailed beam motion in the phase space.

The echo effect is well known in plasma physics (See Fig.2.1.), and was first
introduced to accelerator physics by Stupakov (1992) [2].

The echo can also be observed in the longitudinal direction in which case
an RF phase shift and an RF amplitude jump play the roles of the dipole and
quadrupole kicks, respectively. Experimentally, longitudinal echo has been ob-
served in the antiproton accumulator ring at FNAL and in the CERN SPS for
unbunched beams. Those experiments demonstrated that echo can be effectively
used for measuring an extremely weak diffusion inside the beam. Electron stor-
age rings do not exhibit the echo effect because radiation damping and quantum
excitation completely overwhelm any echo signal.

The echo effect is also influenced by the collective effects. The echo mea-
surements should yield useful information about the wakefield and impedance
of the accelerator. In the following, however, we ignore these collective effects.

x=0 x = x ={'

| | |

ne A L Ao A3
Plasma ! | :
| | |
l | l
|

®1 w2 Receiver

. W2 — 01
Exciter

SaoaAsa Grids v

Figure 2.1: Schematic of a plasma echo experiment [1].
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2.1 Transverse Decoherence

We describe the transverse dynamics using the action-angle variables J and ¢,
with

x=+/2JBcos¢p, p=px +axr=—/2JBsin¢g

2+ p? p
tang = ——
28 ang x

where 3, «a are the Courant-Snyder functions.
The beam receives a dipole kick at time t = 0. Let the kick be Ap = 6.
The action of the kick is

J:

(2.1)

Tout = Tin; Pout = Din T ﬁe (22)

The beam distribution immediately after the kick 1 (z,p) is related to the
distribution immediately before the kick 1 (z,p) by>

7/’1(3%17) :l/fo(x,p*ﬁ@) (23)

Before the kick at t = 0, the beam has a steady-state transverse phase space
distribution. This means o (z,p) = ¥o(J) depends only on J. Immediately
after the kick, the beam distribution is given by

2% + (p — 80)?
23
(6, ) = o(J + 6+/2T Fsin g + %MQ) (2.4)

mmm=%(

At time ¢t > 0 after the kick, the motion of individual particles is described
by
Jout = Jin,  Pout = Pin + W(Jin)t (25)

where w(J) is the betatron oscillation frequency of a particle whose action is J.
The dependence of w on J is important. It gives rise to a spread in the betatron
frequencies and thus the decoherence after kick.

The distribution after the kick is given by

Ua(p, ;1) = Yi(J, ¢ —w(J)t)
= olJ +0/2J sin(¢—w(J)t)+%602] (2.6)

The beam centroid signal is

oo 27
(z) = / a7 / d6 (B, J) /2T cos & (2.7)
0 0

3Note it is p — 86, not p+ 86, in the argument of ¢pg. Similar comment applies to Eq.(2.6).
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We are interested in the case when the beam distribution before the kick is

gaussian,
1
J)=——+
Qbo( ) 2’/TJO

and when the amplitude-dependent betatron frequency is given by

e~ /o (2.8)

w(J) =wo +w'J (2.9)
where wg and w’ are constants, independent of J.

Substituting Eqs.(2.6), (2.8) and (2.9) into Eq.(2.7) and changing variable
from J to a = v/2J3, we obtain

R T A a? BO2\ . W't fa
(x)(t) = M/o a“da exp <_2ﬁJo - E) sin (w0t+ ﬁa ) I (J_o)
2

(2.10)
where we have integrated over ¢ using
1 27
— docos ¢ e = I (x) (2.11)
27 0
with I (z) the Bessel function.
The integration over a can also be performed using
/OO a*da e AT (Ba) = 3832/414 (2.12)
0 ! 442 '
We then obtain
giwot BO% 0
t) = pBOIm|—— —
(@)) b m{(l—i@)z eXp(ZJOI—i@ﬂ
60 £6%62 ) £6%0 .
— 7= t+ —— +2¢ ]
1_|_®2exp 270(1+ ©2) sin | wo +2J0(1+@2)+ an
0 = Wt (2.13)
Equation (2.13) also gives the beam centroid oscillation amplitude
0 £6%62
ampl () — 0 —— 2.14
()™ @) 1+@26Xp[ 21o(1 1 ©2) (2.14)
and decoherence time
1 1
ecoh R MiN | ——, ———— 2.15
e 20 | ] 219

Figure 2.2 shows how the beam centroid signal decoheres. It shows (x)/36
versus © for wy = 50w’ Jy, and various values of

u = 36%/2Jy
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Figure 2.2: Decoherence of the beam centroid signal after a kick, for various
values of the kick amplitude.

When v < 1, i.e. when the kick amplitude is much smaller than the unperturbed
beam size, Eq.(2.13) can be approximated as

J617
1+02
= L[(l — ©?)sinwot + 20 cos wyt]
(1+62)?
J617
1+02
There are two curves in each subfigure of Fig.2.2; the curves with the larger
amplitudes are the first order approximation (2.16). When the kick amplitude

(x)(t)

sin(wot + 2tan~' ©)

(@)(t) =~ (2.16)
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is not small compared with the unperturbed beam size, Eq.(2.16) over-estimates
the beam centroid motion. When u < 1, the decoherence time is Tgecon =
1/w'Jo. When u 2 1, Tgecon = w%@ \/LQTN according to Eq.(2.15).
Ezxercise 1 Find (p)(t) as the counter part to Eq.(2.13).

Hint Tt is algebraically simpler to compute ((z) + i(p))(¢t).

FExercise 2 The kick we considered is when the beam is kicked in
angle. Does the decoherence behavior change if the kick is a sudden
displacement of the beam?

Exercise 3 (a) We have concentrated on the beam centroid signal
after a kick. Extend the calculation to find the time evolution of
the second moments (x2), (zp), (p?). Apply to the special case with
(2.8-2.9). (b) Repeat for the moment (z™p™).

2.2 Transverse Echo

We now let the beam decohere for a time much longer than Tqecon. The beam
centroid signal completely vanishes. At time ¢t = 7 with w’Jy7 > 1, we give the
beam a second, one-turn, quadrupole kick,

ZTout = Tiny, Pout = Pin — Tin (217)

where ¢ = 3/f with f the focal length of the kicking quadrupole (f > 0 means
focusing quadrupole).

For simplicity, we consider the dipole and the quadrupole kicks to be weak.
When u = 36%/2Jy < 1, let’s first re-derive Eq.(2.16) as follows.

b = dole.p—B0) ~ wo(J)—BGwé(ﬂg—g
= o(J) + 0y4(J)\/2T Bsind
—
e~ to(J) + 00h(J)\/2] Bsin(d — w(J)t) (2.18)

The first term 1o(J) in Eq.(2.18) does not contribute to the beam centroid
signal. The second term contributes

00 27
9/ dJ/ dor/2J B cos ¢ iy (J)\/2JBsin(¢ — w(J)t)
0 0

= —27/30 /O h JdJaph(J) sin(w(J)t) (2.19)

Q

(x)(t)

Equation (2.19) holds for arbitrary 1o(J) and w(J). If they are given by
Eqgs.(2.8) and (2.9), we recover Eq.(2.16).

The decoherence time is given by Tqecon = 1/w’Jy. Physically, one might say
that the decoherence time is basically given by 1/Aw, where Aw is the oscillation
frequency spread of the beam. However, this physical intuition should be applied
with care. See Exercise 4.
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Ezxercise 4 Apply Eq.(2.19) to a waterbag beam distribution ¢ (J) =
ﬁH(JO — J). (a) Find (z)(¢) for a weak dipole kick. (b) Explain
why there is no decoherence. This exercise shows that the formula
Tdecoh =~ 1/Aw is not always valid.

At time t = 7, the beam is given a weak quadrupole kick with ¢ < 1 [see
Eq.(2.27) later]. We have immediately before the kick,

s = 1ho(J) + 045 (J) /2 B sin(¢ — w(J)7) (2.20)
Immediately after the kick, we have

Pa(b ) ~ b3, 6) +qxaa—”;

_ (o | 0T OUs | 09 0ys
- ws(J,¢)+q\/2Jﬂcosqf>[8p 2 3¢]
= Y3(J, 0) — q\/2J B cos ¢ l”?singﬁ%{? + \/ij_ﬁcosgba;;]@.?l)

From Eq.(2.20), we have

s = () + 0 )/ 2TB) s — w()7)
— O (J)TY(T)\/2J B cos(¢p — w(J)T) (2.22)
%—7’? = 0Y,(J)\/2JBcos(¢p — w(J)T) (2.23)
The three terms in Eq.(2.22) have the relative magnitudes of the order of
1 Vu @ (WJorm)Vu (2.24)

We have already assumed v < 1. We will consider the case when the third
term dominates the beam centroid signal. The first term, when substituted into
Eq.(2.21), does not contribute to the centroid signal. Therefore, the third term
dominates if

(W' Jor) > 1 (2.25)

The quantity w’Jy7 is the betatron phase smear due to the frequency spread in
a time period of 7. Equation (2.25) means the decoherence effect must be large,
but that is just what we are interested in.

The term due to Eq.(2.23), in the scale as in Eq.(2.24), has a magnitude of
Vu, so is also negligible. We have thus obtained, under condition (2.25),

g & Oquw' (J)T I (J)\/2J Bsin 2¢ cos(p — w(J)T) (2.26)

Note that 14 o fq, i.e. it is proportional to both the dipole and the quadrupole
kick amplitudes.
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If we go back to Eq.(2.21), the condition ¢ < 1 really requires (¢4 — 93) <

(Y3 — o), or
(W JoT)g < 1 (2.27)

Combining all the conditions for the validity of our analysis, we have

1 , 1 [Jo
- J 1 = >1 2.28
q>>(w 0T) > 1, 5\ 5 > (2.28)

For t > 7, after the quadrupole kick, the beam distribution is

Us(J,0,t) = tha(J, ¢ — w(J)(t — 7)) (2.29)

The beam centroid is
o) 27
(z)eho(t) = / dJ/ dpr/2J B cos ¢ s (¢, J,t)
0 0

~ 2807 /OOO T () ()
27

X d¢ cos ¢ sin[2¢ — 2w(J)t + 2w (J)7] cos[¢p — w(J)t] (2.30)
0

The integration over ¢ can be performed to yield
—% sinfw(J) (¢ — 27)] (2.31)

This integration over ¢ is the key to the echo phenomenon. Magically, the two
kicks, the frequency spread, and the particle evolution in phase space conspire
to produce a recoherence in the neighborhood of time ¢ = 27! (Although exactly
at t = 27, the echo signal is zero.) Furthermore, the recoherence, and the fact
that it occurs at ¢ = 27, do not depend on the exact form of 1o (J) or w(J)!

Eaxercise 5 The integrand of the ¢-integral in Eq.(2.30) contains four
sinusoidal factors

cos ¢ x sin[p—w(J)t+w(J)7] x cos[p—w(J)t+w(J)7] x cos[p—w(J )]

Trace back to find out where each factor originates from. This would
give a feel for the intricate phase space dynamics we are dealing with.

After performing the ¢-integral, we obtain

(@)e(t) = —mBqr /OOC T?dJo! (T)ihg () sinfw(J) (¢ — 27)] (2:32)
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Equation (2.32) is our main result. If w(J) and 1o (J) are given by Eqgs.(2.8-2.9),
the integration over J can be performed to yield

(z)echo(t) B0qw’ Jor Im [6@}

(1—ig)?

_ 69(]%[&3 Y eos® 4 (1— 32 sin®]  (2.33)
13 W' Jo(t —271)
o = wy(t—27)

The amplitude of the echo signal is

!/
echo ampl _ w JOT
(z) U)_'ﬁeq(leEYZE (2.34)
The maximum echo amplitude occurs near ¢t = 27, and is given by
<x>echo ampl max __ ﬁ@qw'JoT (235)

Away from the peak, the echo amplitude is proportional to ~ [t — 27|73, The
full width at half maximum time duration around ¢ = 27 of the echo is

2 1.53

w'Jo w'Jo

This echo duration is comparable to the decoherence time Tyecon after the dipole
kick. One sees that both Tqecon and ATFWHM are much less than 7, while much
longer than the beam betatron period 1/wg. Figure 2.3 shows a schematic of
the echo signal. Figure 2.4 shows the echo signal near time ¢t = 27 according to
Eq.(2.33), assumig wy = 50w’ Jp.

X
e
[ Boawdott [l ‘
duv VIIV™
s ‘«L
0'J,
t=0 t=71 t=21
0—kick q—kick echo  sssna

Figure 2.3: Schematic of a transverse echo experiment in a storage ring.

Exercise 6 Verify Eqgs.(2.30-2.33). In passing, calculate (p)h(t).
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Figure 2.4: A close-in observation of the echo signal. The echo amplitude peaks
at t = 27, even though the exact value of (z) vanishes there.

Ezxercise 7 We showed there is an echo at t = 27. Are there multiple
echoes, for example at t = 47, etc.?

Exercise 8 We have analyzed the problem with a quadrupole kick
following a dipole kick. What happens if we reverse the order of
these two kicks?

FExercise 9 There can be an echo in a linac. Give the beam at s =0
a nonlinear angular kick of Az’ = f;sinkjz. At s = D, kick the
beam again by Az’ = 6 sinkez. There is an echo if one observes
the beam at location s = D.

k1

ko—F1
Ezxercise 10 The ¢-integral in Eq.(2.30) also yields a finite result if
we replace the cos ¢ in the integrand by cos3¢. This means there
is also an echo if we measure the sextupole moment of the beam
instead of its centroid (dipole moment). Follow the procedure of the
text to derive the sextupolar echo signal. When does the sextupolar
echo appear? What is the magnitude of the signal?

FEzxercise 11 Echo signals can be superimposed.
(a) Consider two sets of kicks

(dipole kick 6, at t = —27, quadrupole kick ¢; at ¢t = —71)
(dipole kick 5 at t = —279, quadrupole kick ¢o at t = —73)

Show that the two echo signals simply add coherently near ¢ = 0
and the net amplitude is proportional to 01q171 + 02g27s.

(b) Apply dipole kicks 6y every other turn to the beam from ¢ = —2T
to t = 0, and apply quadrupole kicks gg every turn from ¢t = —T to
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t = 0. There should be a very large echo signal at ¢ = 0. Find this
echo response.
(¢) Same as (b) but when the dipole kicks are applied every turn
from t = —2T to t = 0. The dipole and quadrupole kicks in this
case are therefore effectively simple step-functions.
(d) Apply dipole (—2T < ¢t < 0) and quadrupole (-7 < ¢ < 0)
kicks every turn, but modulate the kick strength by 6 = 6y sinw,t
and ¢ = g sin 2w t, where w; is some modulation frequency. Find
the echo response. Show that the echo amplitude is proportional to
00qoT? /Ty, where Ty is the revolution time.

This exercise indicates that one can apply very weak kicks —
almost at a subliminal level — for multiple number of turns and
obtain a sudden huge echo.

FExercise 12 The echo set-up can be generalized. If the two kicks are
mq-th and mo-th multipolar kicks (mg > m;), we should observe an

(mg — mq)-th multipolar signal at time ¢ = T

If we compare the maximum echo amplitude (2.35) to the initial kick am-
plitude of 36, we see that the echo amplitude is weaker by a factor of quw’Jy7,
which, according to Eq.(2.27), is much less than 1 in order for our analysis to
apply. One may want to push the parameters to see how to get as big an echo
signal as possible. This occurs when qw’Jy7 is made to approach 1, when our
analysis begins to break down.

In our analysis, we have made approximations summarized by Eq.(2.28).
It is instructive to do a simulation and observe what happens in detail in the
phase space. Figure 2.5 shows some of the results obtained in Ref.[3]. A gaussian
beam receives a dipole kick at 0-th turn and a quadrupole kick at 20-th turn.
From O-th turn to 20-th turn the beam decoheres. By about the 30-th turn,
several “clumps” develope in the beam distribution. These kinks come from an
interplay of the two kicks. Each of them occurs at a specific amplitude, which
are most conspiring in the sense that, with the amplitude-dependent betatron
frequency, they all cohere simultaneously at the 40-th turn as they migrate in
the phase space relative to one another.

Ezercise 13 What determines the number of clumps in Fig.2.57
Solution Examine how clumps form, and deduce that the number
of clumps is equal to 2 times the number of spirals at time t = 7.

Simulation also allows exploring parameters range beyond Eq.(2.28). For
example, Fig.2.6 shows what happens when ¢ is varied. Cases 1 to 3 are for
small ¢, consistent with Eq.(2.28), and we obtain results similar to Eq.(2.34).
As q is increased further, cases 4 and 5, the echo signal develops a double hump
structure. The maximum echo amplitude is found to be about 40% of the initial
kick amplitude (near case 3).
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Figure 2.5: Simulation of a transverse echo [3].
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Figure 2.6: Echo amplitude signal obtained in a simulation. Curves 1 to 5
correspond to ¢ = 0.02,0.03,0.08,0.2,0.3 respectively.

2.3 Transverse Echo with Diffusion

The echo mechanism involves a long term memory of the intricacies of the phase
space structure. One expects that the echo signal will be affected by diffusion
even when the diffusion is weak. This is turned around and becomes a great
way to measure weak diffusion in storage rings.

With diffusion, the beam distribution evolves according to the diffusion equa-

tion
00 | 0 _ 0 (0
o NG =57 (D(J)J8J> (2.37)

where D(J) is the diffusion coefficient.

Exercise 14 To get a feel for Eq.(2.37), show that

1 —J/(Jo+Dot)
= 2.38
v 27T(J0 + Dot) ¢ ( )
is a solution when D(J) + Dy. Physically, this is simply a diffusing
gaussian, with an emittance growing with time according to (J) =
Jo + Dot.

Exercise 15 Check that ¢5(o, J, t) = 1 (¢p—w(J)t, J) satisfies Eq.(2.37)
without diffusion.

We will solve Eq.(2.37) in the limit of weak diffusion. Specifically, we assume
that the diffusion has a small effect on a time scale during which the beam
decoheres. The diffusion time is roughly equal to 7qig ~ J/D. Requiring rg; >

Tdecoh, W€ get
D < W' J? (2.39)
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In the limit of very strong diffusion, when the inequality opposite to (2.39)
holds, the diffusion completely suppresses the echo effect.*

At time t = 0, the beam receives a small dipole kick. Immediately after the
kick, the beam distribution is given by 1, of Eq.(2.18). In the period 0 < t < T,
however, 15 is not given by Eq.(2.18) but has to be found by solving Eq.(2.37).
Change variable from ¢ to

v=¢—w(J)t (2.40)

Eq.(2.37) gives

% = Gy [p (G2 w2 ey

When w'Jt > 1, Eq.(2.41) becomes
0v2 0%
ot ov?

With initial condition o (J,v,t = 0) = ¥1(J,v), the solution of (2.42) for 0 <
t<Tis

~ [ ())2D(J)J

(2.42)

Po(J,0,8) = 01/20 B () e 3PDT N gy, (2.43)

where we have dropped the term 1 (J) because it does not contribute to beam
centroid motion.

At t = 7, the beam receives a quadrupole kick, immediately before the kick,
we have

Vs, J) = 03/2T B0 (J) e 3P gin (g — w(T)r) (2.44)

Immediately after the kick, the perturbation v, is

Py & 0w’ (J)T TV (J)\/2J B e 3PN N 6in 96 cos(¢p — w(J)r)  (2.45)

Equations (2.43-2.45) are the same as (2.18), (2.20) and (2.26) except for the
extra exponential factors due to diffusion.
In the period t > 7, we make a change of variable from (J, ¢,t) to (J,v1,1)
where
v =¢—w(J)(t—71) (2.46)

in Eq.(2.37) to obtain for 5
% = <% —W'(J)(t— T)%) {D(J)J (% — W (JI)(t— T)g—ff)] (2.47)

When w'J(t — 7) > 1, we have

s
ot

0%s
ov?

~ W (J)(t —1)2D(J)J (2.48)

4Strong diffusion is typical for electron storage rings where diffusion is caused by quantum
excitations. This is why echo effect is not relevant to electron storage rings.
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The solution with the initial condition ¥5(J,v1 = ¢,t = 7) = Ya(d, J),
keeping only the term o< sin(vy + w(J)7), is

v = %qu’(J)TJw(')(J)\/QJﬂ sinfe — w(J)E + 20(J)7]
X exp [—%D(J)J(w’(J))Q((t . (2.49)

Substituting (2.49) into (2.30) and performing the ¢-integration gives for the
echo signal

(z)eho(t) = —nmpBlqr /000 J2dJ &' (T () sinfw(J)(t — 27)]

% o= 3DDI (I (2 +(t-7)%) (2.50)

Note that the echo appears near t ~ 27. Since we assume that diffusion is weak,
the exponent in Eq.(2.50) is a slow function of time, and we can put ¢t = 27 in
it, yielding

()°M(t) ~ —mfqr / 2T o ()() sinfe(J)(E — 27 PO @)

’ (2.51)
which is a generalization of Eq.(2.32).
If we assume that w(J) and 1o(J) are given by Eqs.(2.8-2.9), and that the
diffusion coefficient is a constant, D(J) = Dy, the integration in (2.51) can be
performed explicitly. The result is

echo _ / 67;@
(x)eho(t) = BOgu’ Jor Tm {((1—25)3]
B0qw’ JoT 9 ) ) N
= (ag_’_gg_)g[g(ga — &%) cos® + a(a® —3¢%)sin®| (2.52)

where £ and ® were defined in Eq.(2.33), and
2
a=1+ gDO(W')QJOT?' (2.53)

When Dj = 0, this reduces to (2.33). It also follows that
W' JoT
(a2 + €2)3/2

Compared with Eq.(2.34), Eq.(2.54) is just to replace the quantity 1+ &2 by
a? + €2 in the denominator. The difference between o and 1 can be written as

12 2 (BT (e
@ 1—3(J0>(UJJ07') (2.55)

()b el (1) — Bog (2.54)

where the factor Dg7/Jy is just 7/7ais, i.e. the ratio of the time between the
two kicks to the diffusion time. The factor w’Jy7 is the betatron phase smear
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due to the frequency spread, and is > 1. We see that the difference between
a and 1 is typically large, thus allowing a good opportunity to measure the
diffusion strength. In fact, the measurement can in principle be so accurate
that it is conceivable that one can explore the diffusion coefficient as a function
of J using this method.

Figure 2.7 shows the echo amplitude as a function of £ for various values of
a. When a = 1, the curve is just the envelope of Fig.2.4. When a # 1, the
location of the echo is not changed, but the magnitude is reduced by a factor of
a3, indicating the sensitive dependence on diffusion.

—_—
o

© O
o

| ( X>echo ampl /[3 000 JoT |

N
\CIEENN

8322A17 E=wm'Jo (t-27)

Figure 2.7: Reduction of echo amplitude when diffusion is included.

Given the diffusion coefficient Dy, one may want to maximize the echo signal
by choosing 7. With

echo ampl max /BeqleOT
(yecho el . T (2.56)
or, equivalently
<z>ccho ampl max [e)
e = (2.57)

3
2 (_D :
1+ (F5) @
where © = w'Jy7 < 1. The quantity Dy/w’'Jg in Eq.(2.57) is < 1 according
to condition (2.39). Fig.2.8 shows (x)ccho ampl max aq 5 function of 7. With-
out diffusion, Dy = 0, the perturbation theory predicts a linear growth of the

echo signal with the delay time 7. When Dy # 0, the maximum value of
(z)echo ampl max jg achieved at

16 —-1/3
Tmax = [?DO(‘U/)2JO:| (258)
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In terms of decoherence and diffusion times, the maximum is achieved at Ty ayx ~

(TdiffT(%ecoh)l/ 3. When T = Tiax, we have a = 2 and the maximum echo ampli-

8
tude is given by

) <x>ech0 ampl max) (8)3 <16 DO )—1/3
maximum [ ————— | = [ = — (2.59)
( 30q 9 3 W JE

The full width at half maximum time duration of the echo signal is [compare

Eq.(2.36)]
2
ATFWHM _ 29 /53751 153 (2.60)
w'Jy w'Jo
For 7 = Tiax, we have ATpwnm = 1.72/w' Jy.
L R N N R N

__ 4+ I

o

S | D -
-2 ™ ,02 =0
o 3 O)Jo ]
£ i _
g
3 2 0.02 |
8. T L i
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Figure 2.8: Dependence of the maximum echo amplitude when the time between
the two kicks is varied. Three cases are for different strengths of the diffusion
effect.

Experimentally, both quantities w’ and Dy can be found from the echo mea-
surements. Measurement of ATTWHM o1 the decoherence time Tgecon can yield
information on w’Jy. If the beam emittance Jy is known, this allows one to deter-
mine w’. After that, Dy can be found by measuring T.x and using Eq.(2.58),
or by measuring the maximum echo amplitude and using Eq.(2.59). See the
following table:

Measurement — information

Tdecoh - w:JO

height of echo N “J;X—JJW

width of echo — “a‘]"

Tmax —  Dow%Jy

height of echo at 7 = Tax — w?f}g

shape of echo amplitude with respect to 7 — D as a function of J
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In some cases (e.g. with beam-beam interaction, or near a nonlinear reso-
nance), the diffusion coefficient may be a sensitive function of J, and it may
not be a good approximation to treat it as a constant. Experimentally, trans-
verse echo gives a possibility not only to measure an average diffusion coefficient
within the bunch, but also to obtain information on the dependence of diffusion
strength on betatron amplitude. With D = D(J), we resort to Eq.(2.51). For
example, we may model the diffusion coefficient as

D(J) = D, (Ji())n (2.61)

Equation (2.51) can be used to give
<x>echo ampl max __ —Wﬁetﬁ'/ J2dJ wl(J)’Lb(/)(J)e_%D(J)J(w/(J))ZTB (262)
0

where we have inserted ¢t = 27 to obtain the maximum echo amplitude.
If we assume Eqgs.(2.8-2.9) for ¢ (J) and w(.J), then

<x>echo ampl max ) /00 9 2 Dn 3 n+l
> 00000 2 —r — = " 2.
504 2 J, x°dx exp |—x s \we 0 x (2.63)

where © = w'Jy7. Figure 2.9 shows (x)echo ampl max aq o function of © for
various values of D, /w'J3; (a, b, ¢, d) are for n = (—1,1,2,3) respectively.
When n = 0, Fig.2.8 is reproduced.

Ezxercise 16 (a) Show that when n = 0, Eq.(2.62) reduces to (2.56).
(b) A special case occurs when n = —1, i.e. when the diffusion is
stronger for smaller J than for larger J. Show that, acccording to
Egs.(2.8-2.9),5

<$>ech0 ampl max __ Bqu,JOT 67%D71(w’)2f()7-3 (264)

Ezxercise 17 Find what happens to a waterbag model ¢q(J) = H(Jy—

J) with arbitrary w(J) and D(J).

1
27‘(‘]0

2.4 Longitudinal Decoherence and Echo

The above analysis applies to the transverse motion of a bunched beam. With
minor modifications, the same physics applies to the longitudinal motion of a
bunched beam. For an unbunched beam, however, the dynamics is sufficiently
different that we are going to treat it independently in the following sections.

5The fact that the n = —1 case is particularly simple can be traced to Eq.(2.37). Equation
(2.37) becomes particularly simple when D(J) oc J~1. In fact, the longitudinal echo with
diffusion has this same simplifying behavior when D(§) = constant. See Eq.(2.91) later.
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Figure 2.9: Same as Fig.2.8, but the diffusion is now modeled as in Eq.(2.61).

To study the longitudinal echo effect for an unbunched beam, we also need
two kicks separated by a long time 7. Before the first kick, the beam has a
phase space distribution

P(2,0) = 1o(9) (2.65)

which is uniform in z. The first kick at time ¢ = 0 is to impose an rf voltage

energy kick
Ad(z) = % sin <h1% + ¢1> (2.66)
where Ej is the nominal beam energy, and hy is the harmonic number. The
application of the voltage is considered to be instantaneous in the sense that it
is applied for a time much shorter than the decoherence time to be defined later
in Eq.(2.76).
After the first kick, the beam begins to bunch up with harmonic number
h1, but due to the energy spread of the beam, this bunching signal decoheres
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quickly. Long after the signal has decohered, at ¢t = 7, a second kick is then
applied to the beam,

V

Ad(z) = 2 Gin (hg + qbz) (2.67)
Ey

What we will show is that, at a much later time, one will observe a sudden echo

with harmonic number |ha| — |h1| if |h1]| < |h2| and no echo if |h1| > |ha|.

Longitudinal Decoherence
We first consider the decoherence after the first kick. The single-particle
equations of motion are

F=—ned, 5=0 (2.68)

where 7 is the phase slippage factor. Immediately after the kick, the beam
distribution is

D) = w5 G (g + )|

Q

vo(®) — vp(6) 5 sin (% + 1) (2.69)

where we have assumed the kick is weak.
After the kick, the particle coordinates are given by

Z9 = 21 — T]Ctél, 52 = 51 (270)
The beam distribution is therefore
Ya(z,0,t) = 1(z + nectd,d)

~ n(0) - (0 G (0P ) e

The beam current monitor measures
List) = / 46 s(2,0,1)

Iy — % / db 1,(8) sin (h1 z —|—1;]ct(5 + ¢1) (2.72)

Q

where Iy = ffooo ddpo(9) is the unperturbed beam current. We are of course
interested only in the second term in Eq.(2.72). We shall simply drop the term
Iy.

If we have a gaussian §-distribution,

I 52 /202
Po(0) = \/2——72056 &/20s (2.73)
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Eq.(2.72) can be integrated to yield®

IQ(Z, t) ~ IO

eVihinct z
W (hl E + ¢1) exXp

_% (hm;taaﬂ (2.75)

At t = 0, the beam current signal is zero. This is because the beam takes
some time to become bunched after the kick. The signal will continue to grow
indefinitely if not due to the energy spread of the beam which causes a decoher-
ence. The decoherence time is when it takes a os-particle to move longitudinally
by a distance R/hq, i.e.

R

hincos

Tdecoh =

(2.76)

One obtains the amplitude of the signal by dropping the cosine factor in

Eq.(2.75),
. Vi ot 12
Pl o 1 ex (— ) 2.77
2 ( ) OEOUB Tdecoh P QTgeCOh ( )

. 1 .
The maximum values of I3™"" occurs when t = Tgecon With

W exp(—1) (2.78)

1 max
amp _ IO
2 E00'5 2

At t =0 and t — oo, however, the beam current signal vanishes.

Longitudinal Echo
The evolution of the coordinates of a particle during the process is summa-
rized by

Att =0T gligo V1 gin (h 22
’ 1= 0o + Frsin (h % + ¢1)

03 = 01
Z4 — Z3
— ot . .
Att=r1", {54:53+%Sln(}12ﬁ+¢2)
z5 = z4 — ne(t — 7)04
At t > T, {55:64 (2.79)

What we need to do is to solve (zg,d9) in terms of (zs5,d5), and substitute
d0(z5,d5) into the initial distribution ¥y(dp) to obtain the beam distribution at
time ¢t > 7. Having obtained the beam distribution, the beam signal follows.

6Using
oo
/ 8d5 e=%%/295 sinad = v/ 271'(10'?676120?/2 (2.74)
— o0
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But this is a tedious calculation, and in the following, we shall be content
with the perturbation approach again as we did in the transverse case. Thus,
keeping only the leading terms for the echo effect, we find

eVq . z +nerd
()~ o) G sin (T 10 (2.80)
Pa(2,0) = s [z 0 — —sm (h2 +¢2)]
Eo
o eVa O
¥ TR 0 (hagy+62) 5F
N eV1 eVg hlnCT . z
~ B B Py () sin (th + ¢2>
X COS (hl%wa + ¢1) (2.81)
¥5(2,0,t) = a(z 4+ ne(t —1)d,9)
eVy eV hiner i z+ne(t—71)0
~ Eol Eo2 ! Py () sin (hgﬁ) + @2
X Cos (hlLIgcw + ¢>1> (2.82)
Knowing 15, the echo beam current signal is given by
recho (s 4y — / d6 s (2, 5,1) (2.83)

Substituting Eq.(2.82) into Eq.(2.83), assuming an initial gaussian energy dis-
tribution (2.73), and performing the integration over ¢, we obtain

VieVo h
IeChO(Z,t) _ _51 ;()12()2 17;%2(37'

x{[(hl + ho)t — hoT] cos ((h1 + hg)% + ¢ + (;52)

[ 20252 1
X exp *772325 ((hy + ha)t — hat)?
L L
—[(h1 — ha)t + haT] cos ((h1 - hz)}—% +¢1 — ¢2)
2,252 "
X €xp _7]2R2 % ((hy — ha)t + hot)? } (2.84)

An inspection of Eq.(2.84) shows that the echo signal occurs potentially at
times t°P° = hy7/(hy + hy) and t°"° = —ho7/(hy — ho). However, we are
interested only when t°" > 7. By evaluating the possible signs of h; and
hg, one finds that an echo signal occurs only if |ha| > |hy|, and that the echo
contribution to Eq.(2.84) can be re-written as

eVy eV hin?c?r

1
ICChO(th) = _Ebgn(h2)IOE—[)E—( R2

[(Ih2] = [h1])t — [ha|T]
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z
x cos ((Jhz] = b)) = sen(hn) 1 + sen(h2)s)
,]72020_?

2R?

s exp [— (lhe] — [hal)t — mmﬂ (2.85)

Dropping the cosine factor in Eq.(2.85) gives

1 eVh eVs hiner 2
Iecho ampl - __ T evieva i —£7/2
(t) QSgn(h2) Fy By Rop ge
po _ Il
|ha| = [ha]
hao| — |
£ = 7700'6(| §%| | 1D(t—teCh0) (286)

Equation (2.86) for the longitudinal echo is the equivalent of Eq.(2.34) for the
transverse echo.

One sees from Eqgs.(2.85-2.86) that (a) the RF kick phases ¢; 2 determine the
phase of the current signal, but otherwise does not have a prominent role, (b)
the echo signal has a harmonic number |ha| — |h1|, and (c) the echo amplitude
vanishes at ¢ = t°"°, Observation (c) is in contrast to the transverse echo
amplitude, which reaches maximum at ¢ = 27 (even though the instantaneous
signal vanishes, the amplitude reaches a maximum).

The echo amplitude reaches maxima when £ = 41, or

R
t_gecho — 2.87
neos(|hel — hal) (287)

and the maximum value reached is

1 eVyeVe hiner
Io——= ex

Iecho ampl max __ +Z _

50 E By Roy OPC3)

(2.88)

Note that the beam current signal after the first kick has harmonic number
h1, while the echo signal has harmonic number hy — hy. Inspite of this, how-
ever, one can compare the maximum echo amplitude (2.88) with the maximum
decoherence signal (2.78) and obtain

Iecho ampl max

_ leVa hymer
I;mpl max - 2 Fy R

(2.89)

Equation (2.89) is to be compared with Eq.(2.35).
The analogies between transverse and longitudinal echoes are as follows:

e V1

adl 9
B =0
eva |

E, q

hi < 1 (dipole kick)
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he < 2 (quadrupole kick)

% — LUIJO
t—tehe o 27 (2.90)

Definition of £ in Eq.(2.86) is analogous to the £ defined in Eq.(2.33).

Exercise 18 Reference [4] contains beautiful data, reproduced as
Fig.2.10, of longitudinal echo for an unbunched beam in the An-
tiproton Accumulator Ring at Fermilab. Compare the data with
what is expected from Eqgs.(2.86), (2.87) and (2.89). The parame-
ters: hy = 9,hy =10, R =70 m, 7 = 0.075 s, n = 0.023, £y = 8696
MeV, AE = 3.2 MeV. The two rf kicks are of the same magnitude
Vi =V5 =1.5 MV (to be checked).

Solution The following quantities can be checked: tpeax = 107 =
0.75 8, Atpeax = 2R/ncos = 0.06 S, Tgecoh = R/hincos = 3 ms,
Jecho ampl max /pampl max _ () 4 - Diffusion effect is not serious in this
experiment as can be checked against Fig.2.11 later.

0.025
0.015
@
[e)
Z 0.005
[}
©
> q
= —0.005
Q.
S
<
—0.015
_0025 | | | | | | | l | |
0 0.2 0.4 0.6 0.8 1.0
Baaat2 Time (s)

Figure 2.10: A longitudinal echo experiment at the AA ring [4]. There is a high
order echo at ¢t = 107 = 0.75 s.

2.5 Longitudinal Echo with Diffusion

We next consider what happens to the longitudinal echo when there is diffusion.
The analysis follows similar steps as in the transverse case. After the first kick,
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the beam distribution is still given by v of Eq.(2.69). The distribution s,
however, is not given by Eq.(2.71), but is to be solved with the diffusion equation

L e

ot "%, T a5 {D(‘S) 26 (2:91)

In Eq.(2.91) we have assumed that the diffusion originates from noise in 6. A
noise in z is not going to have a significant effect on the echo.

Ezxercise 19 To get a feel for Eq.(2.91), show that

= ! o~/ (60 Dot) (2.92)
271'((55 + Dot)

is a solution when D(d) = Dy. Physically this is simply a diffusing
gaussian distribution with energy spread (62) = 62 + Dot. Compare
with Exercise 14 for similarities and differences.

Changing variable from z to
v =z + nctd (2.93)

and Let 12 = 12(v, d,t), Eq.(2.91) becomes

Mo (D . D Dby Oy
e (85 +n€t_8v> {D(&) (—86 +nct—6v )} (2.94)
When nctd > 1, Eq.(2.94) becomes
an ~ 2 627/’2

The solution to Eq.(2.95), with the initial condition ¥s(v = z,4,t = 0) =
Y1(z,9), is

V; 1 (nchi\>
bo(v,6,1) ~ _%(5);—: exp l_g (”CRl) D(a)#] sin (hl% + ¢1) (2.96)

Having obtained 19, the beam distributions before and after the second RF kick

are found to be the same as Eqs.(2.80) and (2.81) when there was no diffusion,
except that now they both have acquired an extra exponential diffusion factor

exp [; <”?1>2D(5)731

After the second kick, the diffusion equation for 5 is
81/)5 0 0 s 5%
EAC R (e —7)— ) | D) [ =2 Sl 2.
En (86 + ne(t — 1) (%1) [ (0) ( 2% +ne(t—7) o, (2.97)
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where we have changed variables to 15 (v, d,t) with
vy =z +nct—71)8 (2.98)
If ne(t — 7)d > 1, we have

005
ot

s

~ P =) D0)

(2.99)

With the initial condition 95(v1 = z,0,t = 7) = 14(z,d), the solution to
Eq.(2.99) is

1eVy eVy haner

¥s(z,6,1) =~ 2F, Bs R ¥5(9)
Ln?c? 2.3 2 3
X exp [_gﬁD(é) (R7° + (he — M) (t — 7) )]
X sin [(h2 - hl)% ¥ by — b1+ %5((@ )t — hgr)}(z.lo())

where we have assumed ho > hy > 0 and have kept only the echo contribution.
The exponential factor in Eq.(2.100) can be replaced by its value near ¢ = 7¢°h°

with 7P given by Eq.(2.86) because it is a slow function of ¢, i.e.
1n%c?
exp [ D) (87 + (s = (e = 7))
1 n?c? h3hy

~ 0 2.101
exp[ 3 R2 ()hg—th ( 0)

Given 15, the echo signal is given by Eq.(2.83). If we assume that the initial
beam distribution is given by Eq.(2.73) and that the diffusion coefficient is a
constant D(8) = Dy, we find that 7°"® is given by the same expression (2.85)
without diffusion, multiplied by the exponential factor (2.101). It then follows
that

2.2 2
56_52/2 exp {_l_ﬁ °D hiha

1, eVieVs haner
2°°%FE, Ey Ros

Iecho ampl _

57 Do 73] (2.102)

where £ was defined with Eq.(2.86).
The maxima of echo amplitude occur at £ = +1, with [compare Eq.(2.88)]

1_eVyeVs hiner

Iecho ampl max __ + =

1 1 n?c? h2h
exp(=3)exp | 3 T Do e

2°%FEy Ey Rog 2 3 RZ "hy— Iy
(2.103)
and s
(hy — h1)R?
Tmax — |:77202D0h%h2 (2104)
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Figure 2.11: Measured maximum echo amplitude as a function of ¢°**® in the
AA ring. Diffusion is playing an important role.

Ezxercise 20 Figure 2.11 reproduces the data in Ref.[4] when the
maximum echo amplitude is measured as 7 is varied. (a) Fit the
data to Eq.(2.103) to find the value of Dy. (b) Show that Eq.(2.91)
implies the rms energy spread diffuses according to %0’? = Dy.
(c¢) Use the result found in (a) to calculate how much time does
it take the diffusion to contribute to an energy spread of 1072, This
diffusion is weak, and yet it can be measured in a rather pronounced
manner by the echo experiment.

Solution Dy = 1.3 x 107101,

Ezercise 21 Consider a bunched beam. First kick the beam by an
RF phase shift. Then kick it again by an RF amplitude jump. Ana-
lyze the echo response of this beam. This problem is more similar to
the transverse case than to the longitudinal unbunched beam case.

Exercise 22 Find an expression for the echo amplitude if D(J) is
not a constant, but is D(6) = D, (d/05)". Is there any indication
from Fig.2.11 that D(J) is not a constant?
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3 Crystalline Beams

When completed, crystalline beam research should be much more extensive than
what will be presented below. Basically we could be re-doing the entire solid
state physics — melting point, phonons, specific heat, heat conduction, quantum
effects, spin effects — just replacing molecular force by Coulomb force. It also
has the added complication that charges can radiate.

For accelerators, we ask (a) how to cool the beam sufficiently for it to crys-
talize (i.e. how does the beam make the phase transition from a gaseous state
to a solid state), and (b) what conditions must the accelerator fulfill so as not to
destroy the crystal once it is formed. For possible applications, we ask (c) what
if we collide two crystalline beams, or (d) how does a crystalline beam radiate
in an undulater, in a solid crystal, or in another crystalline beam.

We will first find several types of beam crystals (crystal hunting) and examine
some of their properties. The procedure is not systematic and does not provide
an exhaustive hunt. (A systematic hunt would use group theory.) We will then
make a preliminary examination of question (b) above. What we will talk about
can at best be a very small fraction of the research this topic eventually can
offer.

When sufficiently cooled, a crystalline beam should exhibit significant quan-
tum mechanical effects. We will not discuss these effects here.

Crystalization has been observed in ion traps. There has been hint of ob-
servation at Novosibirsk for a real crystalline beam in an accelerator. Crys-
talline beams have been observed in computer simulations. There are current
efforts — not an easy task — to design storage rings to observe crystalline beams.
Hopefully, as beam cooling technology advances, an exciting research field of
crystalline beams will open up in front of us.

3.1 1-D Infinite Crystal

The simplest crystal is a 1-D infinite line of equally-spaced charged particles.
Assume there is an infinitely strong transverse focusing so that the crystal is
1-D in z-direction. Let the spacing between charges be a.

This is a trivial lattice arrangement. But one can still ask what are the small-
amplitude normal modes of this crystal. Let the longitudinal location of the nth
particle be designated as z, = na+ A, where A,, is a small displacement from
its lattice site. Let each particle have mass M and charge (). The equation of
motion of the nth particle is

Mzn+z

where the second and third terms on the LHS are Coulomb forces due to charges
on each side of the nth particle. For small deviations from the lattice sites, we

Z =0, foralln (3.1

- Zn-‘rk: k::l — Zn— k:
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linearize Eq.(3.1) to obtain

2Q2
MA + Z k3a 3 AT An—k) =0 foralln (3_2)

The eigenmode solution to Eq.(3.2) is found to be

Mw?a? | ko
eigenvalue \ = % = 4k_1 = sin? (—)

eigenvector A,, = cos(nf + ¢) e ™" (3.3)

where w is the eigenmode frequency. This eigenmode is characterized by the
continous variables # and ¢. All modes with different ¢ values are degenerate,
i.e. they all have the same eigenvalue. The mode index 6 gives the snapshot
phase in the mode pattern A,, between adjacent lattice sites. The modes with
# = 0 have all charges moving in unison and the mode frequency is wyg = 0 as
one would expect because there is no restoring force. The modes with § = 7
have charges moving with alternating displacements; they have the largest mode
frequency given by”
Q2
Wy = 7C( )MCL3
where ((p) is the Riemann zeta-function (which occurs often in crystal beam
calculations),

(3.4)

=1
— Z o ¢(3) ~ 1.20205 (3.5)
k=1

Figure 3.1 shows eigenvalue A as a function of §. When 6 = 7, we have
A =7((3)/2 = 4.207.

3.2 1-D Finite Crystal

Now consider a beam with a finite number N of particles in a crystalline state.
In the z-direction, there is linear focusing with spring constant k,. The first
question we ask is what are the lattice locations {z,,n = 1,2,- -+, N}. This
maybe useful when considering cold ions in a trap. The total potential eneregy

"We have used the fact that

1 1 N 1 =1 = 1
D T w2 wrw Xy

k=1,odd k=1 k=1,even k=1 k=1
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Figure 3.1: Eigenvalue A versus eigenmode index 6 for a 1-D infinite crystal.

of the beam is

N N

k. 2
V(zl,z%...,zN):?Zzi—i—zzan;Zﬂ (3.6)

n=1 n=1j>n

The lattice locations are determined by the condition that all particles in
the beam are in equilibrium, or

ov

o 0 foralln (3.7)

Equivalently one can say that V reaches a local minimum as a function of all
coordinates {z,,n =1,2,-- -, N}.
Deviation from the equilibrium state is described by the equations of motion

oV
O0zp

Mz, + =0 foralln (3.8)

Eq.(3.8) can be used to find small amplitude normal mode frequencies of the
crystalline beam.

N =1 When there is only one ion in the beam, the lattice is trivial. We have
V = k,2?/2 and Eq.(3.7) gives z; = 0. This charge is located at the origin. It
oscillates in a potential with frequency w, = \/k,/M.

N =2 When there are two charges, Coulomb repulsion between them sepa-
rate them apart, while the external focusing keeps them together to reach an
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equilibrium lattice arrangement. In this case,

ke o o Q*
V== _— 3.9
2(21+Z2)+|Zl_22| ( )
and Eq.(3.7) gives two equations whose solution is
2\ 1/3
Z1 = —29 = <§€Z) (310)
One notes that the lattice size is characterized by the quantity
(Q*/k:)"? (3.11)

There are two normal modes, a + mode in which both particles oscillate in
phase, and a — mode in which the two particles oscillate out of phase. The
small amplitude mode frequencies are found to be

[k |3k
Wat =\l 3r W =\ 37 (3.12)

N = 3 The lattice locations are

5Q2 1/3
z1=—23 ( 4kz> 2 (3.13)
The small amplitude normal mode frequencies are determined by
Mw? | 14 8 1
~hTE 5 ~5
8 Mw? 21 8 —
Det _8 Ml _8 0 (3.14)
1 8 Mw? 14
~5 ~5 —ETE

=
[k, [ 3k, 129k,

The three normal modes respectively corresponds to (1) all three particles move
in phase with the same amplitue, (2) particle 1 and 3 move out of phase, while
particle 2 is stationary, and (3) particles 1 and 3 move in phase with same
amplitude, while particle 2 moves opposite to them with twice the amplitude.

N = 4 We find the lattice sites numerically,

2\ 1/3
z1 = —z4 =~ 1.4368 <Q>
k.
Q2 1/3
zo = —z3 =~ 0.4544 (k_> (3.16)
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2 1/3
2 —2 o~ 17429 <C’]3)

2 1/3
29 —z4 ~ 0.8221 (Q—)

k.
zZ3 0

These lattices are shown in Fig.3.2 for N =1 to 5.

. .
M=1 ®

M=2 * *

N=3 e » .
N=4 * > *—|
N=5 & - T ® -

153
2 s @2k,

Figure 3.2: 1-D lattices for N =1 to 5.

Ezercise 1 What are the mode frequencies for the cases of N = 4
and N =5 discussed above? ,
Solution The mode frequency w is determined by det[(—2=+1)I +

2,5&214] = 0, where matrix A has the elements

1 ; _
i Zj;ﬁn PR ifm=n
nm — 1

ifm#n (3.18)

T Tem—zal®
The fact that A is symmetric assures real eigenvalues.

Ezxercise 2 Show that the ratio of the two terms in the potential
energy Eq.(3.6) is 1:2.

o1

(3.17)



Solution

%z

3[0
l\D\H

By switching j < n,

By adding the above and dividing by 2

N N N
1 2 Q Zn_z 1 Q2 1 Q2
5 2 ke = Z -zl 1y &1y 2
2 2| 4~ |z, —zi| 2~ |z, — 2]
n=1 n;ﬁ] n#j n<j

Q.EDS

Ezercise 3 Show that as N — oo, the 1-D finite lattice length o
(N2Q?/k.)'/3. Fitting to the N = 5 case, we find that the full
length of the lattice is

212\ 1/3
L~12 (NkQ > (3.19)

3.3 Planar Crystal

In this case, we consider an infinitely long crystal without z-focusing, but con-
fined transversely by a focusing in the y-direction with spring constant k,. Fo-
cusing in the x-direction is assumed to be infinite; the crystal is in the y-z
plane.

An important difference from the 1-D lattices is that now some lattice con-
figurations can be unstable. When the linear charge density (characterized by a,
the z-spacing between adjacent charges) is low, the transverse focusing is strong
enough to overcome the Coulomb repulsion and to confine the crystal to a 1-D
configuration, just like the 1-D infinite crystal studied earlier. As a becomes
shorter, the 1-D configuration can become unstable. To illustrate this, consider
a crystal with lattice sites z,, = na but undergoing an oscillation with a pattern
of a zig-zag in which all particles at sites with (n = even) move in one direction
in y, while all particles with (n = odd) move in the opposite direction. The
unperturbed lattice is sketched in Fig.3.3(a).

Consider the y-motion of the charge located at n = 0. The equation of
motion is

- 1
k=1,0dd (4y? + k2a®)?/

8Thank to Jeff Holmes for this nice proof.
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Figure 3.3: Various planar lattice configurations.

For small y, this becomes

) Q> .1
Mij [y - 03] =0 (321)

The y-motion of the crystal would be unstable if

1/3
< EOE,, (K0)

22
2 2k (3.22)

i.e., when the focusing is overcome by the Coulomb repulsion.

One may ask if the crystal is necessarily stable when condition (3.22) is not
satisfied. The answer is we have not proved it. What we have proved is that
the crystal is stable against one type of perturbation — the type with a zig-zag
pattern. For the crystal to be stable, it must be stable against all possible
perturbations, and we have not done that. However, the zig-zag pattern (we
might call this the transverse m-mode) turns out to be the least stable pattern,
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Figure 3.4: The parameter b/a as a function of k,a®/Q? for the zig-zag and a
3-layered lattices.

so Eq.(3.22) is the necessary and sufficient condition for the 1-D lattice to be
stable.

What happens to the unstable crystal when Eq.(3.22) is satisfied? The
answer is that it can not stay 1-D. The crystal has a zig-zag pattern. Designate
this pattern by two layers of lattice sites

(y,2) = { Elilirgzl +1)a)’ n = —00 to 0o (3.23)

where 2b is the y-spacing between the two sets of sites, and is yet to be deter-
mined. This zig-zag pattern is shown as Fig.3.3(b).

To determine b, we apply the condition that the lattice is in equilibrium. The
forces have been computed in Eq.(3.20). The equilibrium condition is found to

be
oy ! (3.24)
4@2 k=T odd [4(%)2 + kQ] 3/2 .

We need to solve it for b/a. There is a solution if and only if condition (3.22) is
satisfied. The solid curve in Fig.3.4 shows b/a as a function of kya®/Q?.
Having a solution for b/a, however, does not guarantee the stability of the
zig-zag crystal. When a decreases further, the zig-zag crystal gives way to a
configuration with three lines of charges. Let the lattice sites be indexed as

kya

(b,(4n + 1)a)
(y,2) = { (0,2na) , n=—00to oo (3.25)
(=b, (4n — 1)a)
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This lattice is sketched in Fig.3.3(c). The equilibrium coniditon is found to be

4kya3 > 1
= >, —— (3.26)
5Q Ketodd [4(2)2 + k2] /

The dashed curve in Fig.3.4 shows the solution of b/a for the 3-layered planar
crystal.

We conclude that when (k,a®/Q?) > (7¢(3)/2) ~ 4.207, the planar crystal
is 1-D. When (7¢(3)/2) > (kya®/Q?) > (35¢(3)/32), the crystal has the zig-zag
configuration. When (35¢(3)/32) > (k,a®/Q?), a 3-layered planar crystal takes
over. As a decreases more, of course, the crystal becomes increasingly complex,
etc.

Eaxercise 4 (a) Can you think of possible 2-layered arrangements
other than the zig-zag? For example, how about the arrangement

(y,2) = { Elilzzlz)a) , n=—00to 0o (3.27)

as shown in Fig.3.3(d)? What is the value for b/a? Under what
conditions is this crystal stable? (b) Can you think of possible 3-
layered arrangements other than that considered in Fig.3.3(c)?
Solution (a) Unstable against sliding the top row relative to the
bottom row of particles.

3.4 3-D Infinite Cubic Crystal

Before we specialize to cubic crystal, let’s consider a 3-D crystal in general.”
Let the lattice site of the nth particle be ¢,,. Let the position of the nth particle
be slightly perturbed from the lattice site with

7= 0, + A, (3.28)

The Coulomb force seen by the nth particle is

=@?y 7 T TG (3.29)

jn — 7l

The fact that E_;L are lattice sites requires that the Coulomb force in equilibrium
must vanish, i.e.,

lo—0; =
Zﬁ 0 foralln (3.30)

9Strictly speaking, a 3-D infinite crystal beam cannot exist. Coulomb force from all other
charges makes lattice sites intrinsically unstable — the summation (3.29) diverges. But here
we study it as a curiosity.
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For small deviations A,,, the linearized equation of motion (assumed to be
nonrelativistic) for the nth particle is

MA, = @Y = bt 8, -6 - &, (3.31)
#n\e + A, =0 — A3
-0 (R —A,
- @Y l O Y A UL R E VY
j;én |€n761|

In a cubic crystal with lattice dimension a, we have €_; = fa, and Eq.(3.31)
becomes

- Q? 1

MA; = = —— |As — A, -3k . (3.32)
a® £ js e
E#0
§ Ul & 3 Sk QA - Ay - Ky
- ﬁglﬁli‘ 20— A, g — AL -3k P
k0
An eigenmode has a plane wave pattern
Ay = 0cos(ii -0+ ¢p)e” (3.33)

where § and ¢ serve as mode indices. The mode frequency w is determined by

M?ad o~ 1 (302
L 7Z|T[ (k- 6)] (3“;2'5'2 1) (3.34)

E#0
For example, when 6= 0z, or 0y, or 0z, we have

Muw?a? >

ANO) = g = kz::l(l—cosk;ze)F(kz)
Fk,) = Z Z (k. ky)
ky=—00 ky=—00
22 — k2 — k2
gk, ky) Z__r (3.35)

(k2 + k2 + k2)>/2

The double summation in F'(k,) is rather subtle because of the cancelation
among terms, and must be handled carefully.!? Figure 3.5 shows A(). The
cubic lattice is stable (provided it can be formed in the first place — see the
previous footnote).

10We first rewrite Eq.(3.35) as

oo oo

Fe) = D0 S [alnihy) + g(ho + 1,00 + glkesky + 1)+ gk + Lk + )]
k=0 ky=0
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Figure 3.5: Eigenvalue A versus eigenmode index g for a cubic crystal, when
0 = 0z, or 0y, or 0Z.

Eaxercise 5 Verify that Eqgs.(3.33-3.34) describe eigenmodes for the

o0
Z |:9(kx>ky) +g(ke + 1, ky) + g(ka, ky +1) + g(ke + 1,ky + 1)

gk

K =0 kiy =0
ky+1 ky+1

—4/ doew/ docyg(ozl-,ozy)} (3.36)
K Ky

where in the second step we have added artificially a term which sums up to zero to help the

convergence,
ke+1 ky+1
—4 E E / doc;t/ dayg(ag, ay)
k

ky=0ky=0" Kz ky
> o 2k2 — a2 — a2

=—4 do doy——"-" Y _ = 0 (3.37)
0 0 (a2 +af +k2)5/2

The integral in Eq.(3.36) can be performed and we have a summation which converges much
faster,

> [g(k:m ky) + 9(ka + 1 ky) + g(ka by + 1) + glko + Lky +1)

F(k,) =
ky=0ky=0
—4{[h(kz, ky) — h(ke + 1,ky)] = [h(ka, by + 1) — h(ke + 1, ky + 1)]}]
h(ke ky) = aky (k2 + k2 + 2k2) (3.38)

(K2 4 k2)(k2 + k2) (k2 + k2 + k2)1/2

It turns out that F(k.) decreases rapidly with increasing k.: F(1) = 0.3274645, F(2) =
5.5496 x 10~%, F(3) = 1.03 x 10~%, and all higher values of k. practically vanish.
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equation of motion (3.32).

Ezxercise 6 Following similar approach of the text, find the eigen-
mode pattern and eigenfrequencies for the 2-D infinite square crystal
with lattice sites (z,y) = (nza, nya), ny , = tintegers.

Solution
M a? EOO (1 k.0) EOO 2k Ky (3.39)
2 = — COS Ry 2 1 1.2\5/2 :
2Q k=1 b, oo (R +RD)

Exercise T We concluded that the cubic lattice is stable after ana-
lyzing the case # = 0Z. Does this conclusion hold when we consider
an arbitrary mode index 67?7

Ezxercise 8 Repeat the analysis for a rectangular crystal with Zn =
(ngb, nyb,n,a), where a and b are the longitudinal and transverse
lattice periods. Is this crystal stable?

3.5 Planar Crystal With 2z Focusing

We next add back z-focusing to the planar crystal discussed earlier. The beam
now has a finite number of N particles. The crystal is still in the y-z plane. Let
k, and k. be the spring constants.

Consider the case with N = 2. At equilibrium, they are located at (y, z) =
(y1,21) and (—y1, —21) respectively, where

Q2y1 Q221
kyyr = ——5—=7, k.21 = ——5—=75 3.40
yY1 4(y% JrZ%)a/z 1 4(y% Jr2,%)3/2 ( )
There are two possible solutions,
2\ 1/3
(&) 0
(y1,21) = (3.41)

0.(4)")

We next analyze the stability around each of the possible solutions. Take
the first case first. Let the two ions have displacements

(yl + Ayl, Azl) and <_y1 + A.1;/27 Az2) (342)
The y-motion of ion 1 is described by

Q*(2y1 + Ay1 — Ayo)
[(2y1 + Ayl - Ay2)2 + (Azl - Az2)2]3/2

MAyl +ky(y1 + ABy1) — =0 (3.43)
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By linearizing with respect to A-quantities, and extend the analysis to the y-
and z-motions of both ions, we find

MA; +ky (20,1 —Ay) = 0
MAy? + ky(QAzﬂ - Ayl) =0
MAa 4 (k= an 4 Ba, < o
MA + (k. — g—y)Azg + %Azl =0 (3.44)

Note that the y- and z-motions are decoupled from each other. The y-motion

has two eigenmodes,
Vky/M, 0 mode (3.45)

YT { \/3ky/M, 7 mode

while for the z-motion,

_{\/kz/M, 0 mode (3.46)
YT\ ks —k,)/M, 7 mode '

The z-motion is unstable if k, < k,. These four modes are shown in Fig.3.6.
kN (s)]
¥ * ||

b, *
| |

—» —»
) ()

'|—II-

_I

Figure 3.6: There are 8 eigenmodes for a 2-particle planar crystal with z-
focusing. Four of them with the two particles on the y-axis are shown here.
(a) y-motion, 0 mode. (b) y-motion, m-mode. (c) z-motion, 0 mode. (d) z-
motion, m-mode. The sheering mode (d) is unstable if k, < k,. The remaining
four modes are with the two particles on the z-axis.

For the second set of equilibrium coordinates in (3.41), we find its y-motion
is unstable if k, < k.. We thus conclude that when k, > k., the crystal is
oriented along the z-axis. When k, > k., the crystal is oriented along the y-
axis. lons tend to stay away from the strong focusing dimension in a crystalline
beam.



There is also a degenerate case when ky = k.. The crystal can be oriented
along an arbitrary direction in the y-z plane, but it is barely stable. Any shearing
motion would not be focussed.

3.6 Helical Crystal

Consider the case without longitudinal focusing and the crystal is again infinitely
long in z-direction. Let there be transverse focusing with spring constants k,
and k,. We learned from Eq.(3.22) that if the longitudinal average particle
spacing a is sufficiently large, the crystal is 1-D. As the line density increases
(i.e. as a decreases), the 1-D crystal becomes unstable and more complicated
crystal structures result.

Figure 3.7 shows one simulation result of possible crystal structures when
k; = k, = k and no longitudinal focusing [3]. The structure depends on the
dimensionless linear particle density A = 1(3Q?/2k)'/3. As X increases, one sees
1-D, zig-zag, and helical, and multi-layered helical crystals, successively. If a
longitudinal focusing is introduced, one may contemplate a buckey ball crystal,
and crystals with multiple 3-D shells.

John P. Schiffer

e © o 6 & 06 0 @ o ° o o o o s s 0 s o o

AAAAAAANAAN, ©)

6-97
8322A14

Figure 3.7: Simulation results of lattice configurations as the linear particle
density A is varied. For comparison, condition (3.22) for the instability of a 1-D
crystal gives A > (3/7¢(3))"/3, which is consistent with the results here.

3.7 Moving Crystal

On may pursue crystal hunting some more, perhaps using group theory to be
systematic. But below we will study the topic of crystal beam motion in an
accelerator. Let us consider a crystal moving in the z-direction with speed (c.
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To illustrate, we take a planar crystal which has a y-focusing spring constant
(in the laboratory frame) k,, while k, = oo and k, = 0.
First let us write down the electric field of a moving charge:

2 VQr
E(r) = L R (3.47)
which can also be written as
0P o 1 00
E —-_2" g _-_“% - _ -9
’ ox’ Y oy’ ‘ v2 0z
o= e (3.48)

(IZ + y2 + 7222)1/2

Another charge moving with the same velocity along z-direction sees a Lorentz
force
Q

F= f?Vcb (3.49)

where we have used the fact that the magnetic and electric contributions cancel
each other to introduce an extra factor of 1/92 to the transverse Lorentz force.
For sufficiently large a (a is in the laboratory frame), the equilibrium crystal
is 1-D. To see how large a must be in order for this moving 1-D crystal to be
stable, we follow what we did for the stationary planar crystal, and consider the
perturbation of a zig-zag pattern. The y-motion obeys [Cf. Eq.(3.20)]

40 & 1
2,11 _ _
Mrye*y™ +y | ky 7k_§1 A7+ PR =0 (3.50)

It follows that a 1-D crystal is stable only if

763 @\
a > (CQ()'ygk’ ) (3.51)
Y
Similarly, we find the crystal has a zig-zag pattern if
7B @\ 35¢(3) @* \"” 459
> ik, ) T\ a2 Ak, (3.52)

Exercise 9 Show Egs.(3.51-3.52) by Lorentz transformation from
the rest frame of the crystalline beam.

Solution In the beam rest frame, particle spacing is ya and spring
constant is vk, .

Equations of Motion Equation (3.49) allows one to write down the equations
of motion for one of the particles in a circular accelerator,

oav 6
'+ Kyr+ — = —
or p
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ov

1 K —
Yy + nyr—ay 0
, x 0
2 =——4 —

P

oV
- R
0 = 52 (3.53)

where

@ 1
V= 5 2 e P 2=

(3.54)

with summation over all lattice sites k other than the site for the particle under
consideration. Quantities K, K, and p are periodic functions of s with period
C = 2rR. Quantities K, , are related to the spring constants k., by K., =
ks /M~yc*. We have considered an unbunched beam in an accelerator without
rf focusing. We have also ignored the curvature of the crystal beam conforming
to the circular closed orbit of the accelerator.
The Hamiltonian for the above equations of motion is
1 6 1

1 2 2 2 2 2
H=(p;+py) + W(S - 7+ 5 (FKoa® + Kyy?) +V (3.55)

In a weak focusing synchrotron, we have

1—n

n
KzZF’ Ky:ﬁa P

=R (3.56)

In a smooth approximation for an alternating gradient synchrotron, we may
take

K —(”w)Q K —(”y)2 ~R (3.57)
T R ) Yy R I p - .
Lattice Sites Let the coordinates of the nth particle be designated as

Tn=Xp+Qn, Yn =Y, +06n, =12, + Yn, O0p = Ay +0p (358)

where X,,,Y,,, Z,, A, are the lattice site coordinates, and a,, B, Yn, on are small
deviations from the sites. Note that each lattice site is assigned not only three
space coordinates X,,,Y,,, Z,, but also an energy deviation A,,. We expand V'
to quadratic terms in a,, 8,, ¥, to obtain

Q? 1
V ~ —— X
o S

{1 _ (@ —an) (X = X) + (B =B0) (Ya = Yi) + 72 (0 =10 (Zn = Zs)
Ry

(n—ar)? + (Br—Br)* + v (1 —k)?
2R?,
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+_
2 R%,

3 (an—ak)(xn—Xk)+(5n—ﬁk)(Yn—Yk>+72<wn—wk)(zn—zk)}2}

Rur = (X = X3)? + (Yo = Vi) +9°(Z0 - Zk)2]1/2 (3.59)
Equation (3.53) then yields the equations for the lattice sites,
Ap

p

" Q X Xk_
X+ Ko X MCHZ s

Y, - Y,
V) 4+ Ky, Y, — M”Z F—o

R
X, A,
Z,=——"+—
P
2 Z - Zk
Ay M ¢ (3.60)

In order for the beam to crystalize, we must require the lattice site coordinates
to be periodic with period C.

In the smooth approximation, K, Ky, p as well as the lattice structure are
independent of s. The crystal rotates around the accelerator rigidly. All primed
terms on the LHS of Eq.(3.60) vanish. One must have

A, =LX, (3.61)

Equation (3.61) means that a particle with X,, # 0 must be associated with a
A, in such a way that the extra path length due to X, is exactly compensated
by the extra velocity of the particle due to A,,. Equation (3.60) then becomes

2
o X, — X
(Ko = ~5) X0 — 57 =
z pz n 02 2 Z Rka

Q? Y, — Yk
K,Y, — -0
Y Mc2~2? ,; R3,

Zn - Zk
Y =0 (3.62)
k#n nk

It is conceivable that a “liquid crystal” beam can be defined when a layer
of lattice slips with respect to other layers by exactly an integer multiple of
the unit dimension of the lattice when the beam completes one revolution. The
lattice is re-formed after each revolution. This possibility is not considered here.

1-D Lattice
A 1-D lattice trivially satisfies Eq.(3.62),

Xn - n - Oa An - 07 Zn = na (363)
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Zig—zag Lattice in the y—z Plane
This lattice has X,, = 0 and A,, = 0. Its (Y, Z) site coordinates are given
by Eq.(3.23), with [Cf. Eq.(3.24)]

oo

2.2,3
4Q2 A2 3/2
k=1,0dd {4 (E) + 7%2}

Eq.(3.64) has solution only if [Cf. Egs.(3.22) and (3.51)]

. Q2 1/3
<|=C8)=——=
“ <24( )KyM7502>
Zig—zag Lattice in the x—z Plane
This zig-zag crystal is more complicated than the one in the y-z plane be-

cause z-deviations necessarily involve energy deviations. Let the crystal sites
have Y,, = 0 and

(3.65)

(b, 2na,v*b/R)
(*b’ (2n + 1)0’; 772b/R)

Substituting into Eq.(3.62) yields the condition
Mey2a? ~2 o0 1

Eq.(3.67) has solution only if

K, > 3.68
= (3.68)
and
1/3
7 Q2 '72 7 Q2
a<|=¢@3 or ky < —+-(8)——==—= (3.69
2 (K — ) Mye RPN TETL I
In the smooth approximation (3.57), Eq.(3.68) means
Vg >y (3.70)

We thus conclude that the accelerator must be operated below transition in
order for the crystalline beam to form. Physically this is so that the horizontal
focusing force must be greater than the centrifugal force, i.e.

KX > % (3.71)

When the particle line density is small enough that both Egs.(3.65) and

(3.69) are not satisfied, the crystal is 1-D. Take for example the case of a proton

beam, and p = 10 m, v = 5, v, = 10, K, = v2/p? = 1 m~2, Eq.(3.69) says that

the formation of 1-D crystal requires @ > 1.4 pm, or the number of protons in

the accelerator is less than 27p/(1.4 um) = 4.5 x 107. To store more protons in
a 1-D crystal, one way is to increase 7.
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3.8 Perturbation from Lattice Sites

Assuming the lattice sites have been established, we next need to make sure the
crystal is stable against small deviations like Eq.(3.58). Linearizing Eq.(3.53)
around the lattice sites, the equations of motion become

y 1 3(X, — Xp)?
al + Ky, — MgQ 5 Z{ [Rnk(Rflkk)] (an— )
| 3(Xu—Xi) (Ya—Yi 392 (X — X3) (Zn—Z on
o= 2o 5, - ) - - Hn 2 ’“)mw} -2

" 3(YH*Y )2
B+ KyBn = 5755 MCQ ; Z{ {Rf;kR,ikk} (Bn—Be)

k#n
B _ 20y _ _
73(Xn Xk5)(Yn Yk) (an*ak) _ 3’}/ (Yn Y];)(Zn Zk) (’Yn'yk)} =0
Rnk Rnk
1 _Gn  On
Tn p ,-),2
2 1 3V (Z —Zk)Q}
. - " (=)
Mc? ,; { |:Rik Ry
n n_ Zn—2
3(Xn— Xk5)(Z Zk)(an_ak) _ 3 Yk>5( k)(ﬁn_ﬁk) (3.72)
Rnk Rnk

Note that, in general, horizontal, vertical and longitudinal motions are coupled.
An oscillation in one dimension excites oscillations in the other dimensions.

1-D Lattice For the 1-D lattice (3.63), the y-motion is decoupled from the other
two dimensions, with

B! + K, B, — qu? > R3 —Be) =0 (3.73)
k#n

where R, = avy|n — k|, while the z- and z-motions are coupled,

Q* o
0+ Kean — 222 73 (Om — o) = —
Mc?y i R p
/ Qp On
p Y
2092
on= 1m0 R3 (3.74)
k#n

Eigenmodes of y-motion are, according to Eq.(3.73), described by

Brn = cos(nf + d))e*i“’s/c, an,=0, v, =0, 0,=0 (3.75)

65



where 6, ¢ are mode indices, and w is the eigenmode frequency, [Cf. Eq.(3.3)]

w 2
(Z> =K, ¢ (3.76)
where
47 &1, (ko
EZW,;ESI“ (7) (3.77)

The Coulomb force is defocusing for y-motion as seen by the fact that it shifts
the mode frequencies down-ward as £ > 0.

In order for the 1-D crystal to be stable against small y-perturbations, all
modes in Eq.(3.76) must be stable. This means K, must be larger than { for
all possible values of . This in turn requires exactly the opposite of condition
(3.65). When (3.65) is satisfied, 1-D crystal is unstable, and the next stable
crystal is of course the zig-zag crystal.

Eigenmodes in the z-z motion are described by

an = cos(nf + ¢)e”ws/e
Y = iGcos(nb + p)e /e
on = Scos(nb+ e /e (3.78)

Substituting Eq.(3.78) into Eq.(3.74) gives

w2 S
O
¢ p
1S
GE =——+ =
c P
S%’ = 2G%¢ (3.79)
We need to solve Eq.(3.79) for S, G,w. The solution is
2925
S = =
28 — %
wl
G = % (3.80)
28 — %
and the eigenfrequency w satisfies
w? w? 2v2%¢
(g —Kz+f> <0_2 _25) = P2
w\2 K,+¢& 1 8¢~2
- = + oy (K —36)2 + = 3.81
— (&) == 2\/< 02+ = (3.81)

In order for the z-z motion to be stable, it is necessary that both solutions of
(w/c)? in Eq.(3.81) are real and positive. This requires

72
Ke> 5+ (3.82)
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Since Eq.(3.82) must be satisfied for all 0, ¢, the 1-D crystal is stable against
x-z motion only if
2 2
T Q
K, > =4+ =-(8)———=
> 2 + 2(( )M02a3fy5

which we recognize is just the opposite of Eq.(3.69), as it should.
Equation (3.80) indicates that the z-, z- and J-amplitudes have relative
magnitudes of

(3.83)

. . — . . 2

This relative amplitudes would be what one observes in an accelerator when an

1-D crystalline beam is executing an z-z mode oscillation.

Ezxercise 10 (a) Follow the text to derive the mode frequencies (3.76)
for y-motion and (3.81) for z-z motion. (b) Show Eq.(3.84). What
happens to the oscillation amplitudes when k, is barely above the
stability condition (3.83)? What happens when k, is much greater
than the threshold value?

Zig-zag Lattice One may proceed to analyze the stability of the zig-zag lattices
and the lattice in general in a similar fashion.
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4 Fast Ion Instability

The vacuum chamber of an accelerator is far from under vacuum. In addition
to the applied electromagnetic fields from RF or magnets, a vacuum chamber
is typically filled with all sorts of contaminants:

residual gases (Hs, HyO, CO, etc.)

stray electrons (photodesorption, multipactoring, dark currents, etc.)

dust particles

photons (synchrotron radiation, thermal photons, etc.)

microwaves (wakefields, etc.)

ions (trapped, fast ion instability, etc.)

There are various ion effects in electron storage rings and synchrotrons.
Most of these are “conventional” effects which occur when ions are trapped by
a circulating electron beam for multiple revolutions. To avoid the conventional
ion trapping, a gap is introduced in the electron beam by missing bunches in a
train of bunches as shown in Fig.4.1. Another way to avoid trapped ions is to
introduce clearing electrodes. A conventional ion instability is likely to occur in
Fig.4.1(a) and is avoided in Fig.4.1(b). However, the beam in Fig.4.1(b) is not
free of instability. It can still suffer from the fast ion instability, which is the
topic of this chapter.

We are mainly interested in electron accelerators here because ions are pos-
itively charged. A positively charged beam typically will drive the ions to the
vacuum chamber walls before they can do significant damage to the beam.

In the fast ion instability, individual ions last only for a single passage of the
electron beam and are not trapped for multiple turns. The lifetime of individual
ions is therefore very short. Methods to avoid the conventional ion effects, such
as a gap in the bunch train, are not applicable. In a fast ion instability, although
the ions do not stay long in the accelerator, they still can cause an instability in
the electron beam. The growth time of the electron beam is much longer than
the lifetime of the ions.!’ In Fig.4.1(a), the electron beam and the trapped
ions form an eigen-system. The motions of both the beam and the ions grow
exponentially with the same time constant. In Fig.4.1(b), the beam and the
ions do not form an eigen-system. The growth of the electron beam, as we will
see, is in fact not exponential.

Since ions are not trapped, the problem is conceptually the same whether
the accelerator is a storage ring or a very long linac. For conceptual convenience,
let us consider an electron beam traveling down a very long linac. Let the beam
have a total of N electrons, a transverse distribution of a uniform disc of radius
a, and a uniform longitudinal distribution of length ¢. Let the linac vacuum be
such that the residual gas has a volume density n. The gas might be CO. The
fast ion instability applies to synchrotrons or storage rings in which the electron
beam consists of a long train of bunches with a long gap. (The gap is long
enough so that all ions produced in one passage of the beam train are cleared
before the bunch train comes back again in the next revolution.) Examples of

11This is in spite of the fact that we call this effect the fast ion instability.

69



(a) < (k)

Conventional ion instabiliby Fast ion instakiliy
Mo gap ine beam Gap in & beam
lons rapped lans not rapped
lexh lifetirme: == 1 turn e lifekirne - 1 turn

Figure 4.1: Comparison between (a) the conventional ion trapping and (b) the
fast ion instability.

such accelerators include the factory-colliders and third generation synchrotron
radiation storage rings.

4.1 Ionization

Gas molecules are ionized by the passing electron beam. Let X be the ionization
cross-section. Each electron ionizes along its path ¥n ions per unit length. By
the time the tail of the beam passes, the number of ions per unit length is

A=SnN (4.1)

We take ¥ = 2 Mbarns = 2 x 1078 cm?.12
We want to relate n to the vacuum pressure P. This is done by

N4 = Avogadro number = 6.023 x 10?3
PNy =nRT, where { R=82.056 cm?® atm °K~!
T = room temperature = 300°K

—  P[Torr] = 3.1 x 107" n[cm ™3] (4.2)
where we have used 1 atm = 760 Torr. Using Eq.(4.2), Eq.(4.1) becomes

_ INPN4
- RT

12This is a very large cross-section. The barn unit was introduced by Fermi to denote large
cross-sections, “as big as a barn”, but that holds for nuclear interactions. Nowadays exploring
rare elementary particle events, we become used to units like nanobarns or picobarns. This
is because quarks are much smaller than nuclei. Here we use megabarn unit. This is because
we are dealing with atomic interactions here, and atoms are much bigger than nuclei.

A ~ 6.4 m~ ! P[Torr| N (4.3)
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In a storage ring, we might have P = 10~ Torr and N = 10'!, then we have an
ion line density at the tail of the beam of A = 6.4 ions per cm, or one ion per
1.5 mm. If the electron beam consists of a train of bunches, the ion density at
the end of the train will be correspondingly larger. Also, in a linac, we might
have P = 10~% Torr and N = 10'°, then we would have 100 times denser ions
for a single bunch beam.

We might compare this value of A with the line density of the residual gas
as seen by the beam, which is given by Agas = ma?n. In this case we have
n=32x10" cm™3, and if @ = 1 mm, we obtain Agas = 1.0 x 10° molecules per
cm. About 107° of the molecules are ionized by the passing beam.

Figure 4.2 illustrates the situation. As the beam travels down the linac, a
fraction of the CO molecules get ionized. The COT ions accumulate linearly
as the electron beam passes by, until it reaches the level of Eq.(4.1) when the
beam tail passes. Figure 4.2 shows of course just the ionization process. The
interaction between ions and the beam is not illustrated, and is the subject of
this chapter.

o DD molecules

+ .
= O ions
o o
a [u]
o u]
____________ a
" o= O m =] 0
L] LI . o [u]
Lu] = " [}
L} . L}
[ . I..D. D u}
[ [ - -
O = " [] ]
o a

Figure 4.2: Ionization process.

Statistical excitation of beam tail There is in principle a statistical exci-
tation of coherent motion of the tail of the electron beam due to the ions. To see
that, consider a beam which consists of two slices, each with N/2 electrons and
transverse radius a. The two slices are separated longitudinally by a distance
£. The slice centroids are free to move, but their shape is considered rigid. The
first beam slice produces on the average one ion every distance of 2/\ with A
given by Eq.(4.1) or (4.3). These ions have random transverse position within
the uniform disc of radius a. Consider an ion at transverse location y. Ignoring
its ionization electron, this ion kicks the second beam slice centroid by an angle
Ay’ = 2r.y/ya® where r, = 2.82 x 107! c¢m is the classical electron radius.
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Since there is one such kick every distance of 2/, and the location y is random,
there is a statistical growth in the centroid of the beam tail according to
cr?

¢ 4.4
Sen (4.4)

EN =VER V%ﬁy<ﬁy/2> ~
where 3, is the S-function, and we have used the facts that (y?) = a?/4 for a
uniform disc and that e = a?/43,.

The coherent growth of beam tail (or tail of a beam train), Eq.(4.4), is in
addition to the growths due to the incoherent beam-gas scattering or the fast
ion instability to be discussed later. Take the storage ring example with A = 6.4
Jem, and ey = 1077 m, we find ¢ = 2 x 1072 m/s. The effective emittance
doubling time is then about 15 hrs. Note that this emittance growth effect
applies regardless of the species of the beam particles. We will not pursue this
statistical excitation of beam tail in the following.

4.2 TIon Motion — Unperturbed Electrons

As a zeroth order description of the ion motion, let us first analyse the motion
of an ion once it is produced, assuming the electron beam is unperturbed by
the ions. We assume that the ion is produced at rest and that its motion is
nonrelativistic throughout.'® It is singly charged to +e. The electron beam is
considered relativistic.

Let y be the transverse displacement of the ion relative to the electron beam
centroid. The electric field due to the passing electron beam and seen by the
ion is —(2Ne/fla?)y. The ion motion is therefore

2Ne?
Mij+Z—y=0 4.5
it Y (4.5)

which is simple harmonic. All ions thus oscillate with the same frequency

[2Nrpc?
W= la?A (4.6)

where M = Am,, and €?/(m,c?) = r, = 1.54 x 10716 cm is the proton classical
radius.

Take N = 10,/ =1 cm, a = 1 mm, A = 14, we find w;/2m = 70 MHz.
The ion oscillation is typically rather rapid!

What is the ion distribution under the focusing of the unperturbed electron
beam? Let p(r|z) be the radial distribution of the ions at longitudinal location
z, where z refers to the distance between the ion and the head of the electron
beam, with £ > z > 0. Then (see Fig.4.3)

SnN [* 1
plrlz) = =2 P — (4.7)
mla? 07(| cos( wf(z;z’) )|>§) COSZ(WI(ZC*Z ))

where the integration is over all 2’-locations where ions can be produced.
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Figure 4.3: Ion distribution after being produced by the electron beam. For
each slice of ions produced at 2/, the distribution at position z is a uniform disc
with radius a| cos(w;(z — 2)/c)].

10°

10°

1

r - 10
ZnMz/ o

Figure 4.4: Radial distribution of ions by the passing electron beam. The dashed
square is its uniform disc approximation.

Ignoring the initial transients (valid when wyz/c > ), this gives

_2XnNz v a? —r?

p(’l"‘Z) ~ 7T2€a,2 r

(4.8)

13The nonrelativistic condition is satisfied if wya < ¢, or equivalently, using Eq.(4.6) below,
when the electron line charge density N/¢ < A/r,. This is easily satisfied.
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Note that there is a divergence at r = 0 because the ions are sharply focussed to
a point at all the focal points in Fig.4.3. On the other hand, the total number
of ions at location z is

@ ¥nN
/ 2rrdr p(r|z) = ng & (4.9)
0

as it should.
This ion distribution (4.8) has an rms radius

14 “ a?
(r?)y = SN /0 2rrddr p(r|z) = T (4.10)

If we approximate this ion distribution by a uniform disc, the disc radius should
perhaps be taken as a/ \/2, which is somewhat smaller than the electron beam
cross-secion. Figure 4.4 shows the distribution (4.8). The dashed square in
Fig.4.4 is its uniform disc approximation.

Ezxercise 1 Derive Eqs.(4.7-4.12). Contemplate what physics have
we lost by approximating the ion distribution as a uniform disc.

4.3 Electron Motion — Unperturbed Ions

We have now a zeroth order description of ion motion in the presence of the
unperturbed electron beam. As the zeroth order description of the electron mo-
tion, we approximate the ion distribution as a rigid unmoving uniform cylinder
with radius a/v/2, unperturbed by the electrons.'* The electron beam and the
ion distribution are sketched in Fig.4.5.

An electron at a longitudinal location z relative to the front of the beam
sees an electric field of 4(eXnN/a?)(z/f)y.t> The equation of motion for this
electron is

SnNc?r,

ij+K%y:O, where K =4 5
Ya

(4.13)
The ion focusing for the electron depends on the longitudinal position z of the
electron. If \ = ¥nN = 6.4/cm, v = 10*, and @ = 1 mm, we have K = 6.5 x 107
s~2. The electron at the end of the beam has an ion focusing frequency of
VK /27 = 1.3 kHz. This frequency is much smaller than w;. The focusing of

14 The statistical excitation of beam tail discussed earlier is ignored here.
150ne could ask what is the electric field if we assume the distribution (4.8) instead of a
uniform cylinder. The answer is

4e¥nNz 1 2
By = "2 sin YY)+ Y 1L (4.11)
|yl a a a?
To a rather good approximation, this gives
8eXnNz
By~ sgn(y) (4.12)

wal

In spite of this, we shall approximate the electric field as being linear in y.

74



ion cloud is stationary

ion bearn size ad?

& beam is
i rmakicon

P

Figure 4.5: The model we use to study the beam-ion interaction. Both the
electron beam and the ions have a uniform transverse distribution. The electron
beam radius is /2 larger than that of the ions. Longitudinally, the electron
beam has a uniform distribution, while the ion density is proportional to z, the
distance measured from the head of the electron bunch.

elechron beam size a

the electrons by the ions is much weaker than the focusing of the ions by the
electrons.

In addition to the focusing due to the ions, electrons see an additional ex-
ternal focusing from quadrupoles. With a [-function of 10 m, the betatron
frequency is wg/2m = 5 MHz, which is much stronger focusing than that due to
the ions although it is much slower than the ion oscillation frequency w;. Note
that in our numerical example, we have wr > ws > VK /27.

Exercise 2 Repeat the calculation of electron motion with unper-
turbed ions for the case of a flat electron beam of height 2a, width
w > 2a, and length ¢. Approximate both the electron beam and the
ions by uniform ribbons of some finite thickness and length.

Solution
2w N7, c?
2 _ 2
Yr = wla
YnNz 14+ /11— (y/a)?
plylz) = In
rwla ly/al
2
K = V3¥nNer, (4.14)
2ywa

The ions has a ribbon distribution with height 2a/ V3.

Ezxercise 3 (a) Consider the case of an electron beam bunch with
a=100pm, £ =1 mm, N =5 x 10'°, and E = 1.2 GeV coasting
down a linac of length L = 3 km. Let the linac have an average
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B-function of 3 = 10 m, and a CO pressure of P = 106 Torr.
Estimate the difference in betatron phase between the head and the
tail of the electron bunch when it reaches the end of the linac. (b)
Repeat for an accelerated electron beam from 1.2 GeV to 50 GeV.
Solution (a) The bunch head has the equation of motion y” +
(1/8%)y = 0. The bunch tail has y” + (1/8% + K/c?)y = 0.

4.4 Coupled Ion-Electron Equation of Motion

We have now studied the zeroth order cases (a) the ions are perturbed but the
electron beam is rigid, and (b) the electron beam is perturbed but the ions are
rigid. We next consider the case when the motions of the electron beam and
the ions are coupled and mutually perturbing. Both the electron beam and ion
distributions are considered to be uniform discs (electrons with radius a, ions
with radius a/+/2) with centroid motion but no shape distortion.

Note that we ignore the self direct space charge effects, such as the effect of
the ion fields on the ions and the effect of electron beam field on the electrons.
We are interested mainly nly in the coupled motion of the ions and the electron
beam.

Designate the centroid motion of an electron slice by y.(s|z), where z is the
longitudinal position of the electron slice relative to the head of the electron
beam (£ > z > 0), and s is the distance along the accelerator. If the head of
the beam passes position s = 0 at time ¢ = 0, then the electron slice under
consideration would have s = ¢t — z.

The ion motion requires a more complicated description. Designate the ion
motion by yr(s,t|z’"), where 2’ indicates the ion was produced by an electron
which is located at 2’ relative to the head of the electron beam. Since ions
do not move along s like the electrons, we need both s and t to describe their
motion. The quantity yr(s,t|z’) is defined only after the ion is born, i.e. when
s<ct—2z.

Figure 4.6 sketches the situation. As we will show later, y; is going to be
90° out of phase from y., and the ions are going to oscillate with a much larger
amplitude than the electron beam. In Fig.4.6, the electron beam and the ions
are shown separately. In reality, of course, their distributions overlap and their
motions are coupled.

The equation of motion for the ions can be obtained by examining Eq.(4.5).
Except that now the electron beam is also moving and the focusing force must
refer relative to the electron beam centroid. This gives

2

0
ﬁyf(s, t|2") + wyr(s, t]2') — ye(s|ct —s)] =0 (4.15)

The term y.(s|ct — s) occurs here because it is the electrons with z = ¢t — s
which are interacting with the ions at location s and time t. Eq.(4.15) assumes
the oscillation amplitudes are small, with |y.| < a and |y;| < a, so that the
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Figure 4.6: Coupled ion-beam oscillation. The snap-shot wavelength of both
beam and ion oscillations is given by (4.24).

equations can be linearized. This approximation rules out the study of satu-
ration effects when the oscillation amplitudes become comparable to the beam
size a.

Equation (4.15) requires the initial conditions

yi(s, 2 12') = ye(s]2)

[Gur(s.tl2))] eeer =0 (4.16)

The reason for (4.16) is that the ions at position s were produced at time ¢ = (s+
z")/c and when produced, they had the same distribution as the electrons which
produced them, and we assume that they were produced with zero velocity.
The equation of motion for the electrons is
82

K # s+ z
CZ@ye(sp) +w%ye(5|z) + 7 {zye(s|z) —/ dz' yi (s,
0

1) =0 (4.17)

where the second term describes the external betatron focusing, and K was
defined in Eq.(4.13). The second term in the square bracket describes the center
of charge of all the ion slices integrated from 2z’ = 0 to 2’ = z. The first term
in the square bracket gives rise to a betatron frequency shift for the electron
beam. We will see later that this first term is not important for the asymptotic
behavior and can be dropped for our purpose. Eqs.(4.15-4.17) are the coupled
ion-beam equations of motion.
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Exercise 4 What modifications in Eqgs.(4.15-4.17) are needed if the
unperturbed beam cross-section is gaussian elliptical or flat ribbon
instead of round uniform disc?

Exercise 5 If the electron beam is in a FODO lattice and is not uni-
formly focussed as being assumed in Eq.(4.17), the ions see different
focussing frequency w; depending on where in the FODO structure
they are produced. This leads to a spread of w;. What modifica-
tions in Eqs.(4.15-4.17) are needed in this case? This introduces a
stabilizing effect on the fast ion instability.

4.5 Asymptotic Electron Motion

We need to solve Egs.(4.15-4.17). We are interested only in an asymptotic
behavior applicable for a long electron beam bunch or a long train of many
electron bunches. Here, for simplicity, we assume a very long electron bunch.
The case of a long beam train is discussed in a later section.

Before we solve for the asymptotic behavior of Eqs.(4.15-4.17), we note that
there is a resonance between the ion motion and the electron motion. The
asymptotic behavior will be dominated by this resonance. To see this resonance,
consider an electron motion with

ye(5|2') ~ e—iwgs/c—l-ikz (418)

for some k, and ask what does this say about the ions? To answer this question,
first note that ions execute simple harmonic motion,

yr(s,t|2') ~ yr(s, to|z")etwrt=to) (4.19)

where tg = (s + z’)/c is the time when the ions are produced. It turns out that
in Eq.(4.19) we should keep the + sign for the instability.'6

At t = tg, the ions have the same displacement as the electrons that produce
them, i.e. we can use the initial condition (4.16) to obtain

yr(s,tl2) ~  ye(s|e)eir -t
N eriwps/ctiks jiwrt—iwr(s+2)/c (4.20)

Resonance occurs when yr(s,t]z’) and y.(s|z) have the same t-dependence
when observed at a fixed s. Observed at a fixed location s as a function of time
t, we insert z = ¢t — s in Eq.(4.18) and obtain

ye(s|z) ~ e—iwﬁs/c+ikct—iks (4.21)
Comparing Eqgs.(4.20) and (4.21), we see that resonance occurs when

ke = wy (4.22)

161f we keep the — sign, we will obtain in Eq.(4.38) later a damped solution with Jp replacing
Ip. Since we are concerned only with an instability, we will take the + sign only.
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Subsiating (21) it (17 e (19) gives
Ye(s|z) ~ eTiwns/etivrz/e
yI(S,ﬂz’) ~ e Hwptwr)s/ctiwrt (423)

One can make the following observations based on Eq.(4.23):

(i) At resonance, yr(s,t|z’) is independent of z/ — all ions at s
oscillate in unison regardless of when they were produced. When
observed at a fixed s, both the electrons and the ions have a time
dependence of ¢™“’*. When observed at a fixed ¢, they both have
the snapshot behavior of e~#(ws+w1)s/c The snapshot wavelength of
both the electron beam and the ion oscillations is

2me

A= —— (4.24)
wg + wr

The electron beam oscillation has a phase velocity

wr
Uph = —————C 4.25
ph wp +wr ( )
We see that instability occurs for a slow wave component with vy, <
c.

(ii) In resonance, y. contains information on wy [see Eq.(4.23)]. In
practice, this means if we observe the electron beam by a beam
position monitor, the signal will contain a frequency peak at the ion
frequency wy [see Eq.(4.47) later]. This is how the ion frequency wy
can be observed in the accelerator. It is much easier to observe the
electron beam than to look for the ions. Observation of a wy signal
in the electron beam is one indirect evidence of fast ion instability
effect.

We are now ready to examine the asymptotic behavior of the beam-ion
coupled motion. We assume
belsls) = Gilsle)eion/erivisse
yr(s,t|z') = §i(s,t|z)e  wotwr)s/etiort (4.26)
where §.(s|z) is slowly varying in s and (s, t|z’) is slowly varying in ¢.

Substituting Eq.(4.26) into Eqgs.(4.15) and (4.17), and dropping small terms
%47 /0t? and 92%4,./0s?, we obtain

5 .
(s, 112) + %ﬂe(ﬂct —8) =0 (4.27)
0 1K 1K Z s+z

7~e YY) ~e - d "g 5 N = 4.2
5T o12) & 5 peelole) = 5 | e (s, S =0 (429)
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with the initial condition

_ s+ 2 _
gr(s; ——12) = Ge(sl2) (4.29)
Equations (4.27) and (4.29) give
‘ t
Gi(s,t2) = gelsls) — =L / a Gu(slet’ — s)
2 Jis+any
. ct—s
= Fe(s]?') — Z‘;—CI/ dz" ge(s]|2") (4.30)

Substituting Eq.(4.30) into (4.28) and using the identities

/dz/ d2" . (s|2") = /dz 2' e (s]2")

2Pe(s|z) — /dz e(s]2") /dz (s]2") (4.31)

9 K7, T8 . dwr.
Sl —_ = = 4.
6Sye(s|z) + 2l ), dz z {azlye(sk )+ 5 Je(s]2") 0 (4.32)

Taking partial derivative with respect to z gives

0% iK J . iwr .
@ye(ﬂz) + St {azye(sz) + 203Je(s|z)] =0 (4.33)

The first term in the square bracket is much smaller than the second term
because g is slowly varying in z compared with the ion frequency w;. We
shall drop the first term, and later will provide the validity condition (4.41) for
making this approximation. Dropping this term is equivalent to dropping the
initial condition of ion production.

Equation (4.33) now reads

0% Kwr
8Sazye(s|z) — Tyl zye( |z) = 0 (4.34)

It is remarkable that a complicated coupled system has yielded a simple
equation of motion, Eq.(4.34), at the end. It is even more remarkable that
Eq.(4.34) has a simple solution. The solution is that g.(s|z) depends on s and
z through a single dimensionless variable

z [Kwrs
== 4.35
n c\ 2wgl ( )
with
Ny, + o —nge =0 (4.36)
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where () = 4 (

dn If, for example, the beam has a displacement such that when
observed at s =

).
0 behaves in ¢ as
7.(0]0) = yo or equivalently y.(s = 0|z = ct) = yoe'“* (4.37)

then the solution is
Je(s]2) = yolo(n) (4.38)

where Iy(z) is the Bessel function. In the asymptotic regime with n > 1, we

have
~ e

Ye (S|Z) ~ Yo \/m

The growth in the electron beam oscillation is exponential in z but behaves
like ~ eV* with s. (Recall that z refers to the length along the electron beam
bunch or beam train; while s/c is the time the beam has been stored in the
accelerator.) The observation that n o« z indicates that one way to fight the
fast ion instability is to introduce more gaps within the long bunch train.

In spite of the fact that the instability growth is not exponential in s, one
may still define a characteristic growth distance sy for which the amplitude of
an electron at the tail of the bunch grows by a factor of e,

(4.39)

B 2wg(:2
- lef

S0

(4.40)

Fig.4.7 shows §./yo versus s/sg for various values of z/¢.
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Ye/Yo

0 20 40 60 80
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Figure 4.7: Asymptotic amplitude as a function of time, for various electrons
along the bunch.
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If we consider K = 6.5 x 107 s72,wg = 5 MHz, w; = 70 MHz, and ¢ = 1
cm, we find sgp = 2 x 10'°© m, or a growth time of about 1 min. This instability
is very weak for a single short electron beam bunch. However, as we shall see,
this is no longer the case for a long train of intense bunches.

We can check the validity of dropping the first term in Eq.(4.33) here. The
approximation was |a%g]e| < “L|f|. Together with n>> 1, the validity criterion
for z = ¢ (i.e. an electron at the end of the beam) is

wrl wpwrl
%>>77>>1 or %>>s>>so (4.41)

This criterion can not be fulfilled unless ¢w;/c > 1, i.e., there must be many
ion oscillations made in the length of the beam. It further says that in order for
Eq.(4.39) to be applicable, s has to be limited to the range given by Eq.(4.41).

Ezercise 6 (a) Go through the derivation (4.18-4.23) to obtain a feel
for the beam-ion resonance process. (b) Go through (4.26-4.39) to
see how this type of equation of motion can be analyzed.

4.6 Asymptotic Ion Motion

One may obtain also the asymptotic behavior of the ions by substituting (4.39)
into (4.30),

. . wawrl €l
t)2') ~ — Cint AR 4.42
gr(s,tl2") = —iyo\| == N (4.42)
where
_ S KwIs
=(t— - 4.43
7=-2) 5% (1.43)

Comparing the electron and ion oscillation amplitudes as they pass by each

other, we obtain
s, 2E2[2 gr (s, “E2 |2 ¢
yils, =21 gr(s 5E1) L Jwswr (4.44)
Ye(slz) Je(sl2) 2Ks

We note that the ions oscillate 90° out of phase relative to the electrons and,
using Eq.(4.41), that the ion oscillation amplitude is much larger than that of
the electron beam, at least in the regime before the ion amplitude reaches the
level comparable to the beam size a. These features were anticipated in Fig.4.6.

Exercise 7 Following the above discussion to show that the beam-
ion instability growth begins to saturate after the beam has traveled
for a distance s where

eV's/so _ 2V/2mc a

(s/50)3/%  wrl o

(4.45)
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4.7 Spectrum From Electron Beam

One might be interested in knowing the spectrum of the electron beam as seen
by a beam position monitor. Let the monitor be located at s = 0. Consider the
bunch of length ¢ circulating in a storage ring of circumference C' = ¢I. The
signal seen by the monitor is

0<ct—kC</{

signal(t) = > ye(kClct — kC) (4.46)
k=0

where k sums over multiple turns. The spectrum is then the Fourier transform
of the signal,

spectrum()) o / dte™ ™ signal(t)
0

o l/ec o
= Z/ dt' e HRT) g (ROt
k=0"0

) l/c
= ) e (@FwoTo / dt' e~ =D G (KOt
0

’

e l/c n

— 7i(Q+w;3)kTo/ dt’ —i(Q—wp)t’ € 4.4

Yo E e € (4.47)
k=0 0 V27!

In the last step, ' =t'\/KwrkC/2wgl (note it depends on both ¢’ and k).
The integral in Eq.(4.47) can be written as

po [Tt 1 g <1 (-B A)£>
= t = ~B+iA)” = (-B+iA)-
0 \V2r Bt V2rB 7 2 c

where A = Q —w; and B = /KwrkC/2wgl, and v(a,z) is the incomplete
Gamma function. When |z| > 1, we have v(a, z) ~ —2® 1e™®, and

I l/c oBt/e e_“u/%sin%
27 B Al/2¢

where we have made use of |A|¢/c > B{¢/c > 1 which is a consequence of
Eq.(4.41). Substituting into Eq.(4.47) then leaves us a summation over the
revolutions k. This signal of course diverges as k — oo because the signal itself
diverges. However, if we measure the signal only in a relatively small window
around a large k = k, then the beam spectrum (4.47) gives

oo

Z 5(Q+ws — pwo) (4.48)

(Q— w1)€

sin

é/C eBZ/C
Q- w1)€/20

27 B

[spectrum(Q)| o< yo

where wy = 27/Ty is the revolution angular frequency, and B = / KwrkC/2wg!.
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Equation (4.48) says that the electron beam spectrum consists of J-function
peaks located at ) = pwy —wg, i.e. at the lower betatron side-bands of all revo-
sin [(Q—wr)l/2¢] which

(Q—wr)l/2¢c
peaks around the ion frequency €2 = w;. The width around this broad envelope
peak is AQ =~ £mc/l, where ¢ is the length of the beam bunch (or the beam
bunch train). As the length of the bunch (or bunch train) increases, the width
of the envelope peak around €2 = w; shrinks. The width shrinks to as narrow
as +wp when the bunch train almost fills the accelerator circumference. Finally,
the entire spectrum grows with time k according to the factor e%%/¢/\/2nB(/c.

lution harmonics. In addition, it contains a broad envelope

Exercise 8 Tt is instructive to sketch the spectrum, Eq.(4.48), as
a function of Q. Do that for (a) ¢ < the circumference and (b) ¢
almost equal to the circumference. In both cases, assume w; > wy.

4.8 The Case of a Train of Bunches

So far we have been considering a beam of a single long electron bunch. The
same analysis also applies to a train of short electron bunches in some proper
limit. For a train of M bunches, we need to make these replacements:

ve(slz) = we(sli),  wr(s,tl2') — wi(s,t]j") (4.49)

where j and j’ refer to the j-th bunch, with 7 = 1 referring to the first bunch,
etc. Let Sp be the bunch spacing and Np be the number of electrons per
bunch. Assume Spwy/c < 1, so that the bunch train can be approximated as
a continuous bunch. We redefine the ion frequency in Eq.(4.6), the parameter
K in Eq.(4.13), the n parameter in Eq.(4.35), and the instability characteristic

length in Eq.(4.40) as
2Npryc?
wy = —_—
SBCLQA

K — 4271]\75;027"6
~ya
2wgc?
Sg = ———
KwIMSB
s
= 4.50
U N g (4.50)
then in the asymptotic limit, Eq.(4.34) gives
o ~ J S .
ye(sb + 1) ~ ye(sb) EEPY Y dSIye(S/U) (451)

2M50 0

Equation (4.51) relates the motion of the (j 4 1)th bunch to its previous jth
bunch. By iteration, we find (However, see Exercises 10 and 11.)

Je(s[1) = wo
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S
Ue(8]2) = 1
(o1 =0 [1+ g7

2M50 2M80

Asymptotically, Eq.(4.52) gives the result of Eq.(4.39) with 1 given in Eq.(4.50).

Take a numerical example (damping ring for a possible linear collider): N =
10'°,Sg = 10 cm, v = 10*,n = 3.2 x 10" cm™® (300°K, P = 10~ Torr),
Y =2x10""® cm?, A = 14,a = 10 pm, rp, = 1.54 x 10716 cm, wg = 2 x 108
s7!, and M = 1000. Then we have K = 3.5 x 107 s72, w; = 4.4 x 10° s~!, and
so = 2.3 x 10% cm, or sg/c = 7.6 ms.

Je(s]3) = wo [1 + )2] . etc. (4.52)

Ezxercise 9 Perform a self-consistency check by back substitution
that Eq.(4.39) does satisfy Eq.(4.51) when n > 1.

Exercise 10 Equation (4.52) is misleading because it was derived by
using (4.51), which describes only for the asymptotic behavior, and
thus does not apply to the first few bunches, although if the iteration
procedure is continued, Eq.(4.52) would apply to later bunches. On
the other hand, for the first few bunches, you can solve the problem
directly. Do this for the second bunch and compare your result with
Eq.(4.52).

Solution For the first bunch, ions have no effect, and we have

y1(t) = yosinwgt (¢ > 0) (4.53)

The second bunch sees the ions left behind by the first bunch. Its
equation of motion is

i +why2 + Klya(t) —y1(t —to)] = 0 (4.54)

where tg = Sp/c is the bunch spacing in time. A time lag is intro-
duced in y;. Substituting (4.53) into (4.54), the solution is found to

be (t > to)
Yo (t) = yo{ sin [wg(t—to)] — \/ﬁ sin [, [w? + K(t_to)}
B

(4.55)
We have assumed the second bunch started initially with yo = 0.
Due to the driving by ions, however, it acquires a maximum ampli-
tude of ~ 2y which occurs at time (¢ —to) ~ 2nws/K. Eq.(4.55) is
quite different from Eq.(4.52). In particular, w; does not play a role
in Eq.(4.55).

If wgt > 1,w3 > K, and (Mw%—I—K —wg)t = Kt/2wg < 1,
Eq.(4.55) can be approximated as

ya(t) =~ yO%(t —to) coslwg(t — to)] (t > to) (4.56)
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where the fact that it contains a term o (¢ —t() indicates a resonance
effect.

Exercise 11 Proceed to calculate the exact expression for y3(t) and
compare with Eq.(4.52). The problem becomes more complicated
now because the ions produced by the first bunch and seen by the
third bunch has been affected by the second bunch and w; begins to
play a role.

Solution The ions produced by the first bunch were produced with
amplitude y; (t — 2tg). When the second bunch comes by, they get a
kick with Ay’ = —(2Npr,/Aa®)y1(t — 2ty). When the third bunch
arrives, these ions have a displacement

2Q2
(1 - “)ICfB) i (t — 2to) (4.57)

The equation of motion for the third bunch is therefore

. w252
Js(t) + w%yg(t) + K [2y3(t)—y2(t —to)— (1_ Ic?B> yl(t—2t0)] =0
(4.58)
where y1 2(t) are given by Eqs.(4.53) and (4.55).
Equation (4.58) can be solved to give
ys(t) = (t > 2to) (4.59)
When wgt > 1> Kt/2wg, we have
ys(t) ~ (4.60)

Note the resonance factor (¢t — 2t5)?. Note also that w; appears
explicitly.

4.9 External Damping

The above analysis applies when the beam or the beam train is injected with a
displacement which has a snapshot pattern ~ e~ #«@st«n)s/c_ Tt also applies if,
at injection, there is a displacement at the head of the beam (or the first bunch
in the case of a beam train). This initial displacement excites the bunch tail
oscillation through ions by the resonance process.

When there is an external damping — radiation damping, for example — the
behavior of this instability would be quite different. What happens then is that
the entire growth, including the beam head and tail, would be damped by the
external damping. This is true even if the damping rate 7, 1is much weaker
than the instability growth rate, i.e. even if 7';1 < ¢/sg.

To see this, consider the case of a beam train. The first bunch does not see
any ions and executes a free betatron oscillation. The ions it produces excite
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the second bunch. However, with an external damping, even a very weak one,
the oscillation of the first bunch slowly decays in t &~ 74. After the first bunch
oscillation damps out, the second bunch is no longer driven, and it starts to
damp. It will take another 74 to damp after the first bunch has been damped;
thus its oscillation decays in t = 274. With the first and the second bunches
stop oscillating, the third bunch, regardless of the fact that it has been driven
to a large amplitude during this time, begins to damp. Eventually, it is damped
out, etc. With an external damping, therefore, the fast ion instability is only
a transient effect. A small injection error would very quickly grow to a large
oscillation, especially towards the tail of the beam train. However, with time,
the oscillation of the entire train decays and, if not excited again, will stay quiet.

We see here one more peculiarity of the fast ion instability. To damp out
a conventional collective instability, one would need an external damping rate
larger than the instability growth rate. But this is not necessary here. The fast
ion instability is in this sense not a true instability; it is more a transient effect
which is particularly sluggish.

4.10 Feedback System

One might envision therefore that the best way to deal with the fast ion insta-
bility is to ignore it, and let radiation damping take care of it. Unfortunately,
the beam is constantly excited by various noise effects in an accelerator: power
supply ripples, collective instabilities, etc. In fact, we often turn on a strong
feedback system to fight just these effects.

A feedback system of course also damps the fast ion instability. However,
feedback systems also carry noise, which constantly excite the fast ion insta-
bility, and this feedback noise may dominate over all other noise sources. So
we now have a situation where the feedback system provides simultaneously
the excitation and the damping. The beam responds to it very similarly to a
single electron responding to quantum excitation and radiation damping. The
net result is that each bunch in a beam train will reach a certain rms oscillation
amplitude which is determined by an equilibrium between the feedback damping
and the feedback noise. In the following, we analyze this equilibrium.

Let the feedback damping time be 74, and its noise be characterized by
(y*)noise, Which is the mean square amplitude due to the noise kicks delivered
by the feedback to each bunch per revolution. Consider the first bunch j =1
first. Its motion is unaffected by ions. It sees noise excitation of (y2>noisc on one
hand and damping with 74 on the other hand.!” A balance is reached when its
mean square oscillation amplitude is given by

oy _ Td oy
<y1> - 4TO <y >n01se (461)

Exercise 12 Derive Eq.(4.61).

17The following analysis applies even if (42)0ise and 74 do not come from a feedback system,
but it is conceptually convenient to assume so for our purpose.
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Solution

(v3)

{ 2y i OO dt ( si —t/Ta ?
Y >nolse T() t ( sin CUﬁt e
0

1 o0 B - T
T Ip— / dte 2/ = L (), e (4.62)
2Ty Jo

Q

AT,

Now consider the trailing bunches in the asymptotic regime. We will go back
to approximating the bunch train as a long continuous bunch of total length /.
Let the feedback noise be characterized by a random force f(s, z) acting on the
beam. The equation for the amplitude of the electron oscillations is

O9elslz) | 1 g ey = 1 / A G(s)) + f(s.2)  (4.63)
230€2 0
Without the second term on the left hand side and with f = 0 we have the case
studied in Eqgs.(4.32) and (4.34). The new terms take into account the damping
caused by the feedback system and the noise modeled by the force f(s, z).
The solution of Eq.(4.63) is

Os cTq

s’ —s

o(slz) = [ ds' f(s', 2)e 5 (4.64)

S b s=s O (22— 22)(s— &)
- /Odz [mdslf(sl,z')eCTd @j'o \/ o

where Iy is the modified Bessel function. The first term in Eq.(4.64) is the direct
response of the beam to the noise kicks. The second term is the response due
to coupling to the ions. Our previous analysis is for the case f(s,z) o d(s),

yielding
(s, 2) o e/ Tl (/225 5002) (4.65)

In case we have a constant source of random noise acting on the beam and
f(s,2) is a random function, a more adequate description of the beam motion
would be in terms of the average square of the amplitude of oscillations. To
calculate (§2(s|z)) we assume that the force f is a d-correlated random noise

(f(s,2)f(s',2")) = Fé(s — s")d(z — 2') (4.66)

which is appropriate for a wide-band feedback system. The parameter F' can
be related to the average square of amplitude of the betatron oscillations under
the influence of the noise without ions. In this case the amplitude g, is given
by the first term in Eq.(4.64)

i (s]2) = / ds' f(s', 2)e 5 (4.67)

— 00

and using Eq.(4.66) we have

(Fe(s12)3 (s121)) = SLF3(= — 2) (4.68)
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So far we have assumed a long continuous beam. In case the beam consists
of a train of discrete bunches, we will have to identify Eq.(4.68) with
- CTq
71 = —FS— (4.69)
B
where Sp is the bunch spacing, y; is the oscillation amplitude of the first bunch,
and we have assumed that, in the absence of ions, the amplitudes of different
bunches are uncorrelated. Equation (4.61) then gives an expression for F,
25p Sp

_ 25 =2y 2 - .
F= cTq <y1> 2CTO <y >n01be (4 70)

Now, returning to the case with the ions, we will assume that the second
term in Eq.(4.64) dominates, and neglect the first term. Using Eq.(4.66), we
have

2

2 _ 12
(72 (s]2) F/ dz/ dse” =4 0 sz = %) (4.71)

8 / O 8062

Note that, being the statistical average, this (§2(s|z)) is independent of s. We
will therefore drop the s in (§2(s|z)) from here on.
Let us now consider the bunches in the asymptotic regime with

7= % i (4.72)

Using the asymptotic representation Iy(z) = (e /v/2mx), Eq.(4.71) becomes

By ~ L[ [ a e 2efer A=) 502
Yel? - ‘ RNV s 22_2/2)1/2 82
80
—2s/cTa+24/s(22—2'2) /502
r dz/ dsz'21/86
50

% (22 — 2/2)3/2

(4.73)

Introducing new variables n = \/s(22 — 2/2)/s00? and ' = (2'/€)+\/cTa/ S0, We
have

. cr1)3/2 2
G2 ~ % [l an [T e (<2 o)

F(CTd)3/2 ( " 7’ —n”
73 dn 173 €XP
4+/2ms / (7% — 77'2)1/2 2

(cq)?/? el °/2

8sy/%0 7

L

(4.74)

Due to the factor e /2, the dependence of (92(2)) on 7j for 7 > 1 is very strong.
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Figure 4.8: Normalized asymptotic mean square amplitude g as a function of 7.

We next consider the limit opposite to Eq.(4.72), i.e., when 77 < 1. Using
Eq.(4.71), we obtain
23373 (c1q)3/?

2~ F —F 7 i< 1 4.
(7 (2)) 185200 4853/2677 (n<1) (4.75)

Equations (4.74) and (4.75) are our main results. One may relate the average
square results Eqgs.(4.74) and (4.75) to the average square of the first bunch by
using Eq.(4.70).

Figure 4.8 shows the behavior of the normalized mean square amplitude

_ @E)s _ @) ¢ [0 (476)
9= Flerap? T (5 255\ e -
versus 7. The two curves correspond to the 7 > 1 and 7 < 1 behaviors
according to Egs.(4.74) and (4.75) respectively. The solid portions of the curves
represent their respective region of applicability.
In order to avoid an enhancement of beam emittance due to fast ion insta-

bility, one should avoid the exponential regime when 77 > 1. If one adopts that
as the operating condition, then one is led to require

1< /22 (4.77)
CTq

Tinstability > Td (4.78)

where Tinstability = So/c. Indeed, when Eq.(4.77) [or (4.78)] is satisfied, it follows
that the last bunch in the bunch train (with z = ¢) has

(Ge0) ¢ (@)2 <1 (4.79)

or equivalently




and the effective emittance growth is negligible. On the other hand, due to the
extremely rapid dependence of (J.(z)) on z when 7 > 1, the tolerable value of
7 is not far from 7 = 1.
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5 Lawson-Woodward Theorem and Laser Accel-
eration

Consider the plane laser wave propagating in the Z direction in free space, with

E = FEy cos (wt— gz—i—¢)§c
c
B = Ejcos (wt— gz—i—¢)§ (5.1)
c
The average laser power per unit cross-sectional area is
(P) C 2
~—t =—F 5.2
A 87 0 ( )

Take a 10 TW laser'® and focus to a spot size of A = 10um?, the electric field
at the focal point is Fy = 2.7 x 10* GV/m. The question is how to harness this
huge electric field for the purpose of accelerating particles.

5.1 Lawson-Woodward Theorem

Unfortunately, this huge electric field is basically useless for particle acceleration
to high energies. The reason is summarized by the Lawson-Woodward theorem.
To illustrate this theorem, one first note that at high energies, the trajectory of
a particle, even when perturbed by the laser fields, is a straight line to a good
approximation.

Consider a particle whose velocity v = (¢v is in the © = Z direction. This
particle sees the huge electric field Ey. However this field is useless because it
is transverse and does not accelerate the particle.

We then consider making an angle 6 between ¢ and 2, as shown in Fig.5.1.
Now the electric field has a longitudinal component

% = eE(t) - © = eEysin  coswt(1 — fcosb) + ¢] (5.3)
The particle is alternately accelerated and decelerated at a frequency of w(l —
Bcos ). With 8 necessarily < 1, the particle does not have a net acceleration.

How do we circumvent this problem? We may consider to slow down the
laser, or to wiggle the particle trajectory so that it is no longer a straight line, or
some other ways. Below, we illustrate various ways of using laser to accelerate.
As we shall see, in all cases, in one way or another, we are invariably introducing
a large reduction factor to the huge potential laser field. The fact that we can
never use the full extent of Ey is the Lawson-Woodward theorem. In other
words, we may state the Lawson-Woodward theorem as!?

Eefiective = Fo X (reduction factor), where (reduction factor) < 1 (5.4)

181f the laser pulse length is 1 ps, it contains 10 Joules per pulse.

19This is just my own version of their otherwise scholarly theorem. The Lawson-Woodward
reduction factor is usually rather severe. If someone claims he can accelerate by a gradient of
Eo = 2.7 x 10* GeV/m using a laser, don’t believe him. If the claim is anything larger than
1% of Ep, be skeptical.
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Figure 5.1: A relativistic particle in a plane laser wave.

Exactly which parameters enter the reduction factor depends on the conceived
acceleration scheme. Sometimes it is a small crossing angle, sometimes it is
the extent of the wiggling of particle trajectory introduced on purpose, and
sometimes it is the amount the laser phase velocity slowed down by an index of
refraction. Details of these discussions will be the subject of this chapter.

5.2 Slow Down the Laser in a Medium

Operating the acceleration in a medium of index of refraction n > 1, the phase
velocity of the laser wave slows down, Eq.(5.3) becomes

(jTS = eEy sin 0 cos|wt(1 — nBcos ) + ¢) (5.5)
s

Acceleration becomes possible if we choose parameters to fulfill
nfBcosf =1 (5.6)

As 3 — 1, we require

=2 —eEp/1- = .
erg n (58)

Ezxercise 1 To take into account of the effect of phase slippage as the
particle’s velocity is varied during acceleration, show that Eq.(5.8)
is modified to become

dry / 1 ws(1—0) 1 ws
2 ~
mc 15 = eFoy/1 — ) cos B ~eFgy\/1— 2 cos 2%

(5.9)
One then solves for ~(s).
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In the medium, one will need to avoid multiple scatterings. This then re-
quires n to be only slightly larger than 1. Let n = 14+ A with A <« 1, then

d
£ ~ eEo\/QA (510)

For Hy at 0°C and 1 atm, we have A = 0.14 x 1073, At 10~* Torr, it follows
that A = 0.14 x 1073 x 1074/760 = 1.8 x 10!, With Ey = 2.7 x 10* GV/m,
we find d€/ds = 0.16 GeV/m, which is not bad, but much smaller than the full
Ep.

5.3 Near the Surface of a Medium

Can one improve this by having the beam moving in free space, but immediately
next to a medium? The hope is that by doing so, multiple scattering is no
longer an issue; one can use a much higher value of n, and thus a much higher
acceleration gradient.

Consider the setup shown in Fig.5.2. An incident laser in a medium with
index of refraction n and making an angle 6 relative to the medium boundary
surface has?®

Ei — Eo(i‘ cos @ — 7:’Sin9) e—iwt+in(w/c)(z cos 0+ sin 0)
gin _ nEoz] e—iwt+i7z(w/c)(zcos9+wsin9) (511)

After total internal reflection, the reflected wave has

Eref _ El(j?COSG—'—Z?SiDH) e—iwt+in(w/c)(zcose—zsinﬁ)
_,ref = nEy e—iwt—i—in(w/c)(zCOSO—TESine) (5.12)

where E is yet to be determined. For total internal reflection, we require
ncosd > 1 (5.13)

In the free space region, there is a transmitted wave

Etr _ BQ(O[JA) —iva2 — 12) e*ithri(w/c)ozzf(w/c)z\/az71
étr = B.j efiwt+i(w/c)az7(w/c)z\/oﬁfl (514)

where By and « are yet to be determined.

Eq.(5.14) satisfies Maxwell equations in free space. The parameters yet to
be determined are to be found by imposing the boundary conditions: tangential
continuity of E,ﬁ , and normal continuity of ﬁ,é If we assume p = 1 and

20 A side remark: note the magnetic field acquires a factor n in Egs.(5.11-5.12). Since usually
n > 1, the magnetic field is stronger than the electric field in a medium. In fact it often seems
as if magnetic fields prefer the inside a material to the vacuum, while electric fields prefer the
opposite. The same tendency occurs inside a resistive metal.
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Figure 5.2: Acceleration of a particle using a laser with internal reflection.
€ = /n, then B =H and D = n2E. To satisfy the boundary conditions at
x = 0, it is obvious that we must have
a =mncosf (5.15)
In addition, we have

continuity of B = By =n(Ey + Ep)

continuity of FE, = —iBsva? — 1= (E; — Egp)sinf
continuity of n*E, = Baya = n*(F; + Ey) cos (5.16)

Solution of Eq.(5.16) is

i Vo020 —1
B, = E, (zsm@—i—n n2 cos? 0

isinf — nv/n?cos2 6 — 1

2n sin 0
By = E0< : nen ) (5.17)
sin @ + invn? cos? 0 — 1
The quantity we are interested in is the electric field in the free space region,
. 2n sin 0
E., = E ( nem > (Zncosf —iZy/n2cos?f — 1)
sinf + inv/n2cos? 6 — 1
—iwt+i(w/c)nz cos O ef(w/c)z\/n2 cos? 0—1 (518)

X e

The last factor in (5.18) describes the exponential attenuation in the z-direction.
The phase velocity along the z-direction vpn = ¢/(ncosf) < c is slowed down
so that it can be matched to the velocity of a particle.

Having set up the device, we send a relativistic particle with a fixed distance
x = xo from the surface, and with z = z9 + [Bct. The energy of this particle
changes according to

d& S . 2n sin 0v/n?cos2 6 — 1
— = eby, -2 = —ieky | — _
ds sin @ 4 inv/n? cos2 0 — 1

> e*iwt+i(w/c)n(zo+ﬁct)cosG % ef(w/c)mox/nzcoszﬂfl (519)
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In order for this particle to receive energy systematically from the laser accel-
eration, we must choose the condition (5.6).%!
Substituting Eq.(5.6) into Eq.(5.19) gives

d& —ZieEO%
ds |y n2
Vn232—1
When § —1or vy=1/4/1— %2 — oo, we find

% . ieEOn efwaso/’ycei(w/c)nzo cos 6 (521)

e—umo/’yﬁcei(w/c)nz[) cos 6 (520)

Only the real part of Eq.(5.21) is to be taken. By keeping the particle close to
the surface, we ignore the exponential factor in Eq.(5.21) and we do obtain an
accelerating field. Unfortunately, the field is small due to the factor 1/~.

Both the laser accelerator designs in and near medium suffer from the fact
that the electric field seen by the particle is mainly transverse.

Ezxercise 2 The acceleration efficiency improves somewhat by con-
sidering having material on both sides of the particle’s path. Two
internally reflected lasers then provide the acceleration. Analyze
this set-up. Note that by having more material around the parti-
cle’s path, we are getting closer to the conventional acceleration of
rf structures in a linac, except that the rf microwave is replaced by
lasers.

5.4 Exact Solution in Plane Wave

So far we have looked at the relativistic case when the particle trajectory is
approximated by a straight line. It turns out that it is possible to solve exactly
the problem of particle motion in a plane EM field. Let the EM field be given by
Eq.(5.1). Let the particle being studied have the initial conditions that at ¢ = 0,
its coodinates and momenta are given by xo, Yo, 20, Pz0, Pyo, P-0- We define

£=wt— %z+¢> (5.22)

The initial value of & is ¢g = —(w/c)zp + ¢.
The equation of motion is

dp 1
LD _ eEycosé <;fc+ — P X g})
dt mey

=

21Tt is interesting that the requirements for both designs have the same expression even
though the meaning of the symbols are unrelated.
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dp, 2
Lo epy(1 — L= 2
T~ eBo(1 - 2 cost (5.23)
dpy
— =0 5.24
o (5.24)
dp. Dz
= eEy—2 cos 2
ik oo cos& (5.25)
We also have p
Y_ ez & 0
LA -E = " 5.26
dt  mc m2027p cosé (5.26)

A constant of the motion follows from Eq.(5.24),

Py = Pyo (5.27)

Another constant of the motion follows from Egs.(5.25) and (5.26),

Y- —=T=v%—-—, o =/ (22)2 +1 (5.28)
mc mc mc

The constancy of I' means that the particle gains and loses v and p, in a fully
correlated manner. The gain/loss of ~ is due to p, E,, while the gain/loss of p,
is due to p;By. The full correlation results because E, and B, are in phase in
a laser.

We next need the expression

d¢ wdz D r
—mw-—— =w(l- ) =wo 5.29
dt w C dt w( mcfy) w,y ( )
Eq.(5.23) then gives
dp r eFy d§
=ely— = =
i e 07 cosé - cosfdt
el , . .
= P =Dwot 7(sm£ — sin ¢y) (5.30)

Our strategy is to use Eq.(5.29) to solve all quantities in terms of £. After that,
we will find an expression of £ in terms of time t.
Having obtained p,,, we use Eq.(5.26) to obtain ~,

d’}/ eEo eEo . eEo .
= i o (o~ Lo singn + Cing
eFy . . 62E§ . . 2
= = fyo—s-mpwo(smg—sm ¢o) + m(smf—smd)o) (5.31)

The second term on the RHS of (5.31) is what we calculated before, namely the
alternating energy gains and losses of the particle in the laser plane wave. The
third quadratic term is called the ponderomotive potential. It gives rise to an
effective force on the particle which is quadratic in Fy. When rapidly oscillating
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forces are averaged out, this ponderomotive force becomes important. The origin
of this term is due to the wobbling (non-straight-line) trajectory of the particle.
The laser field has to first bend the particle trajectory, yielding one power of
FEy, and secondly accelerate the particle, giving rise to another power of Fj.

Having obtained ~y, we obtain p, by Eq.(5.28). We thus have obtained
Dy Dys Pz, 7 in Egs.(5.30), (5.27), and (5.31). Next we want to find z,y, z as
functions of &. This is done as follows:

dxr _ Pa dx D
dt mry — d¢  mwl
o 1 eEO " BEO } .
= x =20+ T (pwo—T sin ¢o)(E—¢o) — T(cosf—cos d0)| (5.32)
dy _ pyo dy _ pyo
dt  my d¢  mwl
p
= y=yo+ L=(E— o) (5.33)
dz D, c dz c
dt mry 7(7 ) = d¢ Wl (v )
3
_ < y N
— 2=t 5 [ @) -1
C ] Pz0 eEopzo .
:zﬁ—ﬁ{%(f—qﬁo)— 32T [cos & — cos ¢g + (€ — o) sin o)

2 172
% {(;+sin2 o) (E—o)— % sin 2€+2 sin ¢ cosﬁfz sin 2¢0]}
(5.34)

We still have to relate £ to ¢. This is done using Eq.(5.29), which gives

13
art = [ dgn(e)

eEop.o
m2c2wl

= (£ — ¢o) + [ cos & 4 cos pg — (£ — ¢o) sin ¢y] (5.35)

B0 (L4 n g) (€= o) — & sin 26 +25in g cos €= > sin 26
2m2c2w2F 2 Sin 0 0 4SlIl S111 @ COS 4SlIl 0

FExercise 3 It may be instructive to fill in the details of the derivation
from Eq.(5.23) to (5.35). To build some confidence in these results,
at least show that the solution satisfies v2 = 1 + (/mc)?.

Particle at rest
Consider a particle which at ¢t = 0 has zo = yo = 20 = 0, P20 = Pyo = P20 =
0,v=I=1and ¢g =0. It has
GEO

Tz = (1 —cosé)
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1.
= o (& §s1n2§)
27172
Ey . o
yo= + Srm2e2.,2 sin” &
o= Sz
w c
& e2E§ 1 .
= a + m(f - 5 s 25) (536)

We note that the leading order of z-motion is linear in Fy while z-motion is
quadratic, as one would expect. The particle energy is indeed accelerated in an
oscillatory manner with energy gain proportional to EZ. Figure 5.3 shows (a)
the trajectory x versus z as the particle moves in the physical space; (b) v as
a function of z; and (c¢) ¢t — z/c as a function of z. In Fig.5.3, we have shown
results for various values of A = eFy/mwe. If caught at the right moments, the
particle has a maximum energy of Ymax = 1+ A?/2. The particle on the average
moves with the wave. If we take Ey = 2.7 x 10* GV /m and a laser wavelength of
1 pum, one can have a pretty large value of A = 8, yielding Yymax = 33. However,

acceleration at this level is no comparison with the raw laser field of 2.7 x 10%
GV/m.

FExercise 4 Show that the particle has an average speed in the z-
direction given by (v.)/c = A?/(4 + A?). This average motion is
relativistic if A > 1.

Ezercise 5 Repeat for a stationary particle seeing a different laser
phase ¢g = /2.

Relativistic Particle

We may consider a particle with initial conditions zg = yo = 20 = 0, ¢g = 0,
Pyo = 0, pzo = posiné, p.o = po cosf, and with vy > 1 and py > eEy/w. We
then find

1
I ~ v <1—cost9—|—)
27

E
po sin 6 + ero sin &
w

Pz =
E in 6
D, = pocosﬁ—&—e—oLlsinf
w 170089+W
0
Do eFy sin 6 .
v R — T sing
mc mcwl—cosQ—i—W
0
& =~ wit(l—cosh) (5.37)

The maximum energy gain is obtained by choosing 6 & 1/79, with Ay = (1 +
% sin £), which is < 7. These expressions are consistent with what we did
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Figure 5.3: Motion of a particle in a plane wave laser. The particle is stationary
initially.

before. In particular, if we integrate Eq.(5.3), we obtain the « expression in
(5.37). There is no net energy gain to first order in Ej.

Exercise 6 Find the ponderomotive E2 corrections to Eq.(5.37).

5.5 Auto-resonance Acceleration

We now do a neat trick by adding a static magnetic field to the laser plane wave,

FEyZcosé
= FEpjcosé + Bz (5.38)

o

with £ given by Eq.(5.22).

Equations (5.25) and (5.26) still apply. It follows that v — 2= =T' is still a
constant of the motion, and Eq.(5.29) still holds.

One consequence of v — £= = ~(1 — %) being a constant of the motion is
that, if through some mechanism the energy of the particle is increased v — oo,
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it follows that v, — ¢, i.e. the particle motion is necessarily primarily in the
z-direction. This observation would be useful for our discussion later.

There is another much more intriguing observation to be made as follows.?
As the laser plane wave passes by the moving particle, its frequency seen by the
particle (in the laboratory frame) is w(1 — “=). The fact that this frequency is
nonzero — as pointed out before — is the reason why the particle sees alternating
acceleration and deceleration. But now we have also a static magnetic field B;.
In the presence of By, the particle executes an additional cyclotron motion with
cyclotron frequency eB;/m~yc. If these two frequencies are made to coincide, one
expects some resonance effect to occur in the particle motion. Exactly what will
occur is yet to be analyzed, but one sees already now that once the resonance
condition is fulfilled at time ¢ = 0, it will be fulfilled at all times ¢ # 0. This is
because the resonance condition reads

eB;

B;
w(l—v—z)z = ’y—p—z:e‘s
c mrye me  mew

2

(5.39)

The LHS of Eq.(5.39) is exactly the constant of the motion I'! Once the res-
onance is fulfilled at ¢ = 0 (e.g. by choosing the right By), the resonance is
automatic at all other times, thus the term “auto-resonance”.

FExercise 7 If the plane wave laser is in a medium with index of
refraction n, and a static magnetic field BsZ is applied. (a) How is
the constant of the motion I' modified? (b) What is the condition
for the cyclotron motion to resonate with the laser field? (c) Is the
resonance still an auto-resonance?

Solution (a) I' = y(1 — 7=). (b) (1 — =2=) = £Bs

mecw ”

Exercise 8 It is instructive to ray trace a particle under (5.38) and
observe what the resonance does to the particle’s motion.

Ezercise 9 What if the laser is circularly polarized? Does it make
a difference if the laser is right-hand or left-hand polarized?

We now solve the equation of motion. The analysis follows closely the previ-
ous section. In particular, we will first try to use £ as the independent variable.
Equations (5.23) and (5.24) now read, using Eq.(5.29),

dp eFEy eBy
— = —— oS 5.40
d€ w cos& + mchpy ( )
dpy eBy
Wy _ s 5.41
e mewl'? (5:41)
which can be combined into one single complex equation,
d Ey .
dig_ = ew_Oemg cos& (5.42)

22This phenomenon is well known in plasma physics and is known as cyclotron heating.
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where we have defined

eB,
mewl’

[1e%3

qL = (pz +ipy)e'™s, and a=

(5.43)

The meaning of ¢, is that we are observing the motion in a frame rotating with
the cyclotron frequency. Note that both the real and imaginary parts of ¢, have
physical meanings. The auto-resonance condition (5.39) occurs when o = 1.
The solution to Eq.(5.42) is
q1(¢) = ﬂ(sinf—i—iacosf)emg +C (5.44)
w(l—a?) '
with C some constant to be determined by the initial condition that at time
t = 0, the particle has zo, Yo, 20, Pz0, Pyo, Pz0, and £(0) = —(w/c)zo + ¢ = ¢o.
This gives

ek

C = |pzo + ipyo — W(Tooﬂ)(sin b0 + i cos do) | e (5.45)

It then follows, by substituting (5.45) into (5.44) and separating out the real
and the imaginary parts, that

Pz = DPaocos(a€ — agy) + pyo sin(aé — agpg) (5.46)
% [sin & — sin ¢ cos(a€ — agg) — a cos ¢p sin(af — ago)]

Py = pyocos(ag — ao) — prosin(ad — ago) (5.47)
% [arcos & + sin ¢ sin(ag — agy) — a cos ¢g cos(a — adp)]

Having obtained p, and p,, we obtain p, and v by

2, 2
me Dy +p
;= o= [1-T2+ =57 4
p 2r < + m2c? > (5:48)
1 p; + 1,
= ——|14T24 =2 4
" or ( T m2c? (5.49)
which can also be written as
1 PRy — Pl — Dio
Y~ Y = %(pz - sz) - 2Fm202 (550)
Substituting (5.46-5.47) into (5.50), we obtain
2I'm?c*(y — v0) = 2I'me(p. — p=0) = P2 + Pl — P20 — Poo
2eE .
= w(T—Ol) QPy0 COS P — Py €08 € cos(ad —apg) +apgo cos € sin(ad —agy)
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—pyo sinsin(ad — apg) — pao sin € cos(af — apg) + pyo sin ¢>0]

2
* <w(eEO1)) {0‘2<00s2 € + cos® ¢y — 2 cos ¢ Cosfcos(o‘gfo‘%))

a?—
—2asin(§ — ¢o) sin(ag — ado)
+sin? ¢g + sin’ & — 2sin ¢ sin € cos(af — a(bo)} (5.51)

Ezercise 10 Prove Egs.(5.48-5.50).
Solution Use the definition of T' and the property |p|*> = (72 —
1)m?2c2.

We still need to find ¢ in terms of ¢. This is obtained by

3
wFt:/ de'y(¢) (5.52)

0

with v given by Eq.(5.51). The resulting expression is lengthy and is omitted
here.

Case 1 A trivial case is when Ey = 0. The particle moves in a pure solenoidal
field. We find

Pz = DPzocos(a — ago) + pyosin(ad — ago)
Py = DPyocos(al — ado) — prosin(a — ago)
Y = "o
P> = D20
€ = ¢o+wt(l— ”zo) (5.53)

Case 2 Another special case is when By = 0. The particle moves in a pure plane
laser wave, and indeed we recover what we did in the previous section.

Case 3 A particle starting at rest and with ¢9 = 0 has

E
pe = ﬁ[smg — asin(ag)]
E
py = 7w(i _022) [cos & — cos(af)]
2
D=z 1 ekq .92 . .
Y — 1 = % = ﬁ (m) [Sln 5— 20481n§81n(0¢§)
+02(2 — 2cos € cos(af) — sin® €)] (5.54)
So far the results look similar to the case studied before when B, = 0.

For example, the particle energy given by Eq.(5.51) contains a term linear in
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FEy which oscillates in time, and a term quadratic in Ey which has some non-
zero average value representing the ponderomotive potential. However, an alert
reader would note that this is not the case when the auto-resonance condition
a =1 is fulfilled. Setting o = 1 in the above expressions yields?3

Pe = D20cos(§ — ¢o) + Pyo Sin(§ — ¢o)

+20[(€ — o) cost 4 sin(€ — 260) + 3 sing]
Py = Pyocos(§ — o) — Pao sm(£ — ¢o)

2016~ go)siné — 1 cos(€ — 260) + 5 cos]
Y Yo + % [(5 $0) (Pz0 €OS o — pyo sin o)

+%(Pyo €OS g — Peo Sin ¢g) — %(Pyo cos(2§ — ¢o) — paosin(2€ — ¢0))}

+21I‘ <2€Eo) { +(¢—¢o)? ——cos(2§ 2¢0)+ (§—¢o)(sin2§—sin2¢0)}

E

wh = %(5 — o) + 4&;‘2707128{12(5 — 60)? (P20 c0s Po — pyo sin o)
+12(€ — o) (Pyo cos ¢ — Pxo sin o)

+6[peo €08 o + Pyo Sin o — Pro 08(26 — ¢o) — Pyo sin(2€ — ¢o)]

FER (6~ go)[3 -+ 2(¢ — 60)?)

36E0

[(«f ¢0) sin 20 + (€ — ¢p) cos 2§ 4 2 sin € sin ¢y sin(€ — (bo)] }
(5.55)
We now see terms linear in ¢ indicating a resonant response.?* To be more

specific, and to simplify the discussion, we consider a particle which is at rest
at t = 0 with ¢9 = 0. In this case, Eq.(5.55) becomes

e = S(Ecos +sing)

py = —Slesine

v = 1+%<2€w—€1‘)6>2(§2+sin2§+§sin2€)

wt = 5+2<2f20>2(§23sm25) (5.56)

23The apparent divergences with (1 — a?) in the denominators are not real divergences.
24Resonance shows up as a term o &, not oc t. A moment’s reflection says this is the right
indication of a resonance, recalling that £ is the oscillation phase seen by a particle.
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What is the asymptotic motion of this particle? For t — 00,2> we have
(24wt
5 ~ )\2
ek
D A 2—()5 cos&
w
E
Dy —62—wo§ sin &
1 1
v §A2§2 ~ §(24)\wt)2/3 (5.57)

where A\ = eFy/wmc is that same parameter defined in Fig.5.3. Equation (5.57)
says that the particle energy increases with time as t2/3. The fact that & # con-
stant means the particle sees an alternating laser field; however, the resonance
is such that these alternating contributions still add up to a net acceleration.

This acceleration does not violate the Lawson-Woodward theorem. The
acceleration results from forcing the particle to move away from a straight line
motion due to the solenoidal field Bys. One can show using Eq.(5.57) that the
Lawson-Woodward reduction factor is given by

E )
—elective — (3xwt) "1/ (5.58)
Ey
A similar mechanism is used in an inverse free-electron-laser acceleration, except
that here we have one extra feature of auto-resonance.
The transverse cyclotron radius of the particle is

_pL_ mc?
p= eB; - 2eB,

(24 wt)'/3 (5.59)

As mentioned before, the existence of I' as a constant of the motion implies the
direction of motion is primarily in the z-direction. Indeed, p, = me(y — 1) goes
like #2/3, while p, goes like t'/3 according to Eq.(5.59).

FExercise 11 Estimate the “transverse emittance” of the auto-resonace
accelerated beam. Show that it is independent of time t. It is also
independent of the laser parameters.

Solution Transverse emittance ~ pp, /p..

Exercise 12 Repeat Eqgs.(5.56-5.58) for ¢9 = /2. Is the initial
phasing of the laser of importance?

Solution
_ekyp ™
o= S2(6- T)eost
= Bopset - Tysing
Dy = 5% cos 5 sin

25More quantitatively, we need £ > 1, or wt > \2/24.
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(B 6= D otk (6 - Dsinze
v o= 2 :

eEo
2wme

) [3sin® € + (&€ — %)2] (5.60)

w = Tl

Eq.(5.57) still holds asymptotically.

Ezxercise 13 Work out the counterpart of Eq.(5.37) for a relativistic
particle with initial condition pyo = posiné,pyo = 0,p.0 = pocosf
and pg > eEy/w. Is a spread of initial momentum important?

Fxercise 14 Instead of working out special cases one by one, it
maybe useful to have a numerical or analytical code which contains
Eqgs.(5.46), (5.47) and (5.50). One can then study the special cases,
the dependences on initial conditions, or if the auto-resonance con-
dition is not exactly satisfied.

Exercise 15 Try to design an auto-resonance laser accelerator. Pay
attention to the following considerations: (a) To have a large Ey,
we need to focus the laser to a small spot wq, but wy should not be
chosen too small. A small wy means the laser has a short Rayleigh
length (see Eq.(5.69))

wwg  Tw}

Zr = %~ (5.61)
where )\ is the laser wavelength, thus a short length to interact with
the particle, (b) Making By large helps. (c¢) Fulfill the resonance con-
dition o = 1. (d) Operate in the asymptotic regime (5.57). (e) The
cyclotron radius must stay inside the laser throughout acceleration.

5.6 Focussed laser

So far we have dealt with plane wave laser. One may also consider acceleration
with a focussed laser. In free space, the wave equation for the laser is

V2(E,B)+k*(E,B) =0 (5.62)
where k = w/c. All field components are assumed to behave as e~ ™.
Let u be any component of E or B. Let

u=P(z,y,2)e™* (5.63)

where 1 is a slowly varying function in z. Substituting into the wave equation
(5.62), and dropping second derivative on z, we obtain

T 4 = + 2ik— ~ 0 (5.64)
T Y z



This is called the parazial ray approzimation.26

Equation (5.64) has the solution

bnlnz) = Ho (VBT H, (f )

w(z

(2)

X exp{z(ernJrl ) tan™ k (2)}
x exp{2£§;)(x2%y2) _E% } (5.65)

where m and n are mode numbers of the solution, H,, ,(x) are the Hermite
polynomials, and
2
kwg
1
e (59

1+(;;>] (5.66)

Exercise 16 Show by direct back-substitution that Egs.(5.65-5.66)
satisfies Eq.(5.64).
Reminder Hermite polynomials satisfy

s
—~
N
~—
Il

g
N
—

I
~

|

H)(z) — 2zH, (z) + 2nH,(z) =0 (5.67)

We will mostly be interested in the fundamental mode m = n = 0 and the
mode m = 1,n = 0. Note that the higher modes are related to the fundamental
mode by

e = et (Vi) 1 (V2

X

) tan—1 2z
exp { i(m + n) tan kwg]
One sees that most of the z-dependence is the same for all modes. The quantity
R(z) is the radius of curvature of the laser wavefront at z. If the laser mode
is to be established in a resonator consisting of two perfectly reflecting mirrors,
then the laser resonator mirror at location z will need to conform to R(z). At
the focus z = 0, we have R = oo, indicating the wavefront is a plane, and if one
chooses to located one of the mirrors there, this mirror will have to be planar.
The quantity w(z) is the transverse laser beam size at location z, while wy is
the waist size of the beam at the focus.

(5.68)

261f we replace z by t, Eq.(5.64) is almost identical to the 2-D Schrédinger equation.
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The Rayleigh length Zg is the distance from the focal point when the laser
beam size is equal to v/2wy. The diffraction angle 64 is the subtending angle
made by w(z) toward the focal point, as illustrated in Fig.5.4, and

Wo 2
Zp = , 0= —=— 5.69
R d ZR k"u}o ( )
Note that 2/kwy is also the characteristic angle of the diffraction pattern formed
by an opague screen with a round aperture of size ~ wy.

‘p
EF! = Rayleigh length
W, = waist size
Hd = diffraction angle

Figure 5.4: Pattern of the envelope of a laser mode.

Validity of the paraxial ray approximation, Eq.(5.64), relies on the assump-
tion that 1,,, does not vary much along z-direction in a distance 1/k = A/2x.
An inspection of Egs.(5.65) and (5.66) indicates that 1)y, varies in a charac-
teristic distance of Zgr. Validity of the paraxial ray approximation therefore
requires

1
Zr > o Rz > wavelength A (5.70)

which in turn requires
kwg > 1, or wg > wavelength A, or f; < 1 (5.71)
For what follows, we will consider a linearly polarized mode with
Ey = Epomn ™™™ E, =0 (5.72)

Maxwell equation V - E = 0 then relates the longitudinal component E, to the
transverse components,
i - | OF
5, = 105
k Ox

(5.73)
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Once E is obtained, B can be obtained using B =—1V x E. This yields

w

1 OF,
B, = ——==
w Oy
5 _ _i(PB. 0B\ _B. 0B
v w \ 9z or ]~ ¢ w Oz
i OF,
B, = — .74
> oy (5.74)

Exercise 17 Show that B, = %Vl ‘B, (a consequence of V- B = 0)
is satisfied by Eq.(5.74).

With ¢, given by Eq.(5.65), we have, using Eqs.(5.72-5.74),

L,
Ey
E, ikz—iwt 20 . 1 22 kQ o o
B, = Eye t W exp |[—i(m+n+1) tan k—wg +17( +y°)
cB,
cB,
[ H, H, 7
0
| 2 ELH +iY29 (eH,, ], + yH H,) — 1yQ? Hy H,
— A HIH, — 229010 [, 4 (Q%? — 9 4 1)H,, H,
I N2 H o HY, — QyH o H, |
(5.75)
where ) o; )
i
=zt s=5—1> 5.76
@ R + kw? 2z —ikw? ( )

and all the H,, and the H, functions are taken at v/2z/w(z) and v/2y/w(z)
respectively.

Ezercise 18 It maybe instructive to compute the energy flux P car-
ried by the laser. Form the Poynting vector S, = ¢=FE,B, on the
plane z = 0. Integrate S,(z = 0) over z- and y-plane.

Solution Using kwy > 1, one finds

P- o - / Cayeset e v g (Y2 a2
8 oo oo wo wWo

_ S22 1, fundamental mode
T 16770 2, m=1,n=0mode

(5.77)
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The Hermite polynomials are Ho(x) = 1, Hy(z) = 2z, Ha(v) = 42% — 2.
Equation (5.75) have the special cases:
m=0n=0

E, 1
E, 0
E, ikz—iw 1 kQ —QCIJ
(’Bw :Ea? e k t <1+Z 222> exp |:Z2(1'2+y2):| _nyQ (578)
kw, A
B, ° Q2?2 41
B, —Qy
m=1n=0
E,
E,
. 22 kQ (.2 2
Ez — E 1kz—iwt 1= Zk g exp |:Z 2 (1’ + Y ):|
¢B = Faoc 1+i-22 2
. kwg 1+ (2_2>
CBy kwg
cB,
0
2v2 _ 2v/2Q 2
X . g 502 5.79
| lQ\k/E)Qy 2\/3)(,2 mQy ( )
4‘23@916 +(Q%2? — % + 1)2wﬁm
i 229y ]

From Egs.(5.78) anmd (5.79), one notes that the transverse component of
the laser electric field is larger than the longitudinal component by a factor kwy,
which is typically > 1.

Let us consider a laser mode established in free space with mirrors at z =
+00. Consider an electron with charge e and moving in the z-direction with a
rigid path x = zy,y = yo, 2 = 2zp + vt. The energy gain by this electron due to
the laser field is given by

AS:/ dzeE,(x = o,y = Yo, 2,t = (2 — 20) /v) (5.80)
For the fundamental mode, Eq.(5.78) then gives
2 ) ) 1 2 2
AE = —eFL0 ];:;}CS ezkzoc/v dz ezkz(lfg) S exp |- . I0+y02
LT ey i)
] 0o iAE B

= —ieE, ’“// dé —— —exp | ——— 81
ieEzoxoe N €(I+i§)2 exp Tric (5.81)
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where we have made a change of variables from z to ¢ = 2z/kw3, and defined

¢ k2w 2 4y
A=(1--)—2 pB="90_2 5.82
A-2)— w2 (5.82)

Physically, ¢ = z/Zg, which is natural because z is conveniently measured in
units of Zg.

We need to evaluate the last integral in Eq.(5.81). In particular, we are
interested in the acceleration of a relativistic particle by setting v = ¢, i.e.
A = 0. One first notes that the Lawson-Woodward theorem asserts that the
integral vanishes when v = ¢. Indeed when A = 0, the integral in Eq.(5.81) can
be easily shown to vanish. To first order in laser field, there is no net energy gain
for a relativistic particle traversing a laser field in free space. This is regardless
of the value of B, i.e. regardless of where the electron is injected.

To accelerate a relativistic particle, one way is to use the fundamental mode
but only in the region z > 0. This can be provided by a laser resonator estab-
lished between a planar mirror at z = 0 and another mirror at z = oco. The
existence of the planar mirror means it is no longer acceleration in free space.
In particular, one has to worry about the break down limit at the mirror. See
Fig.5.5 for an illustration of the arrangement. The integration (5.81) would then
be replaced by an integration from £ = 0 to £ = oo, yielding, when A = 0,

g 1
AS::—@E&oxoék“iE(l—e*B) (5.83)

Friror

laser

envelope

Figure 5.5: An acceleration scheme using a laser resonator.

At this point, we will choose the injection location zy and g to maximize
the energy gain in Eq.(5.83). We write AE « F(xo/wo, yo/wo), where F(z,y) =
2(1 — e =¥") /(2 + y?) is shown in Fig.5.6. Maximum of F(z,y) occurs at
x = x9/we = 1.12,y = yo/wo = 0, and the maximum value is Fiax = 0.64. The
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F{xg Mg, Vg,

Figure 5.6: Function F(z,y) versus z for y =0, 1,2, 3.

energy gain of the electron therefore has a magnitude of A&y, = 0.64 eE qwy,
and it oscillates with the injection phase relative to the laser.?”

This acceleration scheme, however, is limited by the breakdown of the mirror
at z = 0. The maximum electric field at the mirror occurs at = y = 0, and is
given by F, = E,o. This means F,o must not exceed the breakdown voltage,
which is much smaller than the available laser field. In this sense, Lawson-
Woodward theorem applies again.

Ezxercise 19 Choose the injection location xg, yo and the mirror lo-
cations z1, z2 to maximize the energy gain. This maybe done first
with a fixed E,q. It is then to be repeated by fixing the breakdown
voltage of the mirror.

Solution Use the result

X 1 B B
A — . E 7,]62[)_ _ — — . 4
E=iebgxpe B [exp( 1+z’§2) exp( Trie, )} (5.84)

where &1 9 = 221 o /kw3.

FExercise 20 One may try to accelerate using the z-component of
the electric field in a laser fundamental mode. Consider an electron
moving in the z-direction following the path x = zg+ct,y = Yo,z =
zp. Find the energy gain by this electron traversing the laser from
r = —00 to oo.

270ne might be tempted to focus the laser weakly to increase wg in order to increase A€max-
This however lowers E,o for a given laser power. In fact, for a given laser power, A€max is
basically independent of the setup of the laser focus. See the discussion at the end of section
7.
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Solution

_ /meEzowo

Ap - _Fub (ofw)’

. 20
k % . 5.85
i Pkt 5) - T, | %)

where £, = 229/kw3. This energy gain is nonzero, but is reduced
from eFE owy by a factor 2>>21. For examp;e, with zp = yg = 0, this
reduction factor is v/2e~ ¥ wo/4 = \/2¢—1/%

Ezercise 21 One may try to accelerate using the m = 1,n = 0
mode. Find an expression of energy gain using Eqgs.(5.79) and (5.80).
Assume the two mirrors are at zq, 20 and v = c.

Solution

_ &2 exp(f%) 222
AE = iV2eEyw elkzo/ d - {— o ]
N A e I M=y

V2e B owoe**

1 [y —a3 B B
5 Gret) o0 () o (573

B B
223 | &XP (_ 1+i§2) exp (_ 1+i€1) (5.56)
y2 + a2 1+ 1+i& '

X

This energy gain vanishes if the mirrors are located at z = +o0, as
dictated by the Lawson-Woodward theorem. When z; = 0, 25 = o0,
it reduces to

) 2_ .2 1
AE =2 E;z; ikzo -B Yo~ Y% -B__ 1— —B 5.87
V2eE gwoe {e +$(2)+y(2) e B( e ") (5.87)

One then may optimize the energy gain by choosing zy and yq.
Maximum value of the expression in the curly brackets is 1, which
occurs at g = yo = 0.

5.7 Two crossing lasers

Equation (5.80) assumes the accelerated electron follows a rigid path in the z
direction. One might ask what happens if the particle moves at an angle to
the z-axis so that one can take advantage of the larger transverse electric field
component.

Instead of analyzing this problem, however, a somewhat better arrangement
is to use two lasers, crossing at their focal points an angles 6 in the z-z plane.
Let both lasers be in the fundamental m = 0,7 = 0 mode, and let them have the
complex amplitudes F,; and E,5. The electron to be accelerated is considered
to follow the rigid path along the z-axis, namely z = y = 0,z = 29 + vt. The
geometry is illustrated in Fig.5.7.
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Figure 5.7: Two crossing lasers as an acceleration scheme. Two qualitatively
different cases are shown.

Depending on whether 6 > 6, or 8 < 8,4, one would have the two cases shown
in Fig.5.7, where 0 is the diffraction angle given by Eq.(5.69). When 6 > 6,
the two lasers are separated quickly and the region of electron-laser interaction
is limited. When 6 < 64, the region of interaction will be long.

Consider Laser 1 in Fig.5.7. Its - and z-components of E are given by
E,=FE; cosf+FE,sinfand F, = —FE, sinf+ E, cosf, where E,. and E, are
given by Eq.(5.79) with the substitutions E,g — E;1,& — xcosf — zsinf, z —
xsinf + zcosf. Similarly for Laser 2, we have F, = E,cosf — F,,sinf and
E, = E,sinf + E,/ cosf, where E,» and E, are given by Eq.(5.79) with the
substitutions F,g — F,9,© — xc0osf + zsinf, z — —xsinf + z cos 6.

These two laser fields are to be added by superposition to give the total field.
For an electron on the z-axis, we set x = y = 0. It sees a total electric field

RQ 2 o2
Ea: _ 1kz cos f—iwt EXP(ZTZ S 0) E cos 6 sin 0 1
E | T ° 1_4_1'722155259 7L —ginf cosf| | Qzsind
V]
cosf) —sind 1
B Lin@ cos @ } {—stinﬁ}} (5.88)
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2
where Q = 2/(2zcos0 — ikwd),w = woy/1+ (%) . If we now choose
0

E,2 = —FE;1, i.e. the two lasers have the same amplitude and are exactly out
of phase, then the z-components of the two lasers cancel each other along the
z-axis, while their z-components add, yielding

exp (%22 sin? 0) 0
i [

Eac . ikz cos O —iwt
[ }_QExle 1 +i% —sinf+Qzsin 6 cos § (5.89)
0

Seen by an ultrarelativistic electron with z = zg + ct, the accelerating field,
written in terms of the familiar variables ¢ = 2z/kw32 and 6, = 2/kwy, is

—i(1—cos 0)(2—if+1i€ cos )€
62 (14-i€ cos 6)

(14 i€ cos0)?
. 93¢
exp {_193(1%5)}
(1+414£)2

o]
E, = —2F,;sin@ e

Q

—2F,10 etF® (5.90)
where the last step is taking 0 < 1.

The accelerating electric field seen by the electron is plotted in Fig.5.8 for
three values of 0/6,. For each value of 6/6,, the plot contains the electric
fields seen by four electrons with kzg = 0,7/2, 7, and 37/2. For each electron,
one observes the oscillatory nature of the accelerating field, yielding no total
net acceleration if integrated from —oo to co. One also observes that as 6/
increases, the range of particle-laser interaction shrinks, as illustrated in Fig.5.7,
while the peak acceleration rate increases. There is of course no acceleration
when 6/64 = 0.

Energy gain of the electron from z; to z5 is obtained by integrating Eq.(5.90),

92 7v92§

kw2 &2 ] 0 1072 10761

AE =2 eE, d¢ = —2ieEywpe’™ [ 22 ) |efa0Hie) _ goqitien
1

2 0

(5.91)
When z; 9 = +o0, we find AE = 0. When z; = 0, 22 = 0o, we have AE =
—2ie B woe* F(0/04,0), where F(x,y) is the function shown in Fig.5.6. Its
maximum occurs at 6/0; = 1.12 with the maximal value of 0.64.

Ezercise 22 repeat the analysis for two crossing lasers of mode m =

1,n=0.
Solution

-2 [ Q2 s 2
Ez ikz cos 0—iwt 1- Z% €xp (ZTZ Sin 9)
E =€ -2z cos 6 (592)
* 14 ¢22C08¢ 5
1+ (M)
kw?

kwg
- cosf siné —%Z sin 0
L1 _sin@ cosh z% _ @zQSinQG

116




Figure 5.8: Accelerating electric field seen by an electron with various values of
0/04 and kzy. The accelerating field has been normalized by 2E,164.

B cosf) —sinf zTﬁZSine
2| sinf  cosd j2v2 _ 2v2Q 229

kw w

Choose E, o = E,1, then the xz-components of the two lasers cancel
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each other along the z-axis, while their z-components add. Seen by
an ultrarelativistic electron with z = zg + ct, the accelerating field is

. 9%
ANV2E,1 g, P [*Zeg(lﬂé)}
) e

FE. ~
? kwg (1 +i€)2

(5.93)

This magnitude is smaller than that with two lasers in the funda-
mental mode by a factor of 2v/2/kuwy.

The following table summarizes the various accelerator configurations using
focussed lasers discussed so far.

configuration Max. energy gain Optimization
fundamental mode, 0.64 eF,qwq rg = 1.12wq, yg =0,
from z =0 to oo F.o < breakdown
m = 1,71:0 mode, \/§€Ex0w0 o = Yo =0
from z =0 to oo

fundamental mode,

transversely traversing V2e= Y/ 0 el owo Yyo=20=0
the focal point

two crossing lasers, 1.28 eE,1wo 0 =1.1204,
fundamental mode By =—FEp
two crossing lasers, V20,4 x 1.28 eE1w0 0 =1.1204,

m = 1,n = 0 mode Ey1 = Epo

In all cases, the best one can do is an energy gain ~ eF,owy. This quan-
tity can then be related to the laser power P using Eq.(5.77), and one gets
eEyowo[MeV] ~ 22,/P [TW] for the fundamental mode and 16,/P [TW] for
the m = 1,7 = 0 mode. For a 10 TW laser, the energy gain is ~70 MeV for the
fundamental mode and ~50 MeV for the m = 1,n = 0 mode.

Lawson-Woodward theorem applies to these cases. The length over which
the laser acts on the particle ~ Zg. The energy gain ~ eFgwg. Therefore the
acceleration gradient ~ eEqwg/Zr = eEybq < eEy.
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6 Spin Dynamics and Siberian Snakes

The motion of spin in an accelerator is of special interest for beam dynamics.
The spin can be considered the fourth dimension of the phase space. In addition
to the 6 orbital variables (z,2’,y,y’, 2,d), we then add two more variables for
the spin. The only difference is that the dynamics of the spin variables depend
sensitively on the orbital variables, but the orbital variables do not depend (to
first order in %) on the spin variables.

6.1 Thomas-BMT Equation

Spin of a particle interacts with an EM field through the magnetic moment
associated with the spin. Let S be the spin represented as a 3-D vector. The
associated magnetic moment is

ge . g
——hS
2me

i (6.1)

where g is the gyromagnetic ratio. For a Dirac particle, g is nominally equal to

2. The deviation of g from 2, attributed to an “anomolous” magnetic moment
of the particle, is specified by the parameter
g—2

a="— 6.2

. (62)

For electrons and muons, the value of a is approximately equal to the fine

structure constant 1/137 divided by 27. More accurately,

0.001166, muon (6.3)

0.001160, electron
a - {
1.7928, proton

As we shall see, the fact that g is not exactly equal to 2, i.e. the fact that a # 0,
gives rise to all the complications of spin dynamics. Had a = 0 been true, the
spin will often rotate rigidly with the coordinate system, and spin dynamics
would have been much simpler (but much more boring).

Consider a particle at rest in a magnetic field B. The precession equation
of motion for the spin is

as < -
0 4
o x S (6.4)
with the precession angular velocity
i ge =
Q=——"R08 6.5
2mec (6:5)

Equations (6.4-6.5) describe the precession for a stationary particle, but we

need an equation for a relativistic particle moving in an EM field E and B in an
accelerator. Let ¢ be the instantaneous velocity of the particle; it is obvious
that we need to make a Lorentz transformation to the particle’s rest frame.
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When doing so, the form of the spin precession equation remains to be (6.4);
only ) needs to be transformed. Note that we are not Lorentz transforming s,
so in the final equation, S will be a quantity in the particle’s rest frame, while
all other quantities, t, E B ﬂ refer to the laboratory frame. This is one of the
peculiarities of the Thomas-BMT equation. It is not formally Lorentz covariant.
A covariant description of spin motion of course does exist, but we don’t need
it here.

The magnetic field in the rest frame is given by a Lorentz transformation
from the laboratory frame,

BR:7§L+§|‘—75XE) (66)

with B 1 and é\l the components of B perpendicular and parallel to 5 respec-

tively. The angular velocity Q in the laboratory frame consists of two terms.
The first term is 1
ge =
_ - 2" B 6.7
v 2mece r (6.7)
where By is given by Eq.(6.6), and we have included a factor of 1/v to take
care of the time dilation. The second term is more subtle; it is due to Thomas
precession which contributes an additional term to angular velocity when the
particle is accelerated sideways,

—lz = Y .0 2283
i = - B B (6.8)
The origin of Thomas precession is relativistic kinematics. Two successive
Lorentz transformations along ﬁl and 52 can be combined into one single Lorentz
transformation only if 51 I /672. Otherwise, they can be combined into a Lorentz
transformation plus a rotation. This additional rotation needed here is the
origin of the Thomas precesson.
Adding the two contributions (6.7) and (6.8), we obtain

Q:—i[(a—&-%)é E(ﬁ-é)—( +%)ﬁxE} (6.9)

7+1 gl

which, when substituted into (6.4), is called the Thomas-BMT equation, where
BMT stands for Bargman, Michel, and Telegdi (1959).

6.2 Spin Dynamics

To describe the spin motion in a circular accelerator, it is more convenient to
change the time variable ¢ to the distance variable s = fct. In an accelerator, the
electric and magnetic fields seen by a particle depend on the particle’s orbital
coordinates (z,y,z). A particle on the ideal design orbit, however, sees only
the bending magnetic field and the accelerating electric field. The accelerating
electric field does not contribute to spin precession according to (6.9) because
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it is parallel to the velocity 5 The bending magnetic field B = By(s)g with
By(s +2mR) = By(s), on the other hand, does give rise to a precession,

dS _eBo(s) (a+ %) jx S (6.10)

ds me2

With the precession axis along g, the y-component of the spin S, is preserved.
The spin rotation going through a single bending magnet is sketched in Fig.6.1.

Figure 6.1: Spin rotation going through a single bending magnet.

If we adopt the coordinate system (&, 7, 2) that rotates with the trajectory
of the ideal particle, then relative to this rotating frame, the spin components
S, and S, rotate with the angular speed ayeBy/E which is a7y times the speed
at which the coordinate system rotates. As the particle completes one turn,
the coordinate system rotates by 27 and the spin of the ideal particle precesses
around g by an angle ay2w relative to the coordinate system. In analogy to the
definition of orbital tunes v, vy, Vs, we define a spin tune

E/(0.44065 GeV), electron
Vepin = a7y = { E/(90.62 GeV), muon (6.11)
E/(0.5242 GeV),  proton

We next consider a non-ideal particle executing some betatron motion. It
sees a magnetic field
B = G(s)(x§ + yz) + Bo(s)y (6.12)

where G(s) is the quadrupole field. We ignore the electric fields in the following
because their contribution is small. Substituting into Eq.(6.9) yields

O~ —% (a+ %)BO(S)Q + (a+ %)G(S)(y:ﬁ +x9) — %y/BO(S)é (6.13)

where we have used 5 ~ Z+ 't +y'y and kept terms only up to linear order in
x and y.
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Equations (6.4) and (6.13) describe the spin motion. We rewrite them as
d

?§:ﬁx§ (6.14)
where the “time” variable is
5 ds’ .
0= ——~ = accumulated bending angle (6.15)
o P(s)

and the “angular velocity vector” is

o= hed+ hyj+ hat
Q, e 1
he = B2 = —(a+2)pGy
c mc v
P2y e 1
h - E— ]_ = — —_— —
Y ( - +1) a7+m62(a+7)pGx
Jo ay®
h, = — = 6.16
c ’y—|—1y ( )

Among all the terms in A, », the leading term is the —avy term in h,. It
is the spin precession seen by the ideal particle. All other terms contain x or
y, and are seen only by particles deviating from the ideal trajectory. The fact
that the reference frame is rotating explains the extra term 1 in 1+ @ in the
definition of h,,

2, 4 =0, = = ,1@ (6.17)
ds P

FExercise 1 We have been ignoring E because most likely E is in the
longitudinal direction, and is approximately parallel to 5, which in
turn means it does not contribute much to spin precession according
to Eq.(6.9). However, if we use a transverse E, e.g. electrostatic
beam separators, or electrostatic lenses, then we must take into ac-
count of its effect. 9a) Show that the reference frame rotation in this

case is given by
- B .o
G=-(2- 1 -FxE
vl

(b) Show that there is a magic energy given by

[ 1
Y=L+
a

when even a transverse F does not contribute to spin precession.
For muons, this magic energy is 3.1 GeV. One can use electrostatic
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lenses instead of quadrupole magnets for such a muon storage ring.
It allows precise measurement of the muon g—2 value.

FExercise 2 We assumed there were no solenoids. Show that the spin
precession going through a solenoid B = B,Z is a rotation around 2
by an angle
eBsl
———(1+4a)=—

mec2y

B./
(Bp)

(1+a)

Ezercise 3 It may be useful to have a device which rotates the spin
without affecting the particle trajectory. One such device is solenoid
B= B,z. Another consists of transverse E and B with E = -6z X
é, where we have assumed the nominal direction of beam motion
is along z. Show that the beam trajectory is unperturbed, while its
spin precession is given by
G=--—Y9 5
2mey?

6.3 Spinor Algebra

To study spin dynamics, one can use Eq.(6.14) to describe the evolution of the
three vector components S, ,, .. Alternatively, one can also use a spinor algebra
language borrowed from quantum mechanics. One first introduces the Pauli

matrices,?®
0 —i 1 0 0 1
O'm|:i 0], O'y|:0 _1], az[l 0} (6.18)

It is straightforward to show that
T

o, = 0y, i.e. 0; is Hermitian
T _ 2 _ . . .
0,0, = o; =1, i.e. g; is unitary
Ft.d =3I
Og0y = —0yOy =10, Oy0, = —0,0y =10y, 0,0, = —0,0, =10y
JiO'j = 51]14*2 E eijkak
k
0Xa = 2i0
det(oi) = -1
det(d-a) = ,‘[1'|2
(7-a)* = |a]I

-, - -,

(G-@)(G-b) = (@-b)]+i& - (a@xb)

28We made a cyclic permutation of the usual convention. This permutated definition is
more natural for us because we have g, instead of the conventional Z, as the rotation axis, at
least for the ideal particle.
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(&- @) and (&) {corr.lmute7 %f a H_Z?
anticommute, if d1b
tr(o;) = 0
tr(6(6 - d)) = tr((6-a)F) =2a
G(d-d) =a—idxda
(¢-a)d—5(F-a) = 20 xa
(G-a)(G-b)— (3-b)(F-a) = 2i7- (@ xb) (6.19)

In addition, in preparation for the next section, we mention an elegant for-
mula,

e"5%% = J cos % —i(G- ¢) sing (6.20)

The LHS of Eq.(6.20), as we will see, is a spinor representation (a map) of
a rotation around (Z) with an angle ¢. This map can be expanded by using
Eq.(6.20).

Sometimes one has obtained the spinor map M of a rotation in its complex
2 x 2 form, and wants to find the rotation angle and rotation axis. The question
is then what is 5 so that we can express M in the form e~*¢/2. Equation
(6.20) can be inverted for that purpose, and the answer is

1
cos— = §tr(M)

NG RSH

tr(M&) (6.21)

o
Il

@
251115

Eaxercise 4 Show Eq.(6.19) as a good entry practice.
Ezxercise 5 (a) Prove Eqs.(6.20-6.21). (b) Show that

cos(@ - ¢) = I cos ¢, sin(G - ¢) = (3 - ¢)sin ¢

Solution (a) Taylor expand e379 = Yo (=% @)% and then
apply Eq.(6.19) to the terms in the expansion. (b) Use cos(@ - ¢) =
[€i7? 4 e~i79] /2 and sin(F - ¢) = [P — e~ i7?] /24

FEzxercise 6 Show that

3G d) = (F-dL)erT? 4 (G- dye 170
(G-d@)e 2% = 279G -a1)+e 27%F-ay)  (6.22)

where @ = @) + @, with @ = (@- ¢)¢ and @1 = (¢ x @) x ¢.
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6.4 Spin Dynamics Using Spinor Algebra

In the spinor algebra language, the spin is represented by a complex 2-component
vector v, with

S =yfay (6.23)
Spin dynamics is then described by the time evolution of 1,
dip i,
2 — _2(h- .24
= (o) (624

Indeed, one can show using the properties (6.19) that Eq.(6.14) follows from
Eqgs.(6.23-6.24).

Ezxercise 7 (a) Show that Eq.(6.14) follows from Eqs.(6.23-6.24). (b)
Show that the scalar quantity T+ is conserved. (c) Use Eqs.(6.23-
6.24) to show that the magnitude of S is conserved.

Exercise 8 Consider a particle that enters a region with dipole mag-
netic field B = B¢ with an initial spin S(0). Compute the spin at
the exit of the magnet S(L) using spinor algebra.

Ezxercise 9 Repeat Exercise 8 for a quadrupole magnet with B =

Gzz. Consider the case when the particle enters the quadrupole
with zg (Let yo =0, z =y, = 0).

If 1 is a constant, i.e. independent of 6, Eq.(6.24) has the solution

[N

$(0) = e 27"0(0) (6.25)
Since h is the angular velocity, the map in Eq.(6.25) is the spinor representation
of a spin rotation by an angle of gi_; = ho.

It might be curious to note that when ¢ = 27, meaning a rotation for a
full turn, the rotation map is not equal to I, but equal to —I, as can be seen
by Eq.(6.20). This is not a problem because the spin, given by Eq.(6.23), is
quadratic in .

In general, h is not a constant but depends on 6. To study the spin dynamics
in this general case, we need to examine the quantity

2oL hy h, —ihg
hoo = [hz—i—ihx —h,
a’ 2 ;€
= —ov+ (et %)pGI 77-7-1?/ Hige(at %)pGy (6.26)
%y/_imec2 (a+ %)pGy ay — mec2 (a+ %)pGSE

which appears prominently in Eq.(6.24). We note that the leading terms are
the £avy terms in the diagonal elements. These are constants, independent of 6.
The dominating spin motion is therefore a constant precession around g with
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spin tune of a7y (see Exercise 10). The remaining terms depend linearly on
and y. This means they have a 6 dependence of

{ eta 0K for - due to betatron oscillations (6.27)

'K, for z,y due to closed orbit distortions

where K is any integer. These terms contribute to perturbations to the spin
motion, and the perturbation tunes are K +v, , and K. One expects a resonance
to occur when one of these perturbation tunes hit the unperturbed tune, i.e.
when

ay = { K +v,,, forz,y due to betatron oscillations (6.28)

K, for x,y due to closed orbit distortions

Ezxercise 10 In the absence of perturbation, solve the spinor equa-

tion

dy [ —ay 0 "

do 0 ay
Show that it describes a spin motion uniformly precessing around ¢
with spin tune a~y.

Why do we care about these resonances? When a beam is injected into an
accelerator, we align its spin along y. The ideal particle, whose spin motion
is simple precession around g, would keep its spin aligned to . The hope is
that the spins of the non-ideal particles would not deviate far from g so that
the net polarization of the whole beam does not suffer. In general, this is not
a problem because the perturbations are small. However, when a resonance
occurs, these small perturbations cause large deviations of spin from ¢ and the
beam polarization would be lost. For this reason, resonances (6.28) are called
depolarization resonances. They do not affect particle’s orbital motions.??

A closer examination shows that the perturbation due to x-motion is not
important. An z-motion contributes only to diagonal elements of (6.26) and
thus perturbs only rotations around g. Such perturbations do not worry us; we
only worry about rotations perpendicular to . This means we can drop the
x-perturbations from Eq.(6.26).

Next we make an approximation that there is one and only one resonance
causing depolarization. Let the depolarization condition (6.28) be written as
ay = k. Then one can approximate the off-diagonal elements of (6.26) by
filtering out their k-th Fourier components.

After making these approximations, we obtain

5 _ ik0
h-&z[ @y, € ] (6.29)

e*e—zNO ay

29Except when Stern-Gerlach effects are included. These however are small effects propor-
tional to h, and will be ignored here.

126



where

1 2w

€ = — df e~ (h, —ih,)
2 0

_ i o do 6—2’1—@9 a72
v+1

, . e 1
— “)pG 6.30
o7 ), y +ch2<“+y)p y (6.30)

where y and gy’ refer to the betatron contribution if kK = K + v, and refer to
the closed orbit contribution if K = K. The integrand of Eq.(6.30) is periodic
in @ with period 27. The important quantity € is independent of 6, and is the
complex depolarization resonance strength.

How does the spin move near the resonance ay = xk? Let § = ay — k, and
observe the spin motion in a rotating frame as

Py = e~ 3709y (6.31)
Then the evolution of 1 involves only a constant map,
dpy i [—46 €
! { 5]% (6.32)

where use has been made of Eq.(6.22).
The solution to Eq.(6.32) can be decomposed into two eigen-modes,

€ [ALd
gy = N2 IV 22 5 e (6.33)
Ty
The spin of a particle can be decomposed as
Y1(0) = Cyby + Ctp, IC+? +1C- > =1 (6.34)
The spin projection onto the y-axis is

S, = dlow = vioyh

= §(|C+|2 —C-1) + @Re[CJFCieMG] (6.35)
If we consider a particle which initially is fully polarized along g, with
YO =0)= H (6.36)
then we have
Cy = % )\TJ;(S, C_ = % /\T—)\d (6.37)

Substituting into Eq.(6.35) yields the time evolution of the spin of the particle.
In particular, one finds that S, oscillates between 1 and (62 — [€]?)/(6% + |¢]?),
0%+ e[*cos N0

S =51 Tep (6.38)
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Figure 6.2: Time evolution of spin (a) exactly on resonance d/|e| = 0, (b) near
resonance ¢/|e| = 1, (¢) away from resonance §/|e| = 3.

Figure 6.2 shows the time evolution of S,,.
If we ask what is the time averaged polarization of this particle, projected
to the g-axis, we obtain

52
Sy) = 5—+5 6.39
< U> 52 + |6‘2 ( )
which is reduced from the initial polarization of S, = 1.

Away from the resonance, 6 — oo, we find (Sy) = 1. The particle is
fully polarized. Close to the resonance, the polarization decreases. Right on
the resonance, we have (S,) = 0. The width of the resonance is given by
|ay — k| = |e|. For this reason, |e| has the meaning of resonance width in tune
units.

The ay = K resonances are called imperfection resonances. They come from
y-orbit distortion which results from imperfections. By a good (and strategic
— sometimes called harmonic spin matching) orbit correction, these resonances
can be reduced. The ay = K & v, resonances are called intrinsic resonances.
They come from betatron amplitudes of the particles. Since the beam intrinsi-
cally has a finite emittance, these resonances can not be avoided by some error
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correction scheme. Note that all particles have the same strength of imperfec-
tion resonances, while the strengths of their intrinsic resonances differ according
to their vertical betatron amplitudes.

6.5 Froissart-Stora Equation

We have assumed the particle energy is fixed in the above analysis. In a syn-
chrotron, the beam energy is being changed during acceleration. As a result,
the spin tune a7y increases with time, and we must consider crossing depolariza-
tion resonances. Let us again consider one and only one resonance, and we are
crossing it with

ay =K+ ab (6.40)

The resonance is crossed at time 6 = 0, and « is the crossing speed.
We make a transformation

Py = e~ B(ROF5a0%)ay, (6.41)
Then the evolution of ¢, is described by
Ay i [ 0 ce— 500
6*

a9 = 2 102 0 QZ}I (642)

ez
where use has been made of Eq.(6.22).
To solve Eq.(6.42), let

0@ = | 0] with 72419 =1, and (o) =1, 9(0) =0 (0.43)

it follows that

af . odf | e

ZJ A B 44

d02+2a9d9+ 1 f=0 (6.44)
Define z = \/a#, and make a transformation

i .2
f=e 1" F (6.45)

then 2 ) L

x . i e

The solutions to Eq.(6.46) are the parabolic cylindrical functions E(a, x) and
E*(a,x) [5]. With the initial condition |f(—o00)| = 1, the relevant solution is
E(a,z). We are interested in the asymptotic behavior of the function E(a, z),

5 .
lim E(a,z) = \/jexp (%ﬁ —dalnz + i@)
T—00 €T

2 .
lim F(a,z) = Tl exp (ixQ —ialn|z| —am + i<I>>
T——00 €T
T 1 1
® = —+- I'(=+1 4
1 T3 (Q—Ha) (6.47)
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Substituting a from Eq.(6.46) into Eq.(6.47), we obtain

1 e i lel?
) = —=e Tl /e — T 0 6.48
£0) = e (5~ oo Vo) (6.49)
The polarization is given by S, = |f|?> — |g|?> = 2|f|*> — 1. For § — —o0, we
have S, = 1. As the beam is accelerated across the resonance, the polarization
is reduced to

Sy(00) =2 f(0)? —1 = 2e7mll /2 g (6.49)

Equation (6.49) was first derived by Froissart and Stora (1960). It says that
if a resonance is weak and/or it is crossed quickly (|e|?/a < 1), there is no loss
of polarization. When it is strong and/or it is crossed slowly (]e|?/a > 1), the
polarization is flipped, and there is, somewhat surprisingly, also no loss of po-
larization. Loss of polarization occurs when the crossing speed « is comparable
to |e|?, and that is to be avoided. Figure 6.3 shows the dependence of S, (c0)

on |¢l/V/a.

SE" () 1

0.5

-1

€1/ et

Figure 6.3: Froissart-Stora equation.

FExercise 11 Tt is instructive to ray trace the spin and observe its
behavior as it passes through a resonance. Pay attention to the
behavior when the spin tune is far away from the resonance, and
then when it is close to the resonance.

Hint Be careful with the z2/4 term in Eq.(6.46) or the iaddf /df
term in Eq.(6.44) if one chooses to apply these equations. They give
troubles at |z| — oo or |#] — co. In fact, these are the subtleties of
the parabolic cylindrical functions.

Ezxercise 12 Equation (6.40) assumes the resonance is crossed lin-
early in 6. Generalize it to other ways of crossing. Find the gener-
alization for Eq.(6.44). Subsequent application to specific cases will
most likely involve numerical solution.
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6.6 Siberian Snakes

It takes some effort and some loss of polarization to cross a depolarization
resonance. For a high energy synchrotron, there may be many resonances to
cross. From Eqs.(6.11) and (6.28), we see that there are at least three resonances
to cross for each 0.52 GeV of acceleration (for proton beam). A 1 TeV proton
synchrotron therefore requires crossing about 6000 depolarization resonances.

An ingenious invention to avoid all this was made by Derbenev and Kon-
dratenko (1976), and is dubbed the name “Siberian snake” by Courant.

The idea is to somehow make the spin tune independent of energy. Then
there is no resonance crossing during acceleration. This fixed spin tune is best
chosen to be as far away from the resonances as possible. The best choice is
Vspin = K + % Siberian snake is a device to do just that.

Siberian snake of type 1

This is a magnet or a set of magnets whose net effect on the spin of a particle
is to rotate the spin by 7 around the z-axis as it passes through the device.3°
The rotation in the rest of the accelerator is a rotation by an angle 2way around
9. The total spin rotation for one turn observed at the entrance of the snake is
therefore

My = e 292m00=3672 [I cos(may) — ioy sin(may)](—io,)

—ilo, cos(may) + oy sin(mway)] (6.50)

Equation (6.21) is then used to obtain the net spin precession angle. This
angle by definition is 27vgpin. Thus

1
COS(WVspin) = §tr(Mtot) =0

1
- Vspin = K+ 5 (651)
The spin tune is thus made energy independent by this simple device!
One can also calculate the spin rotation axis by using Eq.(6.21). It is found
to be

h = %tr(ME) = 2COS(7TG’7) — a}sin(mw) (6'52)

The rotation axis depends on the location of observation. The axis 7 in Eq.(6.52)
refers to the entrance of the snake where M was calculated.

Figure 6.4 shows the spin dynamics of a Siberian snake of type 1. It demon-
strates why the spin tune is 1/2. The spin direction shown in Fig.6.4(c) is also

30There is another device called a spin rotator, which is not to be confused with Siberian
snakes. A Siberian snake rotates the spins of all particles by a specific angle around a specific
axis. The rotation applies to all particles, including those whose spins deviate from the
nominal polarization direction. A spin rotator rotates the nominal polarization from one
specific incoming direction to a specific outgoing direction. This rotation is important only
for the nominal polarization direction. In a spin rotator, how does a deviation from the
nominal direction rotate by the action of the device does not matter. A Siberian snake is thus
a much more intricate device than a spin rotator.
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the spin precession direction # at any location in the accelerator.®' In par-

ticular, it shows that n at the location exactly opposite to the snake must be
longitudinal, 7 = 2. At the entrance to the snake, Fig.6.4 shows n is indeed
given by Eq.(6.52). Note that 7 has the meaning that if the stored beam has a
net polarization, it must be along +n because any initial polarization perpen-
dicular to n will smear out to zero as particles precess around 7 independently
of one another. Note also that the spin tune is independent of the choice of
observation point in the accelerator.

The simplest type 1 snake is a solenoid. The required strength is Bs¢/(Bp) =
7/(1—a). This means B/ increases as beam energy increases. A solenoid snake
therefore works only for low energy beams. For protons higher than several GeV,
solenoid snakes become unpractical.

Another type of snake is to use multiple dipole magnets, whose fields are
either along & or along g, in such a way that their net effect is a rotation
around 2 by an angle 7. Compared with solenoid snakes, these snakes have the
disadvantage that they distort the closed orbit of the beam. The advantage,
however, is that their strengths do not increase with beam energy. There are
many practical designs of this type of snakes. We will only mention a couple of
designs later. Suffice it to say here that this snake design works at high energies
because the needed strengths B¢ are independent of beam energy. On the other
hand, they do not work at low energies because the orbit distortion associated
with these transverse bending magnets becomes excessive.

Siberian snake of type 2

If the device rotates the spin by an angle 7w around the z-axis, this is called
Siberian snake of type 2. The total spin rotation observed at the entrance of
the snake is

My, = ™ 3727070 g= 35570 —i[oy cos(may) — o, sin(may)] (6.53)

Again one finds vgpin = K + % The rotation direction at the point exactly
opposite to the snake is n = .

General Siberian snake R
Consider a device that rotates the spin by 7 around any axis ¢. The total
spin rotation can be found to be

Moy = —i[(G - ¢) cos(mary) —i(§ - p)Isin(ray) + G - (§ x ¢)sin(way)] (6.54)

This device constitutes a Siberian snake (i.e. Vgpin = K + %) if and only if ¢_Lg,
in which case the middle term on the right hand side of Eq.(6.54) vanishes.

Fxercise 13 Find the net polarization direction around the acceler-
ator for the general snake. What is n at the point exactly opposite
to the snake?

31The reason we know Fig.6.4(c) has this distinction, and Figs.6.4(a) and (b) do not, is that
the spin in Fig.6.4(c) repeats itself turn after turn.

132



Figure 6.4: Spin motion in a storage ring with Siberian snake of type-1 [2]. (a),
(b) are motion of spin perpendicular to the equilibrium direction, demonstrating
the spin tune is 1/2. (c) shows the equilibrium spin direction. The angle ¢ =
avy/2 lies in the z-z plane.
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Solution
#(6) = eoslay(6 — m)] + § x dsinfar(0 — )]
where 6 = 7 exactly opposite to the snake.

Ezxercise 14 A special type of snake design utilizes twisted helical
dipole magnets. Consider a helical dipole with

~ 2 2
B(s) = By(sin ?, 0, cos ?)
with 0 < s < A. This magnet constitutes a full twist helical magnet.
Show that the spin map for this magnet is

M = cos g —i(o2 + &o3) sing (6.55)
where § = (a+ 3) <524 and ¢ = 2m(y/1+ € — 1).

Double Siberian snake

With a single Siberian snake in the accelerator, the equilibrium beam polar-
ization is perpendicular to ¢ and executes rapid precession going through the
arcs. This is an undesirable arrangement. For one reason, the polarization is
going to be sensitive to the energy spread of the beam. It is possible to avoid
this by installing two snakes at opposite locations in the accelerator. For exam-
ple, if we have one type-1 snake and one type-2 snake, we have Fig.6.5, and the
equilibrium polarization direction is ¢ in one half of the accelerator and —g in
the other half. The spin rotation of this accelerator is

i i

Mtot — ¢ 30 MAYY o 50 TE o

]
SIS

FTaIe=30TE — g, (6.56)
The spin tune is still K + %.32

Ezercise 15 Find the spin tune when the type-1 and the type-2
snakes are not located exactly opposite to each other, but by an arc
with 27« bending and another arc with 27(1 — «) bending.

Ezxercise 16 What if both snakes in the double snake design are of
type-17
6.7 Partial Siberian Snakes

Sometimes there may not be sufficient space (or budget) to install a full Siberian
snake. In this case, one may consider a partial snake. It rotates the spin by an

32Incidentally, Fig.6.5 serves as an illustration of the difference between a Siberian snake
and a spin rotator. The two snakes in Fig.6.5 are distinctly different as far as Siberain snakes
go, but as spin rotators, they are the same.
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Figure 6.5: A storage ring with double Siberian snakes.

angle ¢ where ¢ < 7. Let the rotation axis be qg and consider a single snake in
the accelerator. The spin tune is determined by

COS TVgpin = cos(mary) cos 5 (§ - &) sin(ray) sin % (6.57)
If the snake rotation axis éLg), we have

COS TTVspin = cos(mary) cos 5 (6.58)

Figure 6.6 shows the spin tune as a function of ay. When ¢ = 0, we have
Vspin = ay. When ¢ = 7, we have a full snake with v, = K+ % When ¢ < 7,
we have a partial snake. The spin tune has stopbands around each integer with
a stopband width of o

Avgpin = £— 6.59
VP €1 ( )

It is clear from Fig.6.6 that a partial snake avoid integer (imperfection)
resonances even with a rather modest value of ¢ because the spin tune will
now never be equal to an integer. A 10% snake for example can help greatly
in avoiding the imperfection resonances. If ¢ is sufficiently large, the intrinsic
resonances can be avoided as well. A 20% snake for example can be used to
avoid intrinsic resonances for v, (fractional part) up to +0.1. Solenoids become
a practical partial snake because the needed strength becomes accessible, up to
modestly high energy proton synchrotrons.

FEzxercise 17 Find the polarization direction with a partial snake.
Solution

= &sin[(7m — 0)ay] sin g + ¢ sin(ray) cos g + Z cos|(m—0)ay] sin g
(6.60)
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Figure 6.6: Spin tune vspin as a function of a~y for partial Siberian snakes. The
cases ¢ = 0,7/3,2m/3, and 7 correspond to no snake, 1/3 snake, 2/3 snake, and
full snake, respectively.

6.8 Depolarization Due to Snakes

A snake, whether full or partial, however, has also a depolarization mechanism.
Each time an integer resonance is crossed, there is some loss of polarization.
Even though the spin tune is far away from an integer, the perturbation of a
snake — rotation by as much as 7! —is huge. To see this quantitatively, consider
a type-1 snake with rotation around Z by an angle ¢. Spin precession can be
described by Eq.(6.14) with

h = —avj + $26,(0) (6.61)

where §,(6) is the periodic -function with period 27. In spinor language, we
have Egs.(6.23-6.24) with

7. 5= —ay ¢6P(0)
ho= [wp(e) ay } (6.62)

From Eq.(6.29-6.30), we then find the integer resonance strength

e - " dfe "9 %5,(0) = k2 (6.63)
2m Jo P 2m '
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We apply the Froissart-Stora equation and find that there is a loss of polarization
each time when a7 crosses an integer during acceleration,
5()
S5(—00)

= 99" /8T _ (6.64)

With a full snake, the resonance strength is very large, ¢ = 1/2, and each
crossing means the spin is flipped. The loss of polarization is very small. When
the snake is partial, this is no longer true, and one has to be careful not to cross
the integer resonances too fast.

Ezercise 18 Froissart-Stora equation was derived earlier assuming
the initial polarization is in the ¢ direction. With a type-1 snake, the
initial polarization is no longer along §. Show that the F-S equation
still applies, as we did with Eq.(6.64).

Eaxercise 19 Equation (6.61) applies when the snake strength is con-
stant. What happens if the snake precession angle is ¢ sinv1600,(6)
where v is the spin modulation tune? Show that there are reso-
nances at ay = K + v.

Ezxercise 20 Consider a snake which is a combination of type-1
and type-2, and whose spin precession angle is time-dependent as
¢(Z cosvr16— Zsin116)6,(0). Show that there are resonances at ay =
K + 1. What happens to the resonances ay = K — 117 What hap-
pens if the snake has precession angle ¢(& cos116 + Zsin116)5,(0)?

6.9 Siberian Snake Designs

A large number of snake designs have been invented. Most of them consist of
alternating horizontal and vertical bending dipoles whose net effect on spin is
as prescribed for a Siberian snake of the type needed, while its net effect on
orbit is made to vanish. We designate a bending magnet by (¢, (;AS) where ¢ is
the spin precession angle, and qAS is the spin precession axis, which is the same
as the magnetic field direction. Then one possible type-1 snake design is

T T 7r T T T
— )=, =)=, 9) (=, -2 —)(=,Z)(=, 7 6.65
(5 2) (=) (5 ) (G ~0)(m, ~9) (5 2) (5. 5) (6.65)
Figure 6.7 shows the design, where H and V means horizontal and vertical
bending dipoles, and the orbital angle 6 is chosen such that the spin precesses
by /2. The z- and y-trajectories of the beam are shown. For protons, we have
B¢
g=—" ="  Br=2747T-m (6.66)
(Bp)  2ay
Note that, as emphasized before and seen in Fig.6.1, the spin precession is
relative to the rotating coordinate system. In absolute space, the spin precesses
by (ay 4+ 1)6. Note also that (also mentioned before) the needed snake magnet
strengths are independent of the beam energy.
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Figure 6.7: A design of type-1 snake. The middle and the bottom curves are
the vertical and the horizontal orbital excursions. The maximum excursions are
~2 5¢0/2 horizontally and = 3¢0 vertically.

Eaxercise 21 Show that the design (6.65) constitutes a full type-1
Siberian snake.

The condition of no net orbital effect, however, is not necessary for a Siberian
snake. To save space for accelerator, for example, it may be useful to incorporate
part of the horizontal bends in the snake. We give below one possible type-2
snake design by Derbenev which contains a net horizontal bend. The design
consists of four magnets:

(¢7 ﬁ+)(¢a ﬁ*)(¢7 ’FL*)((% ﬁ+)
iy = & sina + jcosa (6.67)

These magnets are tilted in the z-y plane by angles +«a as sketched in Fig.6.8.

Their strengths are all the same, precessing the spin by an angle ¢. The net
spin rotation is

Moy = e~ 35004 o= 3500 = 30:00 o= 35074 (6.68)
Let ® and 7 be the net precession angle and axis, then Eq.(6.21) gives
fisin— = 2cosasing |—isin? g sin 2a + ¢ <0052 % — cos 2asin® g)}

cos — = cos® ¢ — cos2asin® ¢ (6.69)
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Figure 6.8: A type-2 snake with net horizontal bending.

To make a full Siberian snake of type 2, we require ® = 7w and n = . This
means we must choose a and ¢ so that

cot? ¢ = cot? g = cos 2« (6.70)
One solution is 5 ) 1
o= ?W, a=g cos ! 3= 35°15' (6.71)

Exercise 22 Verify Eq.(6.69-6.71).

Ezercise 23 In the design of snakes, the following theorem comes
handy sometimes: if the magnet arrangement has a mirror sym-
metry, and if the spin precession axes (/Abl of these magnets are all
perpendicular to some direction k, then the axis of the total preces-
sion is also perpendicular to k. (a) Prove this theorem. (b) Use this
theorem to explain why design (6.67) cannot be a type-1 snake no
matter how a and ¢ are chosen.
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7 Symplectic Approximation of Maps

Linear motion in (z,2’,y,y’) can be described by maps in matrix form. For
example, the map for a quadrupole is

coskL % sin kL 0 0
—ksinkL coskL 0 0
M= 0 0 cosh kL % sinh kL (7.1)
0 0 ksinhkL  coshkL

where k = \/G/Byp.

Often a good approximation can be obtained by letting L — 0, G/(Bop) —
00, while holding 1/f = GL/(Byp) fixed. We then obtain the short-magnet
approximation of Eq.(7.1),

1 0 0 0
-1 10 0
~ | f
M~ J 5 1 0 (7.2)
1
0 0 $ 1

In the absence of -y coupling, the matrices M degenerate into two 2 x 2 blocks.
One can treat the x and y motions separately by studying their respective 2 x 2
blocks.

There is a theorem which says that

det M =1 (7.3)

This theorem is true whether M is 2 x 2,4 x 4, or 6 x 6. It is a consequence
of another more powerful theorem of symplecticity condition, and is related
to the conservation of phase space area. For a linear 1-D case with 2 x 2
matrices, the symplecticity condition holds if and only if Eq.(7.3) holds. For
higher dimensions, the symplecticity condition implies Eq.(7.3), but not vice
versa. Note that theorem (7.3) is true in general; it is valid even if the motion
is unstable.

Obviously, Eqgs.(7.1) and (7.2) satisfy Eq.(7.3). As a check of the internal
consistency, note that if a map consists of many segments, the condition that
matrices of all segments have det=1 leads to the condition that the total matrix
must also have det=1. This is internally consistent because the total matrix
must also represent a map of the dynamic system and therefore has to be sym-
plectic.

Consider now a slice of the quadrupole magnet from position s to position
s+ As. The map for the x motion is

cos kAs % sin kAs}

Misias = [ —ksinkAs  coskAs (7-4)

One maybe tempted to Taylor expand this matrix in terms of the small quantity
As. This leads to
k2

_E
MHMS:B ﬂ+As[_%2 H+A52[ K k2]+ . (15)
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Keeping only the leading term is not a very interesting thing to do because it
loses all the physics introduced by the quadrupole. Keeping up to the As term,
ie.

! AS] (7.6)

constitutes a problem because it violates theorem (7.3). This exercise says that,
if truncations must be performed, then they must be performed carefully. A
brute force truncation might lead to violation of fundamental properties.

One reason nonsymplecticity is of concern is because if not used with cau-
tion, it may lead to erroneous conclusions. In particular, repeatedly iterating
map (7.6) could lead to wrong conclusions in terms of the long term stability
of the system. Note there is no objection if the map is approximate. The ob-
jection is that the map is nonsymplectic. So we need to explore ways to find
approximations without sacrificing symplecticity, i.e. we need symplectification
techniques.

One trick is to artificially add a O(As?) term to Eq.(7.6) as follows:

1 As
Ms—sas ™ {—kQAs 1- szsz] (7.7)
Note that truncating Eq.(7.5) to O(As?) would give a matrix
1—1k2As2 As
~ 2
Ms—»erAs ~ |: —_k2As 1— %k2A82:| (78)

which differs from (7.7). On the other hand, map (7.7) is symplectic (det=1),
while map (7.8) is not (det#£1), in spite of the fact that map (7.8) is more
accurate than map (7.7).

If we consider a finite-but-thin quadrupole of length L and approximate its
map by Eq.(7.6) with As = L, we get detM = 1+ O(L?). If we adopt Eq.(7.8),
we get detM = 1+ O(L*). Both maps are nonsymplectic. But detM = 1
exactly if we adopt (7.7). Eq.(7.7) is one way to “symplectify” the map.

Is there a physical meaning to Eq.(7.7)? The answer is yes. In fact, we
are at this point launching onto the beginnings of two important topics: map
symplectification and canonical integration. Both are active fields of research.

The physical meaning of Eq.(7.7) is seen as follows. One way to assure
symplecticity is to model the quadrupole as a combination of interlacing drift
spaces and lumped kicks. For example, one might model the quadrupole as
sketched in Fig.7.1(a). In the drift region, the map is given by

B " } (7.9)

The lumped kick is obtained by concentrating the quadrupole strength to act
as a d-function kick to the passing particles. The matrix that describes that

action is
1 0
[ 2L 1 } (7.10)
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The drift map (7.9) is symplectic — its determinant is equal to 1. It is a
general property that lumped kicks give symplectic maps — matrix (7.10) has
determinant of 1. By modeling an accelerator element (linear or nonlinear) as
combination of drifts and lumped kicks, one obtains a symplectic model of the
element. If the quadrupole is modeled as a drift followed by a kick, the total
map for the quadrupole is

1 o] [1 L 1 L
M_[—k:QL 1} [0 1}_[—k2L 1— kL2 (7.11)

which obviously has det=1. But Eq.(7.11) has just reproduced Eq.(7.7)! In
other words, the artificial symplectification introduced in Eq.(7.7) could be a
consequence of the particular modeling represented by Fig.7.1(a).

| k2L
(a) I
k2 = :
|
—— L— ~—— L——
0) k2L |
ﬂ :
u |
|
|
e—— L——
| k2L |
(c) | |
| |
I |
r< < >
e Yo
l l
| i i |
}<—>—|<—>—|-<—>'
oL BL oL
o SK2L o
e) KL ” L
-
L
8a22A35 "ol BL BL al

Figure 7.1: Symplectification Models.
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This observation then opens up to other ways to symplectify. For example,
the model of Fig.7.1(b) gives

1 L 1 0 1-KL% L
e LY B B B b v B AT

which also has det = 1, and thus represents another way to symplectify map
(7.6).

Both Figs.7.1(a) and (b), although exactly symplectic, give maps that are
accurate only up to O(L) [leading error term is of order O(L?)]. One way
to improve the accuracy of the map while maintaining its symplecticity is to
consider Fig.7.1(c), the thin-lens model. 1t gives

1 1ir 1 o][r iL
vo= o 5 i 3o A
17272 11273
= {1 7]2432kLL fﬁ 311:252] (7-13)
The thin-lens model is accurate up to order O(L?), as can be shown by com-
paring (7.13) with the exact expression (7.1).

Numerical iteration of the maps (7.8), (7.11), (7.12), and (7.13) is shown
respectively in Figs.7.2(c) through (f) for kAs = 0.2. Fig.7.2(a) is a circle ob-
tained using the exact map (7.4). Fig.7.2(f) is almost, but not quite, a circle.
The deviation of Fig.7.2(f) from a circle will be shown in Fig.7.4(a) later. Fig-
ure 7.2(c), based on the nonsymplectic map (7.8), exhibits an outward spiral
motion, although the spiraling is slower than that shown in Fig.7.2(b), based on
Eq.(7.6). For long term stability purposes, enforcing the symplecticity condition
is important. If a map is approximate but symplectic, the contours of particle
trajectory in phase space maybe slightly distorted, but the long-term stability
of the motion is preserved, as shown in Figs.7.2(d,e,f). This is not true if the
symplecticity of the map is compromised.

A symplectic model, such as (7.11), (7.12), or (7.13), is extremely useful
to model accelerator elements. In the quadrupole example above, these mod-
els allow carrying out the mapping without the time-consuming trigonometric
functions. But more importantly, when the accelerator element is nonlinear,
we often do not have a closed form expression for its map as we do in the
quadrupole example. These nonlinear maps have to be obtained by ray tracing.
For long-term stability considerations, it is impractical to trace with hundreds
of steps per element because of computer limitations. One therefore searches
for efficient ways to model an element, which are accurate and, for purpose of
long term tracking, are also symplectic. The quadrupole example is just an
illustration of this search activity. Models in Fig.7.1 are all applicable to thick
nonlinear elements.

One may proceed to consider Fig.7.1(d) with the hope of finding a model
that represents the quadrupole to order O(L?). Obviously one has the condition
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Figure 7.2: Phase space trajectories of a particle traversing a quadrupole as
predicted using various tracking algorithms. (a) the exact map (7.4), (b) non-
symplectic map (7.6), (c) nonsymplectic map (7.8), (d) symplectic map (7.11),
(e) symplectic map (7.12), (f) symplectic thin-lens map (7.13).

2a 4+ B = 1. The matrix is
M o= 1 alL 1 0|1 pBL 1 0(|1 aL
T 0 1 ][5k 1][0 1 ||[—3KL 1]|0 1
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1— 3k?L* + aBk*L* L — oo+ B)K?L3 + a2 BE*LP

7.14
—k*L + kL3 1— kL2 + ofk* L (7.14)

Eq.(7.14) does give detM = 1. But this map cannot represent the quadrupole
to order O(L?). Compared with Eq.(7.1), in order to represent the quadrupole
to order O(L?), we need

oo+ )= ¢

1 1

1"=%

20+ 3 =1 (7.15)

which, unfortunately, does not have a solution.

Interestingly enough, it is possible to consider Fig.7.1(e) to obtain a map
which is correct to order O(L*) [errors of order O(L5)]. We obviously have, to
begin with, the conditions

20+28 = 1
2946 = 1 (7.16)

The map is given by

v [l ool 1 0][1 BL 1 0
1o 1| |-9k2L 1||0 1 ||-6k2L 1

1 BL 1 0][1 aL
“lo 1 ||-yk2L 1|]0 1

(7.17)
1— $k2L2 4 By(a + 50)k* L L — (36 + oy + 2a8y)k*L3
—aF%y20K5 L +2aBy(ay + 6)kL° — a?3*4%6kSL”
—k*L 4 By (1 + 0)k*L? 1— 3K2L2 + By(a+ 50)k*L*
—52’}/2(51476[/5 —a5272(5k6L6

The conditions for (7.17) to represent the exact map to order O(L*) are, in
addition to (7.16),

1 1
By(a+ 55) =
1
By(1+6) = 5
1 1
15 +ay+2apy = 8 (7.18)

Equations (7.16) and (7.18) [4 unknowns, 5 equations] do have solutions! In
fact, one finds
1—91/3

b= sp=2m
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1 1
a = 5 -P= oo ~ 06756

2—2173)
1 1
21/3

Note that § and § are negative. This means the model involves seven steps as
shown in Fig.7.3. Following these 7 steps would yield a symplectic model of a
thick quadrupole — or any thick nonlinear element — to order O(L%).

© ®
@

®
©

6-97
8322A29

Figure 7.3: Seven steps in the 4-th order symplectic integration.

The map for a quadrupole is then obtained by substituting Eq.(7.19) into
Eq.(7.17),

1 1 1 1—21/3 5
]. - 5]{72[/2 + ﬂk4L4 L - ngLS + 72]94.[/

24(2—21/3)
1/3 1/3
M +48(22721/3)3 kGLG +96(22721/3)4 kﬁL? (7 20)
—K2L + 1AL 1— 1K2L% + LKL
2% 675 2% 16716

+24(2—21/3)2 +48(2—21/3)3

It can be explicitly checked that the determinant of (7.20) is 1. This M is correct
up to O(L*). By introducing artificial terms of the orders of O(L?), O(LS), and
O(L"), therefore, we have symplectified the map. See Exercises 11 and 12 for
more discussions on this point.

These explicit canonical integration techniques? give symplectic models of
thick elements, and are most useful for particle tracking purposes. Note that
most tracking programs use kick approximation of one kind or another. One

33These are called explicit techniques because all quantities are evaluated directly from
previously known quantities and no implicit numerical inversion is required.
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often-used example is the thin-lens model, which is a “2nd order explicit canon-
ical integration”. Another example is the ray tracing model, which is typically
done with a first order integration but acquires accuracy by slicing the ele-
ment into a large number of steps. As mentioned before, this requires extensive
computer time and is not practical for long term stability studies of large ac-
celerators. Table 1 gives the various canonical integration techniques for an
accelerator element (linear or nonlinear) of strength S and length L. For a
quadrupole, we have S = k2. Exercise 13 shows that the popular Runge-Kutta
algorithm is nonsymplectic.

Table 1: Various techniques of explicit canonical integration for an accelerator
element of strength S and length L. The symbol (L) means a drift length L.
The symbol (SL) means a kick of integrated strength (SL). Values of «, 3,7, 0
are given by Eq.(7.19). See also Eq.(7.57) for a 6-th order integration.

Integrator Model Error
1st order (L)(SL) O(L?)
1st order (SL)(L) O(L?)
Ray tracing (£)(2L) - repeat n times (9(%2)
2nd order(thin-lens) (%)(SL)(%) O(L?)
Ray tracing (£)(2L)(£) - repeat n times O(ﬁ—z)
4th order (aL)(vSL)(BL)(6SL)(BL)(vSL)(aL) O(L?)
Ray tracing (@L) (151 (BLy (05 L) (BL) (1SLy (@L) ... repeat n times  O(Ly)

Note that symmetry always helps in providing one order higher accuracy.
Dividing an element into many steps also improves the accuracy. Note also that
the technique applies to integration in general, not only to accelerator elements.

In Figs.7.4(a) and (b), we compare the tracking results using the thin-lens
map (7.13) and the 4-th order map (7.20). Plotted in Fig.7.4 is the quantity
A= /2% + (2'/k)? as a function of iteration number for a particle with initial
conditions (z = 1,2'/k = 0) and kL = 0.2. The exact map (7.1) would give a
constant A = 1. Figure 7.4 shows the numerical accuracy of the two approximate
maps by computing A. Note the different vertical scales of the two graphs. Note
also that in either map — both being symplectic — the stability of the particle
motion is not in question; only the numerical accuracy is being compared.

FExercise 1 Still another symplectified form of a quadrupole, valid
to order O(L?), is

1— 1k2L? L
2 : (7.21)
—k’L + K03 1 - JKAL2

What is its corresponding physical model?

FExercise 2 The two nonsymplectic tracking show exponential growth
of spiraling amplitude. Associate the growth rate to the deviation
of the matrices from unity.
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Figure 7.4: Tracking result showing amplitude as a function of time using sym-
plectic integrators, (a) 2-nd order, (b) 4-th order.

Solution Determinant of Eq.(7.6) is 1 + (kAs)?. Determinant of
Eq.(7.8) is 1 + (kAs)?/4. The amplitude grows or damps exponen-
tially depending on whether the determinant is > 1 or < 1.

Ezxercise 3 Apply the thin-lens approximation to integrate the equa-
tion
2’ = f(x) (7.22)

Show that the result is

H\
E
Q

L
xy+ Lf(zo+ gzvg)

x(L) =~ x¢+ é(xg + /(L)) (7.23)

Equation (7.23) is also called the leap-frog algorithm. Demonstrate
explicitly the symplecticity of this map. To what order of L is the
leap frog algorithm valid?
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Solution The exact Taylor map gives

(L) =g+ x(L + %f(nco)L2 + %xéf’(xo)[/?’ 4+ (7.24)
The leap-frog algorithm gives

z(L) = zo + x4l + %f(xo)L2 + ixéf’(zo)LS +--- (7.25)

The error terms are O(L3).

Exercise 4 Equation (7.22) describes a conservative system. Its
leap-frog map is symplectic. Consider a nonconservative system de-
scribed by z” = f(x,2’). Develop a leap-frog algorithm for this
system. Examine its symplecticity.

Exercise 5 Consider a ray tracing model of a thick quadrupole. Let
there be n steps, each of length L/n. The total map is given by

M =m" (7.26)

where

1 o0]f1 £ 1 5
m = |:_I<2_L 1:| |:0 71L:| = |:k2L 1_ k2[2/2 (727)

n n

(a) Show that the matrix m can be written as
ei“ 0 —1
m=T [ . e_m] T (7.28)

where et are the eigenvalues of the matrix m with

and .
Joemin/2 L cin/?
T=| V2 Vs 7.30
Zﬁ% sin § Toon E L ( )
2cos 5
(b) Use the property (7.28) to show
COS(n_u%)M L sip nu
M — COSE no sy (7.31)
—2% sinnutan § %

(c¢) Show that the determinant of (7.31) is 1. Show also that when
n = 1 and when n — oo, expression (7.31) becomes the expected
results (7.11) and (7.1) respectively.
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(d) Show explicitly that for finite n, the error terms are of the order
O(L?/n), as claimed in Table 1.
Solution Let m be eigenanalyzed as

m [“i} = eFin [“i} (7.32)

V4 V4
and choose normalization uyv_ — u_v; = 1. Then
T = [“* “] . detT =1 (7.33)
vy V-

FExercise 6 Repeat the above exercise for the thin-lens model.
Solution Parametrize m as

m:[a b] with a® — be =1 (7.34)
c a

Eigenanalyze m according to Eq.(7.32), where the eigenvalues are

eT with cos u = a. The matrix T is found using Eq.(7.33) to be
1 i—b
A I ] , detT =1 (7.35)
“Vab V2

Matrix m can then be written as

—~

7.28) and we find
b .
M =m" = { SOSTL S ST ] (7.36)

sinp _:
p - SNl cosnu

It follows that detM = 1, and that M reduces to proper limits when
n =1 and n — oo. For the thin-lens model, parameters a, b, and ¢
are given by (7.13). We have sin § = kL/2n. Substituting this value
for pand b= £ — L k2 L3 it follows that model (7.36) agrees with
the exact map with error terms of the order O(L3/n?).

Alternative solution A simpler derivation uses the fact that the map
(7.36) can be written as a drift of length —L/2n followed by the map

(7.31) followed by a drift of length L/2n.

Ezercise 7 Repeat the above for the 4th order integrator.
Solution Results (7.34-7.36) still hold. The only difference is the
values of a, b, and c¢. The error terms are of the order O(L5/n?).

FExercise 8 Consider the 1-D motion in a thick sextupole with equa-
tion of motion

2" = Sx? (7.37)

Work out the exact problem first. Compare the result with those
obtained by the thin-lens, and the 4th order integrators.
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Solution Integrating (7.37) gives a constant of the motion

_ 1 AV 1 3
C= 2(33 ) 353: (7.38)
which gives
2
' =44/2C + §5x3 (7.39)

With the input coordinates (zo,z(), we have 2C = (z()? — 25z},

The exit coordinates of the particle are described by (z(L),2'(L)),
where z(L) satisfies

z(L)
/ de =L (7.40)
vy f())? - 288 - 2%)

Eqs.(7.39) and (7.40) are the exact solution we are looking for.

Equation (7.39) can be used iteratively to obtain z(s) and z’(s)
as Taylor expansion in s. These are approximate expressions for
short s. Start with the O-th order expression x = xy. Insert this
expression into (7.39) gives 2/(s) = x{,, which can be integrated to
yield the 1-st order expression z(s) = xg + z(s. Inserting this 1-
st order expression into (7.39) then yields a 1-st order expression
7'(s) = z{, + Sxgs, which can be integrated to give a 2-nd order
expression of z(s). Repeating this process gives

1 1 S
z(s) = x0+xf]s+55x382+§5'x0m633+E(m{?—i—Sw%)s‘l—&—(’)(ss)
S 5
x'(s) = J;6+Sx35+5x0x682+§(xff+Sx8)53+ﬁ,5’2x3x’034+0(85)
(7.41)

In comparison, the thin-lens approximation gives

1 1 1
#(L) = wo+ayl+ g SegL® + S SworpL® + §Sx62L4

a\
—~

™~
~

Il

1
zy + Sa3L + SzoxyL? + ZS%QLS (7.42)

which agrees with (7.41) up to order O(L?). Map (7.42) is symplec-
tic. If the O(s%) terms are truncated, map (7.41) is not symplectic,
even though it is more accurate then Eq.(7.42).

In the 4th order integrator approximation, we use Mathematica
to obtain3*

1 1 S
2(L) = wo+aps + 5593332 + §S$033633 + E(m{? + Sa3)s?

34Explicit expressions of terms O(s%722) and O(s%722) are available but too long to be
included in Eq.(7.43).
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+0.01887475% 2} x2s% + O(s°7%2)
2'(L) = xf+ Sxds + Szoxps® + g(zg + Sxd)s® + %5%8%54
+5220(0.2311252),° —0.437566523) s + O(s521) (7.43)

These agree with the exact expressions to the appropriate orders
respectively but now higher orders (from 5th to 22nd order in s) are
added artificially to symplectify the map. Symplecticity of the exact
expressions (7.39-7.40), and the symplecticities of maps (7.42-7.43),
can be checked by observing

Oz (L) 02'(L)  dx(L) 02'(L)
Oz  Ox| Oz Oxg

=1 exactly (7.44)

Eaxercise 9 Show that the sextupole map (7.39-7.40) is symplectic.

Ezercise 10 Consider the 1-D motion in a magnet with combined-
function quadrupole and sextupole fields. Let the equation of motion
be

" 4+ k*r = Sa? (7.45)

Give the second-order symplectic integration (thin-lens approxima-
tion) for the map from the entrance to the exit of this magnet. Let
L be the length of the magnet. (a) Model both the quadrupole and
the sextupole components as thin-lenses. Does the ordering of these
thin-lens kicks matter? (b) Model the quadrupole component as a
thick-lens magnet, and the sextupole component as thin-lens. (c)
Show explicitly that the results obtained in (a) and (b) are symplec-
tic. This exercise demonstrates the fact that the drifts in the models
of Fig.7.1 can be replaced by any map which has exact (symplectic)
solution, quadrupole being one example.

Eaxercise 11 In obtaining Eq.(7.19), we have first obtained an equa-
tion for 3,
4833 —243% +1=0 (7.46)

Equation (7.19) is then the real solution of (7.46). But there are
also two other complex solutions given by

1 1 22/3 _ 1.
be =g (2 —ois t 31/221/3Z>

0.33780 £+ 0.06729: (7.47)

which in turn gives

a = 0.16220 F 0.06729
v =0.32441 F 0.13458i
§ =0.35118 + 0.26916i (7.48)
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Choosing these complex values are legitimate symplectifications. The
total matrix, however, now contains higher order symplectifying
terms which are complex! Is this allowed?

Exercise 12 The 3rd order model Fig.7.1(d) assumed a symmetry
around the mid-point of the accelerator element and we showed there
was no solution. An extra free parameter can be introduced if the
symmetry is sacrificed. Is there a solution for this asymmetric 3rd
order integrator?

Solution Consider two kicks —dk%L and —ek?L spaced by three free
spaces aL, BL and yL. For the system to describe a third order
map, we find two solutions

V3F3L
6v/3 F 6i
1
=
1,1
= — 4
7T 1T
5 = @ = 0.5 F 0.28868i
3V3F3i
2
- i = 0.5+ 0.28868i (7.49)
3V3F3i

There is no real solution and the resulting 3rd order map is neces-
sarily complex.

= 0.25 7 0.14434:

= 0.25 +£0.14434:

Ezercise 13 There are various often-used numerical integration tech-
niques. Some of them are nonsymplectic. Beware! Take the Runge-
Kutta integration for example. Consider the differential equation

2 = f(x,2',s) (7.50)

Given z(0), 2'(0) at s = 0, Runge-Kutta gives approximate expres-
sions of (L) and /(L) at s = L as

x(L) =~ z(0)+ Lz'(0) + éL(tl +to +t3)

CL'/(L) ~ l'/(0)+%(t1+2t2+2t3+t4) (751)
where
t1 = Lf[x(0),2'(0),0]
fo= Lfe(0)+ 5L/ (0),0/0) + St 1)
tr = Lile(0) + 3L0'0) + {10, (0) + 1o, 1
te = Lf[a:(O)+Lm’(0)+%Lt2,x’(0)+t3,L] (7.52)

154



(a) Apply the Runge-Kutta technique to the z-motion in a quadrupole
and show that

1 1 1 1
L) ~ 1__2L2 _4L4 P L__3L3
x(L) x(O){ 21<: + 24141 + 5L (0) |k Gk‘
1 1 1
2'(L) ~ —kx(0) {kL—éki”Lﬂ +2'(0) [1—§k2L2+ﬂk4L4}(7.53)
(b) Apply it to the case of a sextupole, Eq.(7.37), to obtain
/ Lo ora, 1 i3, S n 3y 74
z(L) =~ xo+axyl+ §S%L + gSl’oxoL + ﬁ(% + Szy)L

1 1
+ﬂS2x8x6L5 + %S3x3L6

S
xp + Sxg L + SwoxyL* + g(xg

5 1 1
+52 xo(ﬂ 2+ —SJJ?’)L5 + —52336(51‘62 +ad)L°

1
T 5'3 0x62L7—|— S?’a: 0T LB + 8453x64L9 (7.54)

5)
+ S L3 + E52x3m6L4
1

H\
S
Q

(c) Show that the determinant of the Jacobian matrix for the trans-
formation (7.53) is

KSLS ksLS

72 576

1- #1 (7.55)
Similarly, for the transformation (7.54), the determinant is

1 , 1
177(23332 95x3)S? L5 + %z3x653L7+—x0(7x +158x3)S3L8

44
1 1
+@x6( 2 1 46523)S3 L + %xp(45x +16S23)S* L0
1 1
+@xox (4272 +13Sx3)S LM + 576x0(15:v +28x3)S5 L1
1
576:50%(4:662 +3523)S° L' + 1152m0x0 (x4 3Sx3)S5 LM
+2304x0m0 366115 £ (7.56)

In both (a) and (b), the Runge-Kutta integration is accurate to
order O(L*) but is not symplectic. The high order terms beyond
4th order in L in Eq.(7.54) [compare with Eq.(7.43)] do not make
the map symplectic as can be checked against Eq.(7.44).

An alert reader might have noted that we have derived all the symplectic
integrators in Table 1 using the linear quadrupole map. What if we have used
a different map, e.g. a solenoid, or a nonlinear map? Would we get the same
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integrators? The answer to this question is yes. It does not matter which map
we use to derive the integrators. The underlying reason can be seen if one
applies Lie algebra to the analysis.

I will not explore Lie algebra here, except to say that using Lie algebraic
technique allows a systematic way to extend to higher order integrators. For
example, a 6th order integrator is found to be as follows (notation the same as
in Table 1):

(01 L) (d1 SL) (CQL) (dg SL) (Cg,L) (dg SL) (C4L) (d4SL) (05 L) (d5 SL)
X (CG L) (d6 SL) (C7L) (d7SL) (CgL) (dg SL) (Cg L) (dg SL) (CloL) (757)

where
1
dy=d3=d; =dy = ~ 1.58722
1 3 7 9 (2 — 21/3)(2 — 21/5)
21/3
dy=dg = — ~ —1.99978
2T T 2218y (2 — 21/5)
21/5
dy=dsg = — A~ —1.82324
TN T T o T o1/E) (2 — 21/5)
98/15
ds = _ ~ 229714
(2 —21/3)(2 — 21/5)
1
= ¢10 = ~ 0.793612
T 0T 9 T otEy (2 — 21/5)
1-—2!/3
Cp =C3 =€ =Cg = 22— 21/3)(2 — 21/5) ~ —0.206277
1—2Y/5
cy=cr= ~ —0.118009

2(2 — 21/3)(2 — 21/5)

21/5(1 _ 21/3)
=6 =5 qum g7 0269 (7.58)

One can check that ), ¢; =", d; = 1.

In Table 1, we have kicks interlaced by drifts. This is not necessary. Instead
of drifts, one can have any map which has an exact expression. Most likely,
this map with exact expression is a linear map. For example, in Exercise 10, we
had a combined magnet with quadrupole and sextupole fields. One can have
sextupole kicks interlaced by quadrupole maps. The fact that the interlacing
map does not have to be drifts is also evident if one uses Lie algebra to hunt for
symplectic integrators.

We see that the 2nd order simplectic integrator (thin-lens approximation)
requires one lumped kick. The 4th order integrator requires 3 lumped kicks.
The 6th order integrator requires 9 lumped kicks.

FEzxercise 14 Draw the 19-step, 6th order symplectic integration model
according to Eqs.(7.57) and (7.58) as we did in Fig.7.3.
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Figure 7.5: Ninteen steps in the 6th order symplectic integrator.

Solution See Fig.7.5.

FEzxercise 15 It was said that symplecticity of a map is important for
its application to long-term stability study. Explore this statement
closely to see if long-term stability study requires the complete sym-
plecticity condition, or if it requires only the condition det=1. To
study this problem, one will need to study a 2-D or 3-D system.
Solution Consider the special case of a 2-D decoupled system. Its
ﬁ g} Symplecticity requires detA =
detB = 1, while detM = 1 requires only detA detB = 1.

map has the form M =
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8 Truncated Power Series Algebra

8.1 Introduction

In the study of nonlinear dynamics in accelerators, one often needs high-order
nonlinear maps. Examples: (i) given the maps of sufficiently high order and
sufficiently symplectic for all components in the accelerator, one can use them
to study the long-term stability of the accelerator system by particle tracking;
(ii) given the nonlinear one-turn map, methods (such as Lie algebra) exist to
extract various nonlinear dynamics quantities analytically. But for all these
applications, question remains as to how to generate high order maps efficiently.
Here we describe the truncated power series algebra (TPSA) technique, first
introduced for accelerator applications by Berz in 1989. Since then, a large
number of computer codes were written on this subject.

The TPSA technique is a powerful, practical calculational technique. It is
useful not only for accelerators, but also for any calculational algorithm which
relates some output quantities to some input quantities (see Fig.8.1). Once the
algorithm is given, TPSA allows one to generate power series expressions of the
output quantities in terms of the input quantities. The order of the power series
Q is not limited (other than having sufficient memory space in a computer — see
Exercise 11) and can be specified by the user. One should note, however, that
TPSA does not contain physics; it is only a calculational technique.

What kind of algorithms are we talking about? The answer is any algorithm
that relates outputs to inputs in a well-defined manner. For example, one may
have explicit functions

yi:yi(xlax27"'7xn)7 i:1727"'7m (81)

or one may have written a computer code with X = (1,2, - -,2,) as inputs,
and Y = (y1, 92, - -, Ym) as outputs. We are talking about any algorithm that
allows one to calculate the numerical values of Y once the numerical values of
X are given.

This algorithm, however, may be very complicated (the above computer code
may contain 10,000 lines), and to carry it out may be very time consuming. In
this case, one would want to approximate the map by something simpler such
as a Taylor expansion up to order €2, or symbolically

Q
Yr) CX (8.2)
J

which we recognize as a Taylor map from X to Y. Once we find this map (8.2),
we can perform the calculation of the original algorithm much faster, although
admittedly only approximately. The TPSA technique is a way to calculate the
coefficients C; once the original algorithm is specified.

For accelerator applications, one may consider X to be the (z,z,y,y’, 2, 0)
of a particle at some starting position in a storage ring. In a tracking code,
this X is followed element by element for one revolution and finally one obtains
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Inputs Outputs
——1 Algorithm ——

X1, X2, Xp Y1: Y2, Ym

6-97
8322A23

Figure 8.1: A calculation algorithm with inputs and outputs.

Y, which is the (z,2',y,v’, z,d) of the particle one revolution later. Once this
tracking program is written, TPSA allows one to extract the one-turn Taylor
map relating Y to X up to some pre-specified order 2. Subsequent tracking
study can then be performed using this Taylor map instead of the original
element-by-element tracking. Note that if the original program contains a bug,
the TPSA would still work, just that its resulting Taylor map contains the same
bug. Note also that the original tracking program relates numerically a value of
Y to a value of X, while TPSA gives a map which relates Y to X algebraically.

The above rosy picture of TPSA sweeps under the rug a problem. The catch
lies in how to choose the truncation order 2. Intricate details such as chaos in
phase space can be inadvertently affected by the choice of 2. This truncation
in fact can be rather brutal. In the following, however, we shall not address this
subtle problem.

It is obvious from the definition of Taylor series that the coeflicients C; in
Eq.(8.2) are related to the derivative of Y with respect to X. So one may also
say that the TPSA allows one to calculate the high order derivatives of the
outputs with respect to the inputs, e.g.

310y5
831‘163.%‘2 841‘8

once the algorithm is known. If Y = Y(X) is a simple analytic expression,
one can find derivatives analytically by hand, but such case is unlikely for a
10,000-line tracking code.

Consider the case with a single input « and single output y = f(x), where f
may be given as an analytic expression or a 10,000-line code. Let y be expressed
as a truncated Taylor series around a reference point = = a,

y= 1) = F@)+@-a)f @)+ 5@ 4+ (o-a)?F D (a) (83)
where f*) means the kth derivative of f(z). In the simplest application of the
TPSA technique, we will illustrate how to obtain the coefficients f(a), f/(a),
f"(a), .... Both the order Q of the power series and the reference point a are
specified by the user.

Note that to the extent that a function f(z) can be represented (at least
approximately) as a power series in x truncated to the Q-th order, there is a
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one-to-one equivalence between the function f(x) and the vector

(f(a), f'(a), ... fD(a)) (8.4)

In particular, the vector can be regarded as the TPSA representation of the
function around z = a. Once the coefficients (8.4) are known using TPSA —
there are € + 1 of them — the value of f(z) can be calculated using Eq.(8.3)
for arbitrary value of x.

One could imagine calculating the derivatives numerically instead of using
TPSA. To do so, one first chooses a small number €, and then computes

fla)~ Lato=fl@ 62 f(a) (8.5)
This procedure, however, loses accuracy rapidly as one proceeds to high order
derivatives. As we will see, TPSA is so remarkable because it does not calcu-
late derivatives by subtracting two nearly equal numbers, and offers a way to
calculate high order derivatives to computer accuracy!>?

Accelerator application of TPSA is of course not restricted to obtaining one-
turn maps. In particular, TPSA allows one to obtain high order Taylor map (of
order ) relating the exit coordinates (z,z’,y,v’, z,0) to the entrance coordi-
nates of a single magnet element. Before the TPSA days, these high order maps
of magnet elements were done by solving the particle’s equation of motion. This
is clearly a tedious procedure, ending with long expressions, and the results are
limited to low orders. These pre-TPSA examples include TRANSPORT for sec-
ond orders, MARYLIE for third orders, and COSY for fifth orders. Although
analytic expressions allow more insight into the problem, TPSA makes the pre-
vious approach obsolete, at least as far as efficient generation of high order maps
is concerned.

After truncation, the Taylor map is generally nonsymplectic. This Taylor
map needs then to be symplectified. One way to do that is to apply Lie algebra.
The combined application of TPSA and Lie algebra results in a very powerful
modern tool in the study of nonlinear dynamics. This has triggered a revolution
on nonlinear dynamics research in accelerators since 1980’s.

8.2 TPSA

So far we have not yet described what TPSA does. To do so, let us consider

first an example,
1
T+ %

fz) = (8.6)

35This is almost anti-intuitive. We learned in school to compute derivatives like Eq.(8.5).
It seems intrinsic, and a matter of definition, that a small quantity € be involved when one
calculates derivatives. It therefore seems unavoidable that attempts to calculate high order
derivatives numerically contain large numerical errors, but that intuition is apparently wrong.
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and suppose we want to find the coefficient f/(2). One way is to do it analyti-
cally, i.e. we find first that

1 L
’ 2
Substituing = 2 into Eq.(8.7) then gives
3
"2)=—— 8.8
re=-= (33)
The second way is to find it numerically. For example,
2.1) — f(2 0.38817 — 0.4

1(2) ~ 121) - 1) = = —0.1183 (8.9)

21-2 21-2

By replacing the value 2.1 by something closer to 2, the accuracy of the calcu-
lation improves.

To compute f’(2) using TPSA, let us first form a vector v = (2,1) and try
to find f(v). The reason the first component of v is chosen to be 2 is because
we want to compute f'(2). As we shall explain later, the second component of
v is always 1. We now have

1
= 8.10
f0)= (3.10)
As we will establish later, vectors are manipulated in such a way that
1 1 a9
= (——= 8.11
(a1, 12) (a1 a%) (8.11)
(a17a2> + (bl,bg) = (a1 + b1, a2 + b2) (8.12)
Thus,
1 1
flv) = =
1 2 3
= =(-,—=) (8.13)
(g, %) 5 25

Now notice that the two components in the final vector are miraculously equal
to f(2) and f/(2)! In the above calculation, nowhere explicit expressions of
f'(x) was used, and nowhere subtraction of nearly-equal numbers was needed.
The simplest version of the TPSA technique is thus

f) = (f(a), f(a)), for any function f(x), and v = (a,1) (8.14)

Note that in the calculation (8.13), only the input vector v is pre-specified
to be equal to (2,1). In the intermediate steps of the calculation, the vector is
of course changed from (2,1).

The secret of TPSA is contained in these vector manipulation rules. How
are those rules established? Let us examine it in 3 steps as follows:
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Step 1 Consider the simple identity function f(z) = 2. We of course
want to make sure (8.14) holds for this function. Suppose we take
v = (a, 3), then

fv) =v=(a,p) (8.15)

We want this to be equal to (f(a), f'(a)), but we know f(a) = a
and f’(a) = 1. This means we must choose (o, 3) = (a, 1), i.e. the
first component of v must be chosen to be equal to the value of x at
which the direvative is to be taken, and the second component of v
must be 1. This is of course what we have been doing.

We can also apply (8.14) to the constant function f(z) = ¢, i.e.
we require f(v) = ¢ to be equal to (f(a), f'(a)) = (¢,0). This gives
the identification that

constant ¢ = (¢, 0) (8.16)

Step 2 Suppose we now have two functions f(x) and g(z), each sat-
isfying (8.14). We now want to establish a rule which allows the
new funtion h(x) = f(x) + g(z) to satisfy (8.14) also. The LHS of
Eq.(8.14) reads

h(v) = f(v) + g9(v) = (f(a), f'(a)) + (9(a), ¢'(a)) (8.17)
while the RHS is

(f(a) +g(a), f'(a) + g'(a)) (8.18)

Obviously h(z) satisfies (8.14) if and only if we establish the vector
addition rule (8.12).

We know that the identity function and the constant function
satisfy (8.14). By combining them, we now have established (8.14)
for all functions of the type f(z) = ¢+ d.

Step 3 With f(x) and g(z) satisfying (8.14), we now want to find
the rule for the function h(x) = f(z)g(z) to satisfy (8.14). To do so,
we note

h(v) = (f(a), f'(a)) (9(a),g'(a))
(h(a), W (a)) = (f(a)g(a), f(a)g'(a) + f'(a)g(a)) (8.19)

Thus (8.14) is assured if and only if we require the vector multipli-
cation rule

(al, az) (bl, bg) = (albl, azb; + G,lbg) (820)

If we take f(z) = g(x) = z, we can use the vector multiplication
rule to assure that the function h(x) = 2?2 satisfies (8.14). Having es-
tablished that, we repeat the rule to establish (8.14) for any integer
power function h(x) = z™. The vector addition rule then establishes
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Now how about Eq.(8.11)? One can establish it by applying the vector

the validity of (8.14) for any power series of . We have thus es-
tablished the TPSA for any arbitrary function which is expandable
into a Taylor series just by two simple vector algebraic rules. Just
substitute v = (a, 1) into f(v) and follow these simple rules to obtain

f(a) and f'(a)!

multiplication rule as follows. Let

then

(a17a2) (.I‘,y) = (LO)
= (az, a1y +agr) =1=(1,0)
— air=1, ay+ax =0
1 a9

—  z=—, y= Q.ED. (8.22)

y=—"2
ar’ a?’

Again by applying the vector multiplication rule, we can also establish

c(ar,a2) = (¢,0) (ar,az) = (ca1,0 X a; + cas) = (cay, cas) (8.23)

FExercise 1 Show that

_ 1 nas
"= (—, ——= 8.24
(a17a2) (a’i“ a?_i_l) ( )

Solution 1 Mathematical induction.
Solution 2 Identify a function f(z) =~ f(a) + f'(a)(z — a) to the
vector (ai,az)™t = (1/a1, —as/a?). This means

1 a9
~ - B 8.25
f@) % -~ B —a) (8.25)
Raising f(z) to n-th power,
1 as " 1 nas
")~ |— - —(xr— A — — —=(x — .E.D.
f(z) |:a1 a (z a)} a? ;L+1 (z —a), Q

(8.26)

Solution 1 requires n to be an integer. Solution 2 does not have that
requirement.
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8.3 Higher Orders

To obtain higher derivatives (and thus higher order power series expansions),
we need larger dimension for the vectors. Suppose we would like to obtain a
power series like (8.3) to the Q-th order. We first form the vector

v =(a,1,0,0,...0) (8.27)

where the number of elements in the vector is {2 + 1. The first component
is the reference point a. The second component is always 1. The remaining
components are zeros. We would like to have the property that when x is
substituted by v in any function f(z), one would obtain

f) = (f(a), f'(a), f"(a), ... . fP(a) (8.28)

As before, the vector (8.27) is chosen in such a way that (8.28) is automati-
cally satisfied for the identity function f(z) = z. Indeed, in this case, f(v) =
(a,1,0,0,...0), which is equal to the right hand side of Eq.(8.28) trivially.

Next we need to construct the vector manipulation rules so that (8.28) is sat-
isfied for arbitrary functions f(x) which can be expressed as a truncated power
series. Consider first if we have two functions f(x) and g(z), each satisfying
(8.28), and would like the functions h(z) = f(x) + g(x) and h(z) = cf(z) also
to satisfy (8.28), we need the rules

c(ag, a1, ag, ... ,aq) = (cag, cay, cag, ... ,caq) (8.29)
(ao, a1, az,... ;aq) + (bo, b1, b2, ... ,ba)
= (a0—|—bo,a1+b1,a2+b2,... ,ag—l—bg) (8.30)

If we consider the function h(xz) = f(x)g(z), validity of (8.28) requires

= ((f(a), f'(@), f"(@), .., V() (9(a), ¢'(a), 9" (a), .. ,g“V(a)) (8.31)
to be equal to

(h(a), k' (a),h" (a),... ,h* D (a))
= (f(a)g(a), f'(a)g(a) + f(a)g'(a), f"(a)g(a) + 2f'(a)g'(a) + f(a)g"(a),

Lo
! @9 @) (8.32)
2 F@— )l

This is assured if we choose the vector multiplication rule

(0,0,(1,1,(13, 7(1'9) (bO,b17b3; abQ) - (007cla03,“' 7CQ)
e m)!
m = —————agbm—
¢ kz:% Kl (m — k)1 Eom—k
co = agbg, c1 = a1bg + agby, co = asby + 2a1by + agbs, ... (833)
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By identifying a constant ¢ as the vector (c,0,0,...0), Eq.(8.29) follows from
Eq.(8.33).

The remarkable thing, again, is that once a vector addition rule (8.30) and
a vector multiplication rule (8.33) are established, high order derivatives of an
arbitrary function f(x) can be computed by substituting by v = (a, 1,0,0, ...).
Once the high order derivatives are obtained, Taylor series expansion follows.

Ezercise 2 For the case with Q = 2, compute (ag, a1, a2) .

FEzxercise 3 Show that

f((a,X,0,0,...)) = (f(a), \f'(a), \*f"(a), ...) (8.34)
The cases A = 0 and A = 1 are the trivial cases.

Eaxercise 4 Suppose a function f(x) is identified with the vector
(ap, a1, as,...aq), i.e. f(a) = ag, f'(a) = a1, etc. around z = a.
What is the vector that identifies with f(Az) around = = a? How
about f'(z) and [ da’ f(z')?

Solution

fOx) < (f(Aa),\f'(Na),...) (8.35)
()\ _ 1)n—kan—k

Q
= (bo,b1,bs,...) where by =M a, o

n=~k

8.4 Special Functions

One might question how useful TPSA is in practice because not all operations
in the original calculational algorithm are additions and multiplications. What
if we have funtions like e*,Inx,sin x, cosz? Surely one can expand them into
an infinite power series before we substitute v into them, but that would be
computer time consuming and seems to defeat the purpose of TPSA. The answer
to this question is that there are useful tricks which allow one to decompose the
calculation of these special functions into a finite number of vector additions
and multiplications. The following exercises are meant to describe these tricks.

FExercise 5 Consider the case with €2 = 3. Show that

(1,1,0,0)> = (1,2,2,0), (1,1,0,0)* = (1,3,6,6)
(0,1,0,0)* = (0,0,2,0), (0,1,0,0)* = (0,0,0,6)
(0,1,0,0)™ = (0,0,0,0) if n>4 (8.36)

Exercise 6 Apply TPSA to calculate f'(z), f"(x), f®) (x), ... for the
function f(x) =1/z.
Solution Let

(2,1,0,0,0..)" = (bg, by, ba, b3...) (8.37)

166



function at the vector (z,1,0,0,0,...).
evaluate the special functions at an arbitrary vector (aj,as,as,...). This is
straightforward to do if we note that the “smallness vector” (0,1,0,0,...) is not

we require

(1,0,0,0, ) = (z, 1,0,0,0...)(b0,b1,bg,b3...)
= (xbo, xby + by, xbs + 2b1, b3 + 3bo, )

1 1 1
= bO = -, bl = 771)07 b2 = 772b17 “en
s s X
br_1 = (—1 L k=1,2,3
— k—1 — (7 ) .’I]k+17 T Ly Ly Jee.

_ 1 1 2 6
(2,1,0,0,0..)7 1 = (=, — fﬁ,...)

i F 2 (8.38)

!

Exercise 7 Repeat the above exercise for the function f(x) = e®.

Solution To find e(*1:0:0.0.--) " first note that

e(@.1,0,0,0.)  _ (2,0,0,0,0..)4(0,1,0,0,0...) _ (,0,0,0,0...) ;,(0,1,0,0,0...)
= D 75(.0,0,0,0..)" > —(0,1,0,0,0..)" (8.39)
k=0 """ n=0

Then note that

(2,0,0,0,0...)F (z*,0,0,0,0...)
(0,1,0,0,0..)" = (0,0,...,n!,...,0,0...) (8.40)

where the term n! on the right-hand-side of the second entry occurs
at the (n+ 1)-th element of the vector. When n > Q + 1, the vector
(0,1,0,0,0...)" vanishes.?0 Substituting (8.40) into (8.39) gives
(100,00 = (% 0,0,0,0...)(1,1,1,1,1,...)
= (e",e"e",e" e"...) (8.41)

X

which is as expected because all high order derivatives of e* is e*.

FExercise 8 Follow a path similar to the previous exercise, show that

1 1
1 1,0,0,0...) = (1 — =, .. 8.42
n(x7 ) ) 3 ) ( nx’ x’ ‘T2’ ) ( )
sin(x,1,0,0,0...) = (sinz,cosx,—sinz, —cosz,...) (8.43)
cos(z,1,0,0,0...) = (cosz,—sinz, —cosz,sinz,...) (8.44)

The tricks used in the above exercises allow one to evaluate the special

36We recognize that (z,0,0,0,...) is a constant, and that (0,1,0,0,...) is a “smallness”

vector.
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the only vector that is small. Any vector whose first component is zero is a
“small” vector in the sense that

(0, %, %, %,...)* = (0,0,0,...x, x) (8.45)

where each vector contains 2 4+ 1 components, and an X means a non-zero
component. The RHS of Eq.(8.45) means that, if k¥ < Q + 1, the leading &
components vanishes, while if £ > Q + 1, all components vanish.

Using Eq.(8.45), it follows that

Q
1
elao,aaz,ae)  — - pao ZH(O’M’C‘Q’“' aq)® (8.46)
k=0
In(ag, a1, as, ... ag) = (Inag,0,0,0...,0)
Q
1 a1 ao aq
+ 110, =, = =)k 8.47
DO B s
1 ai as aq
= 1 — == .., —
\/(a0aalaa2a CLQ) \/% |:( 70a050 O)+ 2(07 aoaaoa ’G/()>
2I<: 3
*Z )(o,ﬂ,‘”,...,“”) (8.48)
apg Qo Qo
—1)k
sin(ag, a1, az, ... ag) = sinaoz 0,a1,as, ag)%

1 k
~+cosag Z %7>(0 ay, Gz, ..., a0)** 1 (8.49)

+1)!
_ i)k 2k
cos(ag, a1, az, ... ag) = cosaoz ). (0,a1,az,...,aq)
—sina, Zﬂ(o a,a ag)* 1t (8.50)
Okio <2k+1)' K 1y, U2y -0y Q .

Note that all serieses on the RHSs terminate, and that they can all be evaluated
readily by applying the vector addition and multiplication rules. Eqs.(8.47) and
(8.48) requires ag > 0.

Ezercise 9 Derive Egs.(8.46-8.50).
Exercise 10 Find an expression for (ag, a1, ...aq)”, where \ is a frac-
tional number and ag > 0.

Exercise 11 Consider the function F'(z) defined in the following
computer code:

READ X
X1=Xx%*%2-1.0
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X2 = X1 + EXP(X1)

X3 = X1 % X2

F = COS(X1) % X3

OUTPUT F (8.51)

Use TPSA to compute F,dF/dz,d*F/dz? when z = 1.

8.5 Multiple Input and Output Variables

So far we discussed the case with a single input variable x and a single output
variable y. We will now generalize the algorithm to multiple variables.

It is trivial to generalize to multiple output variables. Each output variable
can be treated independently of the other output variables. This means we
can concentrate on just one of them each time and consider the case with y =
Y(T1, 22, .y Tn).

To treat multiple input variables, we need vectors of larger dimension. To
keep track of the multiple indices, while using the computer storage efficiently is
an extremely complex technical problem when writing TPSA codes.?” However,
to illustrate the principle, we will assume two input variables (z1,z2) and one
output variable y below.

The TPSA requires that when input z; is substituted by vector v; and xo
substituted by vy, we want to obtain an output vector

0 15
y(v1,v2) = <y(a0,b0), a—xyl(aoabo)y a—ny(ao,bo)y
>y >y >y
a—x%(a@a bO)a m(a(h b0)7 81}2 (0,0, bO)v

0
Q(aoabo)) (8.52)

g
0xs

where ag, by are prespecified reference positions for x1, xo respectively. The first
component on the RHS is just y evaluated at the reference positions. The next
two terms are first order derivatives. The next three terms are second order
derivatives, etc. The last 2 4+ 1 terms are Qth order derivatives. All derivatives
are evaluated at (ag, bo).

It is easy to show that in order for property (8.52) to hold for the identity
functions y(x1,x2) = x1 and y(z1,z2) = x2, we must choose

v = ((1071,0,0,0,...0)
vy = (bo,0,1,0,0,...0) (8.53)

37TRemember that the code must be good for arbitrary number of input and output variables,
as well as arbitrary order () because these are specified by the user.
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The vector addition and multiplication rules are

(apo, @10, ao1, G20, a11, G2, --- , aoQ) + (boo, b10, bo1, b20, b11, boz, --- , boq)
= (aoo ~+ boo, a1o + b10, ao1 + bo1, ... ,apq + bQQ) (8.54)
(@00, a0, @ot1, 20, a11, Aoz, --- , aoe) (boo, b10, bo1, b20, b11, bo2, ... , bog)
= (ComC10,Co1,0207611,002,~~~ aCOQ)

" m!n!
Cmn = Z Z astbm—s,n—t s (855)

s=0 t=0 I(m — s)It!(n —t)!

Once property (8.52) is established, to evaluate a high order derivative, we
just have to substitute (8.53) into y(x1, 23), processing the calculation using the
vector manipulation rules (8.54-8.55), and the output vector contains the result.
Once all derivatives are obtained, a Taylor map for y follows.

FExercise 12 Find the total number of elements needed in the TPSA
vector to represent one output up to {2th order when there are M

input variables.
Solution Consider M balls in M 42 boxes to obtain (M +Q)!/M1QL

Eaxercise 13 Find f((z,1,0,0,0,0...), (y,0,1,0,0,0...)) for the func-
tions f(x,y) =z +y, vy, 1/xy and e* Y.

Applying TPSA to accelerator beam dynamics, we may consider (z,2’,y,
y',2,0) at some starting location in the accelerator as inputs, and the same
coordinates one turn later as outputs. A nonlinear Taylor map is then obtained
by TPSA. This map can be used to track particles, or to calculate some nonlinear
dynamics quantities (such as tune shifts with betatron amplitudes, or nonlinear
resonance strengths) analytically.

There may be a case when one is interested in knowing the dependence of
the one-turn nonlinear map on the strength S of some special magnet. In such a
case, one can include S as one of the input variables. The map is then obtained
as a Taylor expansion in terms of .S in addition to all the other input variables.
This can be useful for example in the study of sensitivity to magnet errors.
One can also consider one of the inputs to be a fitting variable strength @ of a
quadrupole in a lattice design. This allows varying @ to match the S-functions
or the betatron tunes if they are chosen as output variables.

References
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9 Lie Algebra Techniques for Nonlinear Dynam-
ics

9.1 Symplecticity Condition and Poisson Brackets

Consider an n-dimensional (2n-dimensional phase space) linear system. Let the
canonical coordinates of the system be

q1
b1
q2

Let M be the 2n x 2n matrix that describes the map that brings the coordinates
of the particles from the initial position s = 0 to the position of observation s in
this linear dynamical system. Then M must satisfy the symplecticity condition

MSM =S (9.2)

where a tilde means taking the transpose of a matrix, and the matrix S, some-
times called the symplectic form,

S 0
0 S
S = (9.3)
S
consists of a diagonal array of 2 X 2 matrices
0 1
s[o ¥ o

Note that all symplectic matrices are necessarily even dimensional. Since S? =
—1I, S may be thought of as a matrix equivalent of the complex number i = /—1.

What is remarkable is that the symplecticity condition (9.2) applies also to a
nonlinear system if we identify M to be the Jacobian matrix of the map, whose

elements are defined as
0X,

Mas = 5(X0)5

(9.5)

where (X)s is the §-th component of the initial coordinates of a particle at s =
0, X, is the a-th component of the final state X of the particle at an arbitrary
position s. In a linear system, the Jacobian matrix is just the transformation
matrix, and is independent of the particle coordinates. In a nonlinear system,
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the Jacobian matrix M depends on the components of X, and the condition
(9.2) must be satisfied for all Xj.

The symplecticity condition resembles a “unitarity” condition due to the
fact that the left hand side of (9.2) is quadratic in M, while the right hand
side is almost a unit matrix. Such a condition obviously imposes a very strong
constraint on the matrix M. For example, had the symplectic condition been
something like MS = SM with both sides of the equation linear in M, then
M could be expanded or shrinked by some factor without consequence. If that
were the case, nonlinear dynamics would become very different — most likely
much less interesting.

Some of the consequences of the symplecticity condition follow simply from
Eq.(9.2). In particular, one observes that (see Exercise 6)

- the matrix S is symplectic. So is the identity matrix 1.

- if M is symplectic, then detM = +1. We shall only be interested in those
with det = +1.

- if M is symplectic, so are M and M~!.

- if both M are N are symplectic, then M N is symplectic.

- if A is an eigenvalue of a symplectic matrix M, then so is 1/A.

Another consequence of a symplectic map is that it obeys the Liouwville the-
orem, i.e. the phase space volume is conserved as the system evolves according
to the map. Symplectic maps therefore are area-preserving maps. Liouville
theorem follows because the Jacobian matrix, being symplectic, has unit deter-
minant, which in turn assures that a volume element in phase space maintains
its volume as it evolves with time. Note that the Liouville theorem is a con-
sequence of the symplecticity condition, but the reverse is not necessarily true.
(It is true only in a 1-dimensional system.)

We will now introduce the Poisson bracket

[f,g]i(af 9 _ 0of 89) (9.6)

<\ ¢, Ip;  Op; Dg;

where f and g are arbitrary functions of s and the components of X. Note that
although f and ¢ depend on s in general, the Poisson bracket discreminates
against these dependences in that no explicit s-derivatives are included in its
definition.

Using the notations already introduced, the Poisson bracket can also be
written as

_ of 9g
[f,9] = 29X, "5 9%, (9.7)
or in matrix notation, -
_0f 9y

For what we plan to do, it is necessary to first get familiarized with the
Poisson brackets. There are several properties of the Poisson brackets that are
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important. For example, let f, g, h be functions of X and s, and let a and b be
some constants (independent of X, but can depend on s), we have

[f, 9] = g f]

laf +bg, h] = a[f, h] + blg, h]

[f, gh] = [f, glh + g[f, ]

[£,1g; W] + g (B, £1] + (B, [ £, 9]] = O (9.9)

The last entry is called the Jacobi identity. The proofs of Eq.(9.9) are omitted.

We will now prove the symplecticity condition (9.2) for a nonlinear system
as follows. The proof for a linear system then follows as a special case. The only
information we have at this point is the fact that the system under consideration
is Hamiltonian. This means there exists a Hamiltonian H so that the equations

of motion can be written as SH
X' =8~ 9.10
X (9.10)
where a prime means taking derivative with respect to s. We are going to use
Eq.(9.10) to calculate the derivative of M.SM with respect to s, where M is the

Jacobian matrix (9.5). Before doing so, we establish the following:

. (0xX.\ 0 g 0H
R <5X0ﬁ> - 5X0ﬁ< m@—X)
_ g 0*H OH  9Xs
T 0X050X, T 0X50X., 0Xop
= SayHsyMspg = (SHM)aB
— M' =SHM (9.11)

where we have adopted the notation that a repeated index means summation
over the index, and we have defined a symmetric matrix H with elements
0*’H

Hsy = z—F 12
oy (Q)X(;(r“)Xn, (9 )

Note that H is meant to be a function of X, not Xo.
Taking the derivative of the matrix M.SM with respect to s yields
(MSM) = M'SM + MSM’

= (M')SM + MSM’

— (SHM)SM + MSSHM

= MHSSM — MHM

= MHM — MHM =0 (9.13)
This means the matrix MSM is an invariant, independent of s. In particular,
its value can be obtained by evaluating it at s = 0. At s = 0, we have neces-

sarily M(s]0) = I, i.e. the identity map. This then completes the proof of the
symplecticity condition (9.2).
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Note that the Jacobian matrix is symplectic only if we use canonical coor-
dinates as the vector X. The transformation matrix for the vector (x,z’,y,y’),
for example, would not be symplectic in a solenoid, as z’ and g’ are not the
canonical momenta in a solenoid. See Exercise 2, however.]

The symplecticity condition plays an important role in Hamiltonian dynam-
ics. It imposes a strong constraint on the Hamiltonian system. To be more spe-
cific, consider an n-dimensional (2n-dimensional phase space) linear system with
matrix map M. The symplecticity condition (9.2) imposes a total of n(2n — 1)
conditions.®® The 2n x 2n matrix M has therefore 4n? —n(2n — 1) = n(2n+1)
independent elements. In particular, in a 2-D case, M contains 16 elements,
but only 10 of them are independent.

The symplecticity condition imposes an even stronger constraint on non-
linear systems. In a linear system, the map is independent of Xy or X; the
symplecticity condition has only to hold for all s. In a nonlinear system, it has
to hold for all s and all Xj.

Consider any function f of s and X. Its value changes with time s either
because of its explicit s dependence, or because it depends on X and changes
because X changes. The total time derivative of f therefore can be written as

of  of
2 /
o= s T ax, Xe
_of  of , OH
= 950X, 99X,
9
= i (9.14)

A quantity f is a constant of the motion if it is not explicitly s dependent, and
that
[f,H] =0 (9.15)

Equations (9.14-9.15) are one of the reasons why Poisson brackets play an
important role in dynamics; they are intimately related to the time evolution of
phase space quantities. At this point, the only relevant Poisson brackets seem
to involve the Hamiltonian H. In the next section, however, we will see why the
Poisson brackets in general are useful. In fact, we will see that, for our purpose,
the Lie®? algebra technique is basically an algebra of the Poisson brackets.

In later developments, we often compute the Poisson brackets of two Taylor
series of X. It is easy to see that if f is an n-th order and g is an m-th order
Taylor series, their Poisson bracket is another Taylor series of order m + n — 2.
For example, the Poisson bracket of two quadratic forms is another quadratic
form.

38To see this, first note that the matrix M.SM is necessarily antisymmetric. The diagonal
elements of MSM are zeros. The number of free elements is equal to the number of elements
in the triangular upper (or lower) off-diagonal region.

39(Marius) Sophus Lie (1842-1899), Norweigian mathematician, noted for his work in dif-
ferential equations, for which he developed the theory of continuous groups.
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The Poisson bracket of arbitrary functions f and g is given by Egs.(9.6-9.8).
There is one set of Poisson brackets that assumes particular significance, namely
the fundamental Poisson brackets

[Xa, Xg] = Sap (9.16)

Consider a map from Xg at s = 0 to X at s. The Jacobian matrix M
of this map was defined in Eq.(9.5). The symplecticity of M implies that the
fundamental Poisson brackets are preserved. To demonstrate this, consider the
quantities X at position s as functions of the quantities Xy at s = 0, and
compute the Poisson brackets

0Xo , 0X5
0Xo, " 0X0s
(MSM)up = Sup
= [Xoa, Xog] (9.17)

[Xa, Xﬁ] =

Ma’yS’y§Mﬁ5

where again, repeated indices are summed over. In fact, Eq.(9.17) demonstrates
that a system is symplectic if and only if all the fundamental Poisson brackets
are preserved and are given by Eq.(9.16).

Ezxercise 1 If M; and M, are symplectic matrices. Is the matrix
My + M, symplectic?

Exercise 2 Let (q,p) be the canonical variables for a dynamical sys-
tem with Hamiltonian H. (a) Show that the variables ¢ = aq and
p = bp (a and b are constants) are not canonical unless ab = 1.
(b) Let Mnp = 0%,/0%0p. Is the matrix M symplectic? The issue
here is whether the use of noncanonical variables necessarily mean
nonsymplecticity.

Ezercise 3 Show that, for a Hamiltonian system, if f and g are
constants of the motion, so is [f, g].

Solution Let H be the Hamiltonian governing the motion of the
system. Use the Jacobi identity to show that if [f, H] = 0 and
l9, H] = 0, then [[f, g], H] = 0.

FEzxercise 4 As an illustration of Exercise 3, consider a degenerate
2-D simple harmonic system described by the Hamiltonian

1
H= §(w2x2 + p2 4+ w?y? +p§)
Show that
fi=o®®+p;  and  fo=wl +p)

are constants of the motion. The Poisson bracket [f1, f2] = 0 gives
only a trivial case. However, show that there is another constant of
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the motion (the angular momentum)

g = TPy — YPx

By forming the Poisson bracket [f1,g] or [fz2,g], one then finds an-
other invariant

h = w’zy + pupy

The invariant A is not an independent invariant because it is related
to the other three invariants according to w?g? + h% = fi fo.

FEzxercise 5 As another illustration of Exercise 3, consider the 3-D
system with Hamiltonian

1
H = —(x2+p§+y2+p§+z2+p§)+e(:ry+yz+zx)

2

Show that
fi = A=e@—y)°+ (e —py)’
fo = (1= —2)>+(py—p:)
fs = (1—=6(—2)"+ (p: —p)’

are constants of the motion. By forming Poisson brackets among
f1, f2, and f3, show that

g =x(py — pz) +y(p. — Pz) + 2(pe — Dy)

is an invariant. By forming the Poisson brackets of f; 23 and g, one
finds more invariants

hl = (1_6)(m_y)(22_$_y)+<pw_py>(2pz_pw_py)
ho = (1—€)(y—2)2z—y—2)+ (py — p2)(2ps — Py — D)
hi = (1=€)(z—2)(2y —z—2) + (p: — Pa)(2py — Pz — Pz)

Are these invariants all independent?

Ezercise 6 (a) Show that, if M is symplectic, so are M, M~!, and
M=-SMS (9.18)

The last matrix M is called the symplectic conjugate of M. (b) Show
that if My and M, are symplectic, then so is My Ms.

Ezxercise 7 Express a 4 x 4 symplectic matrix M in 2 x 2 block form
as

(9.19)

wefa g
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(a) Show that

[ (detA)A™1  (detC)C~?

_ A C
} [(detB)Bl (detD)p-1|  (9:20)

—1 _ o A ~
M=M= {B D

(b) Show that the symplecticity condition gives six conditions
detA+detC =1, detB+detD=1, AB+CD=0 (9.21)

(c) Since M is also symplectic, applying the conditions (9.21) to M
gives

detA+detB=1, detC+detD=1, AC+BD=0 (9.22)

The six conditions in Eq.(9.21) and the six conditions in Eq.(9.22)
are algebraically equivalent. Combining the first two members of
Eq.(9.21) and the first two members of Eq.(9.22) gives the necessary
properties

detA = detD, detB = detC (9.23)

Results in this exercise are useful when dealing with linearly coupled
motions in an accelerator.

FEzxercise 8 Show that the only way a 4 x 4 matrix M = 61 IB;}
is symplectic is when B = 0 and A and D are symplectic. A similar

conclusion can be made for the matrix M = {g 10)} .
FEzxercise 9 The above exercise can be extended to the 6 x 6 case.
Show that if

My, M, M
M= |M, Ms; M (9.24)
M; My M,

is symplectic, then

det My + detMs + det M3 = det My + detMs + det Mg
= detM; + det Mg + det My = det M7 + det My + det M-

= detMs + det M5 + det Mg = det M3 + det Mg + detMg = 1 (9.25)

9.2 Taylor and Lie Representations

A map can be represented in various ways. Consider an n-dimensional system.
One example of this is the Taylor map, in which the final canonical variables

are expressed as truncated power series in terms of the initial variables,

Xo = Fa(XO) (926)
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where X, is the a-th component of the final X, and
F,(Xo) = Q—th order power series in the components of X (9.27)

Since there are 2n variables, we have 2n polynomials like (9.27), each is of order
Q.

Application of Taylor maps to accelerators has a long history. In the linear
case, the Taylor map is simply the linear map, which also has a matrix form, as
adopted in the Courant-Snyder anaysis.[1] An early version of a nonlinear (2-nd
order, i.e. Q = 2) Taylor map was adopted in the program TRANSPORT.[2] A
more recent version of Taylor map scheme is developed in a 5-th order program
COSY.[3]

Another way to represent a map is the Lie map, which is based on the Lie
algebra techniques. Lie algebra techniques are an elegant and powerful tool in
the study of nonlinear dynamics in accelerators. It was introduced by Dragt,[4]
and extended and applied by many others.[5] It should be noted that the Lie
technique is only a tool. No new physics is introduced.

In the Courant-Snyder analysis of linear systems, we saw how matrices are
used extensively and effectively. The matrix analysis however is restricted to
linear systems. The question is then how to generalize the Courant-Snyder
analysis to nonlinear systems. Both the Taylor and the Lie representations can
be regarded as ways to provide this generalization. In the case of Taylor maps,
this generalization is an obvious one. To appreciate the fact that Lie maps
are also a way to generalize the Courant-Snyder analysis, the Courant-Snyder
analysis must first be cast in the Lie formulation instead of a matrix formulation.
When done, the formulation then allows generalization to nonlinear systems in
an elegant and natural manner. Details of these topics will be developed as we
proceed.

In the Lie representation, an €2-th order map is expressed as

e G (9.28)
where
G(X) = (24 1)—th order power series in the components of X (9.29)

Note the subtle differences between Eq.(9.27) and (9.29): F, is Q-th order, while
G is (Q + 1)-th order; there are 2n functions of F,, while there is only one G;
F,, is a function of Xy, while G is a function of X.

Equation (9.28) represents an operator. When applied to X, it gives the
final coordinates in terms of the initial coordinates. In other words, the way the
Lie map is to be used is?®

X =e¢Xrx (9.30)
X=Xy

40 A5 indicated in Eq.(9.30), the substitution of X by X is to be made after the application
of the operator. It would be misleading, or at least umbiguous, to write for example X =
eG(X): Xy or X = ¢ G(X0): X,.
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Its detailed meaning and applications will become clear later.

We assume the map brings the origin Xy = 0 to the origin X = 0. This
means the lowest order leading terms of F, are 1-st order in X, and the leading
terms in G(X) are second order in X.

For a given accelerator system and a pre-determined order €2, if we compare
the expressions of X for the Taylor representation (9.26-9.27) and the Lie rep-
resentation (9.28-9.29), they coincide up to the Q-th order terms. There are no
terms beyond the Q-th order in the Taylor map (9.26). All terms beyond the
Q-th order are truncated. With this truncation, Taylor maps are not symplectic
in general, although it does maintain its symplecticity up to the 2-th order. On
the other hand, if expanded, the map (9.30) contains higher order terms. These
higher order terms, as we will see later, are going to make the Lie map strictly
symplectic.

To study the long term stability of a particle in an accelerator, one may
encounter the situation when a high order Taylor map (say 12-th order) is
needed, while a relatively low order (say 5-th order) Lie map would suffice.
The reason one needs a high order Taylor map is not so much to make the
map extremely accurate. Rather, it is because the map needs to be extremely
symplectic. If one uses Lie maps, which are always symplectic, a lower order
map with less accuracy may suffice.

It should be mentioned here that there are still other ways to represent a
map. For example, one may choose to introduce a generating function, and then
express it as a power series. However, we will discuss only the Taylor and the
Lie representations.

Number of coefficients in a Taylor map How many coefficients are needed
to describe a Taylor map? Consider the function F,,(Xo) which is a sum of k-th
order terms where k = 1,...,Q. Exercise 10 shows that the total number of
coefficients for the k-th order terms is

(2n+k—1)!

2 ~ 00000 7
" TR2n - 1)!

(9.31)
where the factor 2n is because there are 2n functions of F,,. By adding the
number of coefficients from & = 1 to 2, we obtain Table 2.

Exercise 10 Prove the statement (9.31).

Solution Consider one of the functions F,(Xy). To find the number
of coefficients in F,, that are of k-th order, let us consider k£ “ob-
jects” and 2n — 1 “partitions”. Arrange the collection of objects and
partitions in a certain order. Represent an object by a cross, and a
partition by a vertical bar, one has for example the following pattern
for n =2 and k = 4,

X X | x || %

One may identify this pattern with z2xem4. It is clear that each
pattern is in one-to-one correspondence to a term in the polynomial.
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The total number of coefficients is then the same as the number
of different patterns that can be made with k£ objects and 2n — 1
partitions. The answer is

2n+k—1)!
El(2n —1)!

Since there are 2n functions like F,,, we have proved Eq.(9.31).

Table 2: Total number of coefficients needed to describe a Taylor map of Q-th
order. The phase space is 2n-dimensional.

=1 Q=2 Q=3 Q=4 Q=5
n=1 4 10 18 28 40
n=2 16 56 136 276 500
n=3 36 162 498 1254 2766

Taylor maps have the advantage that the final coordinates can be computed
straightforwardly from the initial coordinates. However, as mentioned before,
Taylor representation is in general nonsymplectic. In addition, it requires more
coefficients than necessary to represent the map. To appreciate this, consider
the following two exercises.

Ezxercise 11 Consider the case n = 1 and €2 = 1. This linear map
can be written as a 2 X 2 matrix, with 4 elements. The Taylor map
therefore has 4 coefficients. On the other hand, the symplecticity
condition dictates that this matrix has unit determinant. So the
total number of independent coefficients is 3. As we will soon see,
the Lie representation indeed requires only 3 coefficients.

FEzxercise 12 Consider n = 1, Q = 2. The Taylor map reads

z = Ry1zo + Riapo + Ti1123 + Tii2wopo + Thoop?
p = Ro120 + Raapo + Tzul"g + Ta1270po + T222P3 (9.32)

There are 10 coefficients in this representation. The Jacobian matrix
of the map is

| Rux + 2711120 + Tri2po Riz + Thi2wo + 2T'122p0

M =
Roy + 2151120 + To12p0  Roo + T1270 + 21520p0

(9.33)

Due to symplecticity, the determinant of M has to be unity for
arbitrary values of xg and pg. This gives the conditions that
Ri1Ros — RiaRoy =1
Ry1T512 + 2R22T111 — 2R12T511 — Ro1T112 =0
2R11T222 + RooTh12 — R12T212 — 2R91T122 = 0 (9.34)
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where we have dropped terms second order in xy or py because in-
formation is incomplete for these coefficients after the Taylor map
is truncated to second order as done in Eq.(9.32). We have thus ob-
tained 3 conditions constraining the various coeflicients. The total
number of independent coefficients is therefore 7. As we will show
next, 7 is the number of coefficients required in the corresponding
Lie representation.

Number of coefficients in a Lie map Lie map has the minimum number
of coefficients to represent a map up to a given order 2. Lie maps are more
concise than Taylor maps. The number of coefficients of the k-th order terms
in the function G(X) of Eq.(9.28) is

2n+k—1)!

F(2n —1)! (9:35)

By adding the number of coefficients from k& = 2 to k = Q + 1, we obtain Table
3 below. Taylor maps are more convenient for numerical tracking; Lie maps
are better suited for analysis. One should nevertheless exercise caution when
applying Taylor maps for long-term stability tracking studies. The difference
between Tables 2 and 3 is of course due to the symplecticity condition.

Table 3: Total number of coefficients needed to describe a Lie map of Q-th
order. The phase space is 2n-dimensional.

=1 Q=2 Q=3 Q=4 Q=5
n=1 3 7 12 18 25
n =2 10 30 65 121 205
n=3 21 7 203 455 917

Taylor invariants For circular accelerators, a type of map of particular sig-
nificance is the one-turn map, which gives the map for one revolution around
the accelerator. It is instructive at this point to see how to construct a Taylor
expression of an invariant from a Taylor one-turn map. Suppose we are looking
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for an invariant of 2-th order. Consider the vector

xT

p

2

X

&oa ’Bw S

Let the one-turn map of the accelerator be written in a matrix form as
Zfinal = M Zinitial (9.36)

In writing down Eq.(9.36), we have truncated the map at the Q-th order. Let
the invariant be expressed as an {2-th order Taylor series,

W=Vvz (9.37)

where V is a vector yet to be found, while the matrix M is assumed known.
Since W is an invariant, we must have

VZ=VMZ forall Z
= V=VM
— MV =V (9.38)

This means V is just the eigenvector of M with eigenvalue 1. This is the way V
— and therefore the invariant W — can be found. If an eigenvector of eigenvalue
1 cannot be found, it means there is no invariant of the order being considered.
Note that even in the linear case, Z must be kept up to the quadratic terms in
order to find W .41

Exercise 13 Equation (9.32) is a terminated power series because
we have performed a truncation. If Eq.(9.32) turns out to be exact,
i.e. the higher order terms all vanish exactly, what can we say about
this map?

Solution In this case, we can impose the symplecticity condition
exactly. Keep all terms including terms second order in X, we have
in addition to (9.34), three more conditions

T111T212 — T112T211 = T111T222 — T122T511
= Ti12T200 — T122T512 = 0 (9.39)

41This is except for the trivial case when the map for (z,p) is the identity map, in which
case x and p are invariants.
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By solving Eqs.(9.34) and (9.39), it follows that the map (xq,po) —
(m, p) can be written as a two-step process, namely

r1 = Ry1wo + Riapo

p1 = Ra1xo + Raapo (9.40)
followed by
2
x = :El + Tlll (Rfll 51111)1 :7};21111;2111 )

2

p =p+Tm (—&;ﬁi:?j;%;ﬂ) (9.41)
Both steps (9.40) and (9.41) are symplectic. In case either T11; =0
or Tb1; = 0, we have a kick map.

Ezercise 14 Consider the linear one-turn map

T = ZoCOoSs+ posinp

p = —xgsinpu+ pocosp (9.42)
Find Taylor expressions of an invariant up to 2nd order, 3rd order,
and 4-th order in (z, p).

Solution There are no 1-st and 3-rd order invariants. The 2-nd order
invariant is #2 + p2. The 4-th order invariant is (22 + p?)2.

FExercise 15 Consider the map that represents a linear map followed
by a thin-lens sextupole. The combined map is given by

x 2o COS 4 + po sin p

p = —xosinpu+ pocospu + ex? (9.43)

Find a Taylor expression of an invariant up to 3rd order in (z, p).
Solution Let ¢ = cos iy and s = sin p, we find the 3-rd order invariant

(1+20)(1—c)

where x and p are values observed at the exit of the thin-lens sex-
tupole. Note that W3 diverges when cospy = 1 or —%, i.e. when
5= = 7 with n an integer. One may proceed to obtain a 4-th order
invariant W, and find that it diverges when #- = %.

One may perform a numerical test of the invariance of Wy =
2% + p? and W5. Take for example a case with u = 27 x 0.23 and
e = 0.05. A particle with initial conditions o = 1 and py = 0
is tracked for 1000 iterations. The resulting values of  and p for
each iteration are used to calculate the values of W5 and W3 and
plotted as functions of iteration number in Fig.9.1. It can be seen
that W5 is not a good invariant; its value fluctuates by about 10%.
In comparison, W3 fluctuates only by < 0.1%. Round-off errors are

negligible in these calculations.

23— ex’p — e i P (9.44)

W: 2 2
3=x"+0p € 1+2cx
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Figure 9.1: Invariants Wy and Wj.

9.3 Algebra of Operators

In this section, we will describe the techniques of Lie algebra, i.e. the algebra
of Poisson brackets. For convenience we rewrite the Poisson bracket (9.6) in
another notation, following Dragt,

:f9 =11, 9] (9.45)

In this notation, the quantity :f: is viewed as an operator — a Lie operator —
which operates on the function g. Obviously we have :f:g = —:g:f. An identity
map will be designated as 1.42

One can define functions of operators. For example, powers of an operator
can be obtained by letting

Gf)Pg = :f:(:f9) =1f. 1S, 9]l

42Note that :1: is not the identity map. In fact, any function operated on by :1: becomes
Zero.
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G = (LIl o et (9.46)

It can be shown that

k

(F)r(gh) = S

n=0

n!(kkiiw[(:f:)"g][(:f:)’“”h] (9.47)

When k = 1, it is just the third member of Eq.(9.9). The rest can be proved by
induction.

It also follows from the Jacobi identity that the commutator of two operators
:f: and :g:, defined as

(g =f: g — g (9.48)
is equal to the operator :[f, g]:, i.e.
{:f 9} =:[f. gl (9.49)
Equation (9.49) has a useful variation, namely,
{:f:ig:th = hig:f (9.50)

Equation (9.50) is just another way of writing the Jacobi identity.

Equation (9.49) is the reason Poisson brackets play a prominent role in Lie
algebra of operators. The commutators of operators occur often, and Eq.(9.49)
relates them to Poisson brackets. In particular, when [f, g] = 0, the operators
:f: and :g: commute. [However, see Exercise 19.]

Other functions of operators can then be constructed based on power ex-
pansions. Of particular significance are the exponential operators,

o0
e:f::Z

k=0

| —

|(:f:)/1€ (9.51)

X

The leading term on the right-hand-side of Eq.(9.51) is the identity map 1.

Ezercise 16 Although e™® = z is an identity, show that the maps
e:m® and :x: are quite different.
Solution They are very different:

: : : : 1
elnwx:x’ elna:p:p_’_g

wix =0, wp =1

clnx:

In particular, the map e is symplectic as its Jacobian matrix

[—11/x2 (1) has determinant of 1. The map :x: is nonsymplectic.

Exercise 17 Let a(s) be a function of s and not a function of X.
What is the operator :a(s):? What is e'*(s):?
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Ezxercise 18 To familiarize with the fact that :f: is an operator,
establish the following:

. - 9 _ 90
= g P Ty
d? 0?
2 w2 = Y
q: - 8p27 p: aq2
R
qgp: = paq qap
82
qup: = —m = pq:
0 0
G = 2q— p* = —2p— 52
q 15y p P54 (9.52)

Eaxercise 19 It was mentioned that : f: and :¢g: commute if [f, g] = 0.
In fact, :f: and :g: commute even if [f, g] # 0 but = constant (inde-
pendent of 2 and p but can depend on s). (a) Although [az,bp] =
ab # 0, show that
:ax::bp: = :bp:ax:
(b) Although [ax?, %2] = 2ab # 0, show that
2,0 :@:a:zzz

arii—i =
€T €T

FExercise 20 Show that
guflg = —ifugf (9.53)

This identity is of some use later.
Solution Define h = : f:g, then

guflg = gufih=—:fuhig — hug:f
= :fugh+:h:fig=:f:g:h+ :h:h
= :fugh=:fugufig=—frg*f = QE.D.

Lie operators for accelerator elements The maps for accelerator elements
can be represented as exponential operators. For simplicity, let us consider a
1-D system. A drift space of length L, for example, can be represented as the
operator exp(: f%LpQ :). To show that, let’s first establish the following:

e WP oPor

o Ox Op Op Ox

Lo _ Op*0p Op®dp _

PP e op p 0
(p%)2x = p%(p*x) = p*(—2p) =0
p*)’p = p*(p*p) = p*(0) =0
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We then apply the operator exp(: — Lp?/2:) to (x,p) to obtain

. . 1 1
emLP 2y = g §L:p2:x + §L2(¢p21)2$ + .
1
= - §L(—2p) =x+Lp
: : 1
e'iLPQ/Q'p = p-— —L:pzzp +..=p (9~54)

2

If we identify the = and p on the right hand sides of Eq.(9.54) as the initial
coordinate and momentum of the particle, we recognize that exp(: — %LpQ:)x
and exp(: — %Lpzz)p give the final coordinate and momentum of the particle.
We therefore identify exp(: — %Lpgz) as the Lie operator of a drift space, and it
is to be applied according to Eq.(9.30).

Similarly we can establish the Lie operators for other accelerator elements.
A few simpler examples are given in Table 4. [See Exercise 27.]

Table 4: Lie operators of some accelerator elements.

Element Map Lie Operator

Drift space x = x9 + Lpg exp(: — %LpZ:)
b= Do

Thin-lens Quadrupole x = z¢ exp(: — %xQ:)
P =po— 3o

Thin-lens Multipole T =0 exp(:Az™:)
p=po+ Inz" !

Thin-lens kick T =z exp(: [y f(2)dz":)
p=po+ f(z)

Thick focusing quad
Thick defocusing quad
Coordinate shift
Coordinate rotation

Scale change

= xgcoskL + B sinkL

p = —kxgsinkL + pgcoskL
x = xgcoshkL + B sinh kL
p = kxgsinh kL + pgcosh kL
r=x9—0b

p=po+a

T = X COS |4 + Do sin

P = —xosin u + Py cos
xze_)‘xo

p=epo

expl: — g L(k*a? + p*)1]
expl:5 L(k*2? — p)]
exp(:az + bp:)

exp[: — gu(z® +p°)]

exp(:Azp:)

Exponential Lie operators We will now establish a few formulae of the al-
gebra of exponential operators, which are frequently used in later developments.
First, we show that the inverse map of exp(:f:) is exp(—:f:), i.e.

(€)1 = =i (9.55)
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Proof:

eI = S ) ()

m=0n=0

— i - 1 (f)k*n(,f)n
k=0n=0 (k )'n' o
- 1 —n n

.(:f: —:f)kF=1 — Q.E.D. (9.56)

I
10 1
=

The derivation in Eq.(9.5
commute (i.e. if :f: :g: = :g: :

=2}

) can be repeated to show that if :f: and :g:
, or if [f, g] = constant depends only on s), then

s

6:f:e:g: — e:f+g: (957)

In fact, Eq.(9.56), and therefore (9.55), is just a special case of (9.57). When
:f: and :g: do not commute, Eq.(9.57) is no longer valid. In that case, the
right hand side of Eq.(9.57) will acquire additional terms that relate to the
commutators of the operators. The corresponding formula is called the Baker-
Campbell-Hausdorff formula, which is an important later subject.

Next we establish the following:

el (gh) = (e g)(e7 D) (9.58)

Note that Eq.(9.58) applies for exponential maps (which means all symplectic
maps); if one is interested in :f:(gh), one should consider applying the third
member of Eq.(9.9). The proof of Eq.(9.58) can be established using Eq.(9.47)
and is omitted here. One useful variation of Eq.(9.58) is

elilg,h] = [eig, el ] (9.59)

It follows from Eq.(9.58) that, for an arbitrary function g of X (X is the
vector whose components are the canonical coordinates), one has

elig(X) = g(e7X) (9.60)

The proof of Eq.(9.60) is as follows. Letting g(X) = h(X) = X in Eq.(9.58)
gives ef1(X?2) = (e7°X)?2, i.e. Eq.(9.60) holds if g(X) = X? including the cross
products of the components of X. This can be extended to arbitrary powers
of X. Since any function (of interest to us) can be expressed as power series,
Eq.(9.60) therefore holds for arbitrary functions of X. Equations (9.58-9.60)
establish the fact that the most basic Lie operation is of the type e/ X.
According to Eq.(9.60), the operation by an exponential operator on a func-
tion can be propagated to the argument of the function. In other words, ex-
ponential Lie operators are “penetrating” in the sense that they penetrate into
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the guts of a functions they operate on. Since any symplectic operator can be
written as an exponential operator, this property holds for all symplectic op-
erators. This is a very interesting and useful property.*> Table 5 lists several
often-used formulae for Lie operators.

Table 5: Some formulae for Lie operators. Here a is a constant and C' is a
constant vector, both independent of X, S is given by Eqs.(9.3-9.4), and f, g,
and G are arbitrary functions. Square brackets mean Poisson brackets. Curly
brackets mean commutators.

a:=0, e¥*=1
fa=0, efa=a
S
{:f:,:9:} =:[f, gl
eFg(X) = g(e°X)
eXg(X) = g(X - 8C)
eliG(ge™ T = Gelig:)

Equation (9.60) describes what happens when a symplectic Lie operator is
applied to a function. Lie operators can also be applied to other Lie operators.
The counterpart of Eq.(9.60) in that case reads

efige™ = (etyg): (9.61)
Note that it now takes a sandwich form (similarity transformation). Note also
the penetrating property of exponential operators into the guts of the operator
that being being operated on. Proof of Eq.(9.61) is given in Exercise 23. Similar
to Eq.(9.58), Eq.(9.61) is applicable only to symplectic maps.

Exercise 21 Show that the quantity f is invariant under the map

el
Solution Consider the map X = e’f:X‘X . We need to show that
f(X) = f(Xo), which is true because ’
X) = f(el'x —elp)| =] =X
FE) = fEFX| | )=eti0| =] = FX)

(9.62)

Exercise 22 Show that if [f, g] = 0, then g is invariant under e'/".
(In particular, if f is the Hamiltonian, then e/ describes the time
evolution of the system, and this exercise says that if [f, g] = 0, then
g is a constant of the motion.)

Ezercise 23 Prove Eq.(9.61).

43Note again that Eq.(9.60) applies only to symplectic operators. An equation such as
:f:9(X) = g(:f:X) does not hold in general. Incidentally, '/ = :ef: is also invalid.
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Solution Consider an arbitrary function h(X), we have

elg:h = e‘f‘[g,h} = [e:f:g,e’f’h] = :(e’f:g):e’f:h
= eliig: = :(efig)etf (9.63)

where use has been made of Eq.(9.59). Multiplying both sides from
the right by e~*/* proves Eq.(9.61).

It follows from Eq.(9.61) that
e:f:(:g:)”eﬁf: = (e:f::g:efzf:)" = (:e:f:g:)" (9.64)

which in turn leads to the property that, for an arbitrary function G that can
be expressed as power series, one has

el'Glg)e 7 = Geligr) (9.65)

This property has been listed in Table 5. One particularly useful special case of
Eq.(9.65) is
elieTe™ = exp(iefiy:) (9.66)

Note the difference between Eq.(9.65) — Lie operation on operators — and
Eq.(9.60) — Lie operation on functions. In Eq.(9.60), one sees the powerful
property for symplectic Lie operators that they permeate into the guts of the
functions they apply to. In Eq.(9.65), one sees that the application assumes
a sandwich form (similarity transformation), and that again, symplectic Lie
operators permeate into the guts of the operators being applied to.

The sandwich form in Eq.(9.65) has the consequence that when a string of
operators are being transformed, the result can be written as the same string
of the transformed operators, i.e.

el (g1t tga: o gn)e™ = (eligr) (e liga) L (eTign:)
= [:g1(e X) )92 (e X)) ... [ign (e X):] (9.67)

where use has been made of Eq.(9.55). This sandwiching property has been
used in Eq.(9.64) and will be used frequently later. Equation (9.67) indicates
that the sandwiching transformation is equivalent to substituting the dynamical
coordinates X by €' X in the arguments of the operators.

There is a subtlety concerning the ordering of operators. Consider an accel-
erator section consisting of an element F (with operator ef*), followed by an
element G (with operator €'*). Let X; be the coordinates of a particle entering
element F'. Let X; be the coordinates of the particles exiting element F and
entering element G. Then we have

X, =efXix (9.68)
X=Xy
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Let X5 be the coordinates exiting element G, then

Xy, = e:G(X):X‘ :exp[:G(e:F(X):X):]e:F(X):X‘

X=X X=Xo

= exp[:e:F(X):G(X):]e:F(X):X‘
X=Xo

— (G:F:€:G:6:7F:)6:F:X‘ _ e:F:e:G:X‘ (969)

X:Xo X:XO

Equation (9.69) indicates that, when a string of elements are connected into an
accelerator section, the ordering of the operators is such that operators of the
earlier elements appear to the left of operators of the later elements. This is
opposite to what one might be used to when dealing with the linear systems
with matrices!

We are now in a position to show another key property of exponential op-
erators, namely, an operator of exponential form ef* is necessarily symplec-
tic for an arbitrary function f(X,s). To prove this, consider the quantity

X =elX A and form the fundamental Poisson brackets
=Xo0
X, X5l = [efX, el X ’
[Xa X5] le Xl
— (e[X,, X ‘ = (¢S — 9.70
X Xa)| = @ San)| = Sas (070)

Equations (9.16-9.17) then prove that the operator e* is symplectic. Con-
versely, symplectic maps can always be expressed as exponential maps.

The fact that exponential operators are necessarily symplectic has an im-
portant practical meaning. In practice, one often has the exponential form e/
of a symplectic map, and one needs to compute the effect of the map on the
motion of a particle, i.e., one needs to find e/ X. For a general f, however, this
is often not an easy task. The trick often adopted is to expand f in terms of a
power series in the components of X,

e:f: — e:(f2+f3+f4+~-~)3 (971)

where fi is a homogeneous power series of k-th order in the components of X.
The exponential form allows the possibility that this power series be truncated
at will without losing symplecticity. (What one loses is accuracy.) In contrast,
had the map been written as :f: instead of an exponential form, a truncation
would in general lead to a loss of the symplecticity of the map.

Furthermore, one can also write the map in a different form,

e:f: _ e?f2?e¢f3361f4?m (972)

The f5 in Eq.(9.72) is the same as the fs in Eq.(9.71), but all the higher order
fix’s differ. Again in this form, exponential factors of higher orders can be
truncated at will without losing symplecticity. In either the form (9.71) or
(9.72), truncation down to the second order gives the linear map e'/2.
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Applications to Linear Systems Let us apply operator algebra to a linear
system. Consider a quadratic form

1 -~
fo=—5XFX (9.73)

where F is a symmetric, positive definite matrix.** We have
fo: X =SFX (9.74)
where S is the familiar matrix (9.3). The proof of Eq.(9.74) is as follows:
0 fa 00X,
X" 0x,
1 a(Fngsz)
= ———————%53.04
2 3Xg ByPary
= —FpeXpSga = (SFX)a, Q.ED.

:fQ:Xa =

It follows from Eq.(9.74) that
ef2X o eSFX, or 2 o ST (9.75)

There is a reason I use < instead of = in Eq.(9.75): The left-hand-side of
Eq.(9.75) is a Lie operator form, while the right-hand-side is a matrix form. In
particular, the left-hand-side can be applied to the components of X individu-
ally, while the right-hand-side must be applied simultaneously to all components
of X.

Computation of e°F requires taking exponentials of a matrix. Exponentia-
tion of a matrix A is defined in a power series fashion as

=1
et =) HA’c (9.76)
k=0

To be more specific, consider a 1-D system for which F' is a symmetric 2 x 2
matrix. Let F' be

a b
- -
The positive definiteness of F' means the quantity XFX > 0 for arbitrary X.
This leads to

¥ <ac and a>0 (9.78)

We now need to compute the matrix e>¥. To do so, we apply a theorem called
the Hamilton-Cayley theorem, which says that, for an N x N matrix A, and
f(A) being any function of A, we have

N—
fA) =) apAF (9.79)
k=0

=

44The condition of positive definiteness is for the particle motion to be stable. Examples of
exception can be found in Egs.(9.106) and (9.109).
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where aj are a set of coefficients which satisfy the algebraic conditions

N—
fN) = ap\® with X = eigenvalues of A (9.80)
k=0

i

To appreciate the power of the Hamilton-Cayley theorem, note that the
matrix f(A) is a N x N matrix; it has N? elements. However, Eq.(9.79) expresses
it with only N (not N?) “fitting parameters” aj. Furthermore, these N fitting
parameters can be found by solving Eq.(9.80). The prove of the Hamilton-
Cayley theorem is given in Exercise 25.

To apply the Hamilton-Cayley theorem to the present problem, we have

N =2 and
b c b c
eSF:eXp([_a —b:l) =ag+ ay |:—Cl —b:| (981)
where ap and a; are yet to be determined. The eigenvalues of the matrix

SF:[b C}are
—a —b

A+ = +ivac — b? (9.82)

The coefficients ag and aq therefore satisfy

M =ag + ai Ay, M =ag+ a A

: _H2
= w—asVaem ), o= TUREEL
ac —

We thus obtain

e = cos(vac — b2) + % {_ba —Cb} (9.84)

Equation (9.84) can be used to find the matrix form of the map when the
Lie form of the map ef2 = ¢~ 3(a@*+2bep+ep”): i known. One can also try to
find the Lie form, given the matrix form, as follows. Suppose we know that the
linear map has a matrix form

| Ri1 Rz . -
R{Rm R22] with detR = 1 (9.85)

By identifying the right-hand-side of Eq.(9.84) with Eq.(9.85), the coefficients
a,b and c can be related to the R matrix elements according to

cos(Vac — b?) = %trR

a 2b ¢ Vac=b? (9.56)
—Ry1 Rin— R Rz sin(Vac — b?) '

Knowing a, b, ¢, the Lie form of the map is readily obtained.
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For example, the R matrix may be a one-turn map of the Courant-Snyder
form
cos L+ asinp Gsin p
—ysin p cos i — asin pu

R= (9.87)

where 3 and « are the §- and a-functions at the observation position in the
circular accelerator, v = (1 + a2)/f3, and p is the betatron phase advance per
turn. In terms of «, 3, v and p, we find

a=py, b=pa, and c=pp

ac—b*=p* >0 (9.88)
This gives, using Eq.(9.73),
fo = —g(’ﬂQ + 20wp + fp°)
= —g x (Courant-Snyder invariant) (9.89)

The Courant-Snyder map (9.87) has thus acquired a Lie operator form

6:f2: — 61*%("/12+2QIP+BP2): (990)

As we will see later, the one-turn map of a circular accelerator has the general
form e~ CHetr: where C is the accelerator circumference and Heg is the effective
Hamiltonian. Equation (9.90) says that in the linear case, the Courant-Snyder
invariant has acquired the physical meaning of the effective Hamiltonian that
describes the one-turn map, while the betatron phase advance per turn y has
the meaning of the total length of the accelerator (except that it is measured in
radians instead of in meters).

In general, linear maps can be described by an exponential operator exp(: fa:),
where fy is a quadratic function of X. In particular, let fo be written as
Eq.(9.73). We have shown that the map corresponding to the operator exp(: fa:)
can be written in a matrix notation as

X =MX, where M =e5F (9.91)

Consider two quadratic forms f = —iXFX and g = —1XGX. Their

corresponding maps can be concatenated into another linear map according to

e:h: _ e:f:ezg: (992)

where h = —%X HX is another quadratic form whose corresponding matrix H
satisfies

eSH = 5GST (9.93)

Comparing Eq.(9.92) in the Lie representation and (9.93) in the matrix repre-
sentation, note that the ordering of the F' and G components appear in reversed
order. [See discussion following Eq.(9.69).]
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The proof of Eq.(9.93) is as follows:

ezf:e:g:Xa — e:f:(ESGX)a _ B:f:(BSG)aﬁXg
= (eSG)age:f:Xﬁ = (BSG)aﬁ(e‘SFX)ﬁ = (eSGBSFX)a — QED

The map (9.90) can be extended to include the synchrotron motion. Consider
a 2-D linear system whose dynamical variables are (z,z’,z,0) where z is the
longitudinal coordinate of a particle relative to an ideal reference particle, and
0 = AP/P is the momentum error relative to the reference particle. In the
present consideration, we consider § = constant in time, i.e., the momentum is
an invariant. The motion can be decomposed into a betatron and a synchrotron
motion,

T =g+ nd, ' =416 (9.94)

where 7 is the dispersion function. Since z and p = 2’ in Eq.(9.90) actually are
the betatron components x5 and zj;, the relevant f; in the present system is

fo = —g(yx% + 20(3:5%’5 + ﬂxfgz)
1
= fo = —Sha =) +2a(z —nd) (' —n'8)+B(a’ —n'0)*)+5Cacs’

(9.95)

In Eq.(9.95), « and 2’ refer to the total physical horizontal coordinates (9.94).
An extra term %6'04(:(527 where «, is the momentum compaction factor and C
is the accelerator circumference, has been added to fs; its function will become
clear momentarily.

Given the quadratic form (9.95), we then ask what is the 4 x 4 matrix R for
the map e'/>*? This is done by calculating explicitly the quantities e'/2*X and
equating the results with the matrix form RX. Omitting the algebra, the result
is R=

cos u+asin i Bsinp 0 n—nR11—1 Riz
—ysin CoS u—asin i 0 7' —n' Roo —nRa1 9.96)
0 =1 Ru+nRar  —n+nRez—n'Riz 1 (yn*+2amny’+Bn?)sinp—Car |
0 0 0 1

which is a familiar result from basic accelerator optics.

Exercise 24 Consider Eq.(9.75). (a) Show that for any matrix A,
det(e?) = '™ (9.97)

It follows that, with ' any symmetric matrix, det(e®F) = 1. (b)
Show that the matrix eS¥ is symplectic, where F is any symmetric
matrix.

Exercise 25 Prove the Hamilton-Cayley theorem (9.79-9.80).
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Solution Consider the characteristic polynomial P(\) = det(A—AI),
which is an N-th order polynominal in A\. We have

PA)=A=2)A=X2) ... (A=2An) (9.98)
where A; are the eigenvalues of A. Consider the function of A,
PA)=(A—MDA=XI) ... (A= XnI) (9.99)
If we apply P(A) to V}, which is an eigenvector of A, we obtain
P(A)V; =0 (9.100)

The only way Eq.(9.100) can be true for all j = 1,2,...N is when
P(A) = 0 identically. The fact that P(A) = 0 is the Hamilton-
Cayley theorem.

As a consequence of this theorem, when A is raised to a power
> n, the resulting matrix can always be expressed in terms of a
summation over lower powers of A with order < n — 1. If f(A) can
be expressed as a power series in A, then it can be expressed as a
power series with order < n — 1. Thus we have proved Eq.(9.79).
Having established Eq.(9.79), Eq.(9.80) follows.

FEzxercise 26 Consider the matrix
a b
a=[ed]
(a) Demonstrate the Hamilton-Cayley theorem explicitly, i.e. show

that
P(A) =A% - (a+d)A+ad—bc=0

(b) Apply the Hamilton-Cayley theorem to obtain

FA) = 550 FO) = A FOD + [F0) = (1014}
(9.101)
where 1 1
Ay = §(a+d)i 5 (a — d)? + 4be

are the eigenvalues of A. Given matrix A, Eq.(9.101) gives the ma-
trix f(A) for an arbitrary function f(z). Observe from Eq.(9.101)
that if the 2 x 2 matrix A is triangular (i.e. either b = 0 or ¢ = 0), the
matrix f(A) is necessarily triangular for arbitrary f(z). Similarly,
if A is diagonal, so is f(A).

(c) Find the matrices A2, A3, A=Y VA, and e? as special cases of
Eq.(9.101).

Solution (c) All these matrices can be written in the form ag+ a1 4,
as follows

A? = —(ad—bc)+ (a+d)A
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A3 = —(a+d)(ad —bc) + (a® + ad + d*> + bc)A

1
AT = —A 102
L ((a+d)— 4] (9.102)
VA = ;(\/ad —bc+ A)
VAL + VA
sinh v/ (a—d)2+4bc
et = elotd)/2 2 (—a—d+2A)
(a — d)? + 4be
—d)2+4b
+ cosh %

Exercise 271t is possible to establish the connections among Eqs.(9.75),
(9.87) and (9.90) differently from the text.

(a) Show by brute force, without using the Hamilton-Cayley theo-
rem, that the quantity exp(:f2:)X with fo given by Eq.(9.90) gives

a transformation according to the matrix (9.87).

(b) Another way is as follows. We have

eifziX =RX — ;f2:X = (ln R)X (9103)

If R has the form (9.87), whose eigenvalues are e**, an application
of the Hamilton-Cayley theorem gives

_, @ B
InR=ypu [_’Y —a] (9.104)
This map is to be identified with : fy:. This can be done if f5 is given
by Eq.(9.89).

Eaxercise 28 Find the Lie operators representing (a) a drift space,
(b) a thin-lens quadrupole, (c) a thick focusing quadrupole, and (d)
a thick defocusing quadrupole. These results have been given in
Table 4.

Solution

(a) Let the operator for a drift space L be written as e/ = exp(: —
%X’FX:). We need to find F. Let F be written as Eq.(9.77), then
we have, using Eq.(9.84),

cos(\/m)—l—% [_ba _Cb} = [(1) f] (9.105)
The solution is found to be, using Eq.(9.86), a = 0,b = 0,¢ = L
which gives fy = —%Lp2.

(b) Replace the right-hand-side of Eq.(9.105) by [_ﬂ ﬂ where
f = focal length. We have a = %,b =0,c=0, WhiCJil gives fy =

—%xQ. For a defocusing thin-lens quadrupole, just let f < 0.
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coskL  LsinkL
— . %
(c) Replace the right-hand-side of Eq.(9.105) by ChsinkL  eoskL

We find a = k?L,b = 0,c = L, which gives f, = f%L(kaQ +p?).
(d) Replace k in the case above by ik to obtain

a=—-kKL b=0, c=1L (9.106)
which gives fo = 3 L(k*z* — p®). Note that in this case, ac—b? < 0.

FExercise 29 If the matrix R is not given by the Courant-Snyder rep-
resentation (9.87) for a stable system, but is for an unstable system
with

h inh inh
_ cosl_,tiz—l— .ozsm n [ sin u (9.107)
5 sinh p cosh g — asinh p
Show that R can also be written as e3¢, where
a?-1 «a
G = 8 9.108
|7 9] (9.108)
and the corresponding Lie representation of the map is
poa® =1, 2
exp {: - §(Taz + 2axp + Bp )] (9.109)

Note that the quadratic form in Eq.(9.109) is not positive definite.

Ezxercise 30 Lie representation is very useful for generalization to
nonlinear systems, but is awkward for a linear system. Linear sys-
tems are best studied with matrices. To appreciate this, try to con-
catenate a drift space followed by a thin-lens quadrupole. This can
be easily done in the matrix language. In the Lie language, one

needs to concatenate - L
g2l (9.110)

This can drive you crazy.

Ezercise 31 Use Exercise 30 to demonstrate the “reverse” ordering
rule of the Lie operators, i.e. Eq.(9.110) describes a quadrupole
followed by a drift, and not a drift followed by a quadrupole.

Eaxercise 32 The Lie map (9.90) gives the one-turn Courant-Snyder
map (9.87). The Courant-Snyder map from position 1 (with pa-
rameters ay, $1) to position 2 (with parameters s, 82) is (¢ is the
betatron phase advance from position 1 to position 2)

V& (cosp + on siny) BBz sin

—1tauas gy q) 4 U092 og9) @(cosw—agsinw)

V B1B2 \/ 8182 B2

(9.111)
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Find the Lie representation of this map.
Solution The Lie map is given by exp[ ;5 (ax? + 2bza’ + ca’ ):],
where a, b, and ¢ are determined by Eq.(9.86). In particular,

Vac—1b? = [ <\/E \/g> cos
+% (041\/%— ag&) Sil’l’(/J] (9.112)

Again, one observes that the Lie map is much clumsier than the
matrix map for linear problems. One special case occurs when
a1 = ag and B; = P2. Then the Lie map has a simple form
exp[—:1¢(y2? + 202’ + Bz?):].

Application to Nonlinear Systems So far we have been considering linear
systems, which can be analysed using matrices. Using Lie technique for linear
cases in fact is more cumbersome than using matrices. [See Exercises 30 and 32.]
Lie technique is not very useful for linear cases, but it is useful for nonlinear
cases. In fact, it provides the natural way to generalize the Courant-Snyder
analysis to nonlinear systems.

As an application of the operator algebra to a nonlinear problem, consider
a map which is known to have a second order Taylor representation

o = RapXog + TopyXogXoy + O(Xg’) (9.113)

where the T-coefficients satisfy T3y = Tays. We may proceed to find a Lie
representation of this map, accurate to order O(X?), in the form

ef2ieifs (9.114)

In Eq.(9.114), f5 and f3 are homogeneous power series in X,

1~ 1
fo = g XFX = Fun XX,

where the F' and C' coefficients are symmetric with respect to permutations on
their respective subscript indices. Our job is to find the F- and C-coefficients
in terms of the R- and T-coefficients, and vice versa.

We first note that
6f3 6X(x
9X;"" 90X,
= X5 v%ary

OZmn((s&EXan + XfészXn + XZX7n66n)Sz§a

= _3Sa505mnXan

:f3:Xo¢ =
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and that
(:f3:)* Xo = O(X?)

It follows that

g 1
el X, [1+4:f3:+ §:f3:2+...]Xa

X = 3545CsmnXm X, + O(X?) (9.116)

This then gives

€:f2:e:f3:Xa = e:f2:Xa - 35&505m7zezf2:(Xan) + O(XS)
= (9" X) o — 3805Csmn (e X ) (e X)) + O(X?)  (9.117)

Equation (9.117) then leads to
R=¢%F (9.118)
as expected, and
Topy = —3506CsmnRma Ry (9.119)

Equations (9.118-9.119) express the R- and the T-coefficients in terms of the
F- and C-coefficients. Their reverses can also be obtained. The procedure of
finding F' from R is given by Eqs.(9.86) and (9.77). The C-coefficients are found
to be

1
Comn = gséa(R_l)ﬁm(R_l)vnTaﬁv (9-120)

as can be proved by back substitution into Eq.(9.119). This exercise shows an
explicit transformation between a Lie map and its corresponding Taylor map.
It should be kept in mind that representations (9.113) and (9.114) agree with
each other to second order in X, but differ in higher orders.

To be specific, consider a circular accelerator which is otherwise perfectly
linear aside from a thin-lens sextupole at s = 0. The linear Lie map around
s =0 is (consider 1-D motion)

et where fy = fg('y:ﬁ + 2axp + fp?) (9.121)
Let the thin-lens sextupole be (see Table 4)
efs where f3 = a3 (9.122)

The one-turn map from s = 0%, going through the accelerator, then the sex-
tupole, and end up at s = CT, is given by

ef2ieifs (9.123)

As discussed earlier, the ordering of the Lie operators is reversed fromthat used
to in a matrix formulation.
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The Taylor representation of the map is given by combining the two steps,
i.e., passing through the accelerator,

1 = xo(cosp + asinp) + pofsinp
p1 = —xzgysinp + po(cosu — asin p) (9.124)

followed by passing through the sextupole,
r=x and p=p; + 327 (9.125)

The combination of Eqs.(9.124-9.125) gives a Taylor map of the form (9.113)
with all higher order terms terminated, and

Ri1 = cosp+asiny

Ry = Psinp

Ryy = —vysinp

Rax = cospy—asinp

Ton = 3AR%

To1z = Too1 =3AR12Rn1

Tooe = 3RS, (9.126)

All unlisted T-coefficients vanish. Note that this Taylor map is exactly sym-
plectic and is a special case of the map (9.40-9.41).

As to the Lie representation, the quadratic form f5 is obtained by implement-
ing Eq.(9.118) and is of course given by Eq.(9.121) as one would expect. The
C-coefficients that describe f5 according to Eq.(9.115) are given by Eq.(9.120).
It is found that the only nonvanishing C-coefficient is

Ciin = A (9.127)

This leads to the expected Eq.(9.122) for fs.

Monomial Maps We now proceed to describe an interesting formula involv-
ing monomials. Let x and p be the canonical variables, a, «, and 3 be arbitrary
constants. Consider the exponential operator exp(a:x“p”:), where the exponent
is a single term in the form of a power of x and p (o and 8 do not have to be
integers). The formula reads

ea:xapﬁzx _ 93[1 + CL(OZ — 5)56(171])[.}71]ﬁ/(ﬂi()‘)7 lf (6% # ,6
rexp(—aax®1p>1), ifa=p
awop®s _ [ p[l+ala =Bz tpP e it a £ B g 0g
‘ P {pexp(aaxo‘lpal), ifa=p (9.128)

The a = 3 case can be obtained by taking the limit « — 3 in the a #
expressions. One way to appreciate Eq.(9.128) is mentioned in Exercise 38.
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To prove Eq.(9.128), one first note that the map 2P’ describes a dynam-
ical system with Hamiltonian [see Eq.(9.178) later.]

H= —%xapﬁ (9.129)

where T is the total time period over which the Hamiltonian is being applied
to the system. The equations of motion are

OH  af O‘pﬁfl

T oy T
) OH aa , 4 4

_ _9H _aa , 1
p or T' 7P (9.130)

Since H is a constant of the motion, we have z%p® = xgpg . From the first line
of Eq.(9.130), we have therefore

CLﬂ a(B—1 — o
7T%(6 )/ﬁpg 1.a/B

. galBy ,?xgw—l)/ﬁpg—l

T =

= [w(t)] P = g @mg‘(ﬁ*”/ﬁp@* (9.131)

Setting = to be z(T"), we obtain

z = 2o[l + ala — Bz L pl )P/ B-a) (9.132)
which proves the first line of Eq.(9.128).
Similarly,
. ax _1 Bla—1)/a o
p= b 1p0( )/ PP/

—  p=po[l +ala—B)zilpy o/ @=H (9.133)

which proves the second identity in Eq.(9.128).

One particular case of Eq.(9.128) is when a and (8 are integers. Then the
exponent is a monomial in z and p. Equation (9.128) then gives the exact result
of the evolution of the dynamical variables due to the exponential monomial
map. Note that if the exponent contains two monomial terms, then there is in
general not an exact expression any more.

Equation (9.128) is exactly symplectic. To demonstrate that, we need only
to show that the Poisson brackets of the two expressions in Eq.(9.128) is equal
to 1, i.e.,

dxr Op or Op
=——— — — =1 134
[x,p] aZL'o 8})0 apo aZL'o <9 3 )

FEzxercise 33 As mentioned in the text, exponential Lie maps are al-
ways symplectic, while Taylor maps are not. However, Taylor maps
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are symplectic up to the order it is truncated. Show that when
Eqs.(9.118) and (9.119) are satisfied, the Taylor map (9.113) is sym-
plectic to order O(X).

Solution The Jacobian matrix of the map (9.113) is

Mas = Ras + 2TwspXos + O(X?)
This leads to
(MSM)ap = (RSR)as+2Sum(TeanRms— ReaTmpn) Xon +O(X?)
We need to prove

RSR=S
ng(Tgaang — R@angn) =0 for all a,ﬁ,n (9.135)

Ezxercise 34 In this section, we have been considering perturbation
in powers of X, i.e. X is the small quantity in the perturbation
treatment (assuming we are interested in the region of phase space
close to the origin). This is not necessary; the perturbation expan-
sion can be in other small quantities as well. Consider a Taylor map
which is first order in the strength € of a certain linear or nonlinear
perturbation in such a way that

X =Xo+ GG(X()) (9136)

where G is a vector function which could be nonlinear in Xy. Find
the corresponding Lie map to first order in e.

Solution Let the Lie map be written as exp[:ef(X):], then we must
have

(X)X =G(X) or [f(X),X]=G(X) (9.137)
Using Eq.(9.7), this gives

—Skzg)—)i = Gy or - SVf(X) = G(X) (9.138)

By inverting Eq.(9.138), we obtain
V(X)) =S5G(X)

X
— x) = / dX'SG(X) (9.139)
0
The integral in Eq.(9.139) is along any path from 0 to X in the
multi-dimensional phase space. This integral being independent of

the path taken is a result of the dynamic system being conservative.
Equation (9.138) can be used to obtain the Taylor map once the Lie
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map is known (knowing f, one can compute G). Equation (9.139)
can be used the other way around (knowing G, one can compute f).

Exercise 35 Kick maps constitute a simple application of Eq.(9.138-
9.139). Consider a kick map described by Eq.(9.136) with

X= {“”] G(X)_{ 0 ] (9.140)

p g()

where g(z) is a function of z and not p. Find the corresponding Lie
map to first order in e.
Solution Equation (9.139) gives

] -oro- [ ] ) [4]
— f(X)= /0 " o) (9.141)

independent of p. Conversely, if one is given the Lie map with f(X)
in the form (9.141), then

G(X) = —SVF(X) = — {_01 H {9(0‘”)] - {g(ox)} (9.142)

FExercise 36 As another application of Exercise 34, find the Lie map,
to first order in €, that gives the Taylor map

T = x0 — €pz, p = po + ex? (9.143)

Solution
€

expli (2% + p%)] (9.144)

Exercise 37 Factorize exp[:ax? + 2bxp + cp?:] into monomial map
factors. Give physical meaning of each of the monomial factor maps.
This factorization is exact.

Solution This factorization is not unique. One way is to factorize
the map into a drift space of length L1, followed by a focusing thin-
lens quadrupole of focal length f, followed by another drift space
Lo, where

12 72
Vac—1b tan\/ac b +b

L = 2
a 2 a
;o= vac — b2
~ asinvac — b2
— 72 )
Ly = Vae— 02 Vac—b? b (9.145)

a 2 a
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This means we have factorized
2

e:aw2+2b1p+cp2: — e:—%LlpZ:e:—%x :e:—%LgpQ: (9146)
A generalization of this factorization into monomial maps to a non-
linear system can be found in Exercise 59 after we learn the Baker-
Campbell-Hausdorff formula.

Exercise 38 The text mentioned one appreciation of Eq.(9.128) by
considering its symplecticity. [See Eq.(9.134).] Another apprecia-
tion of Eq.(9.128) is provided by first considering the infinite series
representation of the exponential map; application of this map on z
or p then leads to infinite series. What Eq.(9.128) says is that the
resulting infinite series can be summed exactly. Show this explicitly
by first proving that, for k£ > 1,

: 5=5) (a—1)bt1. (B—1)k
(2P )rr = (B — a)f 2787 plamDkt1,(3-1)k

) (e _
CxopPH)Fp = (B— )k p(omDEp(B=DE+1 (9 147)

Use Eq.(9.147) to prove Eq.(9.128).

Exercise 39 Consider the (x,p) phase space and a map e P (@) with
some function f(z). Find the explicit expressions of

m _ pf: H (9.148)

p

Solution The map eP/(*) is a map from t = 0 to t = T for a
dynamical system with Hamiltonian H = —pf(z)/T. The Hamilton
equations of motion are

1 1
= *Tf(w), p= fpf/(x) (9.149)
The first member of Eq.(9.149) gives
T d’ t
—=—= (9.150)
w f@) T

where (zg, po) are the initial coordinates at time ¢t = 0.
Since the Hamiltonian is a constant of the motion, we have

pf(x) = pof(zo) = x = f*l(%f(:z:o)) (9.151)
The second member of Eq.(9.149) then gives

Py P
=S o))

p/po du t
- Ty T 1)
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Knowing f(x), Eq.(9.150) gives the solution for x as a function
of ¢t while Eq.(9.152) gives the solution for p. When ¢t = T, the
solutions give explicit expressions of X and P.

One can apply the result to special cases. Taking f(x) = ax
gives the map

w(t) = zoe™ /T, p(t) = poe™/T (9.153)

Taking f(z) = ax? gives

T:ZZO

_ _ 1o
z(t) = Tt azt’ p(t) = po(1 + azo ) (9.154)

Taking f(z) = ae®® gives

1 t t
z(t) = - In(e™**0 + ozaT)7 p(t) = po(1+ ozaTe‘”") (9.155)

Taking f(z) = asin(az) gives

t
tan —ag;( ) = (tan a2ﬂ> e—at/T
poe—aat/T

p(t) = m[(l +cos axg)?e?* T 4 sin? axo)(9.156)

One may check that the Jacobian matrices for the maps (9.153-
9.156) have unit determinants. One may also check Eqs.(9.153-
9.154) against Eq.(9.128) because they are special cases of Eq.(9.128).

If the map (9.148) is considered to be a change of variables from
(z,p) to (X, P), this type of coordinate change is called contact
transformations. In particular, X and P/py depend only on xg and
not on pg. The map (9.155) with ¢ = T, for example, is equivalent
to a contact transformation with a generating function

P
F(z,P)=——1In(e”* + aa) (9.157)
a

Ezxercise 40 Consider the map e/ (®)9(): Find expressions for

[)zg] — o F@)9p): [Z] (9.158)

Solution Follow a similar procedure as in Exercise 39 to obtain

/m dx _
v f@)glg (Fopeh) T

P dp t
== (9.159)
/,,0 g(p) /[ (Llgeleedy) T
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The map (9.158) is obtained by setting ¢t = T in Eq.(9.159). Equa-
tions (9.128), (9.150) and (9.152) are special cases of Eq.(9.159). As
a special case, taking f(x)g(p) = ae® % gives

t
z(t) = xo—abfe””bpo
t
pt) = po+aaze ot (9.160)
Taking f(z)g(p) = ax®e®” gives
t
t) = xo— abxfe’
x(t) o — abrge™
p(t) = —%ln (e_bp‘)/“—oszg_leb(a_l)m/a%> (9.161)

Denoting the coordinate x as ¢ and momentum p as A, and taking

f(9)g(A) = a/Asin ¢ give

a t
to() = cotept ——o L
cot $(t) ot b0t e T

A(t)

Agsin? ¢ + (1/Ag cos ¢ + %)2 (9.162)

Similarly, taking f(¢)g(A) = av/ Acos ¢ gives

«o t
& t) = ¢t -
an ¢(1) an go 2v/Agcos o T

A(t) Ag cos® ¢o + (v/Ag sin ¢o + %)Q (9.163)

One can check the symplecticity of the maps (9.160-9.163) by veri-
fying the Jacobian matrices have unit determinants.

FEzxercise 41 We learned in Exercise 21 that if
1@y = X(2,p), /EPp = Pla,p) (9.164)

then
f(X(z,p), P(z,p)) = f(z,p) (9.165)

There is also an inverse relationship to Eq.(9.165). To see that, note
that Eq.(9.164) allows us to write

T = X(e:ff(w,z?):xv e:ff(a:,:l?):p)7 p= P(e:ff(z,p):x, esz(w,p):p)
(9.166)
Knowing the explicit expressions of the functions X (z, p) and P(x, p),
we can solve Eq.(9.166) for the quantities e'=/(#P)z and =/ (*P):p
to obtain the expressions

eIy = X(a,p), eI EPp = Pla, p) (9.167)
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It follows that one has an additional condition

f(@,p) = f(X(x,p), P(z,p)) (9-168)

Check the validity of Eqs.(9.165) and (9.168) for the case of Eq.(9.128).
Solution We have f(z,p) = ax*p®, and X, P, X, P are given by

X = z[l+a(a—- )z tp1)p/B-

P = pll+afa—Baotpil]e/@)

r = X[1+a(a—p)Xe"1pr-11p/(B=a)

p = Pll+a(a—p)Xo"tppP~1o/a=h  (9.169)

Conditions (9.165) and (9.168) follow by observing
z9p® = X*pP = X*pP (9.170)

Note that one can solve the last two expressions of Eq.(9.169) to
obtain explicit expressions of X and P in terms of  and p. The
result will be the same expressions as X and P except that a is
replaced by —a, as one expects.

Exercise 42 The canonical transformation {z = V2Asing, p =
V2Acos ¢}, or {A = (2 +p?)/2,¢ = tan~'(2/p)} can be described
by a generating function, as is well known. Can this also be de-
scribed in Lie language? In other words, look for a function f(z,p)
which gives

22 4 p?

f. t -1 E fr, — 171

ez = tan e e’p 5 (9.171)

(a) Find f if possible. (b) If not, at least use Eq.(9.171) to show
that .

e ix=\/2psinz, e fip=+/2pcosz (9.172)

(c) What is the map e~#(@*+P°)/2 expressed in the (¢, A) coordi-
nates?

Solution (a) f(x,p) must exist because the Jacobian matrix of the

map (9.171) has determinant 1. According to Exercise 41, f(x,p)

must satisfy f(z,p) = f(tan=1(x/p), (x%+p?)/2) = f(v/2psinz,/2pcos x).
How could this be possible? In particular, one must have f(0,p) =
7(0,07/2) = (0, %),

(b) The first member of Eq.(9.171) gives

f
¢ = e ftant L = tan~? [e ! ()} = tan~! { _f_ﬂ
p p P
e~ fig
= tanz = T (9.173)
Similarly, the second member of Eq.(9.171) gives
o2p = (e F'2)2 4 (¢ Tip)? (9.174)

208



Solving Eqs.(9.173-9.174) for the quantities e~/ and e ~/p gives
the needed proof of Eq.(9.172).
(b) The transformation can be described by

e:—f:e:—;t(:t2+1?2)/2:e:f: = exp[:—gez_f:(xg'i‘p%:]
— giTHP L i pA: (9.175)

This map is to be applied to coordinates (¢, A). Note the order-
ing on the left hand side of Eq.(9.175). In particular, it is not
e:f:ezfp,(w2+p2)/2:e:ff:.

Ezxercise 43 (a) Show that the map

x = xo+bf(axo+ bpo)
p = po—af(azo+ bpo) (9.176)

is symplectic for arbitrary values of a, b, and arbitrary function f(u).
(b) Find the Lie representation of the map. This map can be re-
garded as the generalized kick map. The usual kick map is obtained
when either a =0 or b = 0.

Solution (b)
ax—+bp
exp [: —/0 f(u)du:] (9.177)

9.4 Baker-Campbell-Hausdorff Formula

In the previous section, we tried to establish some familiarity with the Lie oper-
ators. Before we turn attention to accelerator applications in the following sec-
tions, we need to introduce a set of formulae — the Baker-Campbell-Hausdorff
formula and its variations — which are used repeatedly later.

Single accelerator element An accelerator typically consists of a sequence
of elements. Consider one particular element of length L. Let the particle mo-
tion in this element be described by the Hamiltonian H which is independent of
s inside the element. The map for this element can be written as an exponential
operator. Some examples have been given in Table 4. For the element being
considered here, the map is

e L (9.178)

To prove Eq.(9.178), one only has to note that

dX d* X
— =X —_—
ds — dsk

It follows that the map

= (—H:)*X (9.179)

& sk k
X(s)=> o (‘;ff)szo (9.180)



can be represented by the Lie operator

&S]
Sk

k!
k=0

(—H:)F = g8 (9.181)

The operator (9.178) is obtained just by integrating the map to the end of the
element s = L.
Given below are the Hamiltonians of a few typical accelerator elements:

8 4 527” + ey (03 +P}) dipole
I %K(f _ y2)2+ ﬁ_ﬁ)(pi jp§)2 quadrupole (0.182)
35(2° = 32y%) + 5775y (02 +1y) sextupole

At — 622y* + yt) + ﬁ(pi +p;) octupole

where K,S, and A\ are the strengths of quadrupole, sextupole and octupole
elements, p is the dipole bending radius. The dynamical variables for the above
Hamiltonians are (x, py, ¥, py, 2, 9). All elements are considered thick-lens.

In general, for an n-th multipole other than dipole (n = 1,2, 3 for quadrupole,
sextupole, octupole, etc), we have

1 < 1
H = ———=Re[(A + iAn)(@ + iy)" T + m(pi +p3) (9.183)
where \,, and \,, are the normal and the skew components of the multipole field.
Equation (9.182) contains only the normal components with K = A;, S = Ay
and A = 3. Explicit equations of motion for the Hamiltonians (9.182) can be
found in Exercise 42.
The nonlinear effect of § through the term 2(1—15) (p2 —|—p§) in the Hamiltonians
(9.182-9.183) is often (although not always) negligible. In those cases, it is a
good approximation to make the replacement

1 1
m(!ﬁ +p) — 5(172 +p;) (9.184)
In this approximation, the chromatic effects are solely contained in the —xd/p
term of the dipole magnets.
The Hamiltonians (9.182) applies to the 6-D phase space (x,pg, Y, Dy, 2,0).
If one is interested only in the 4-D transverse phase space, it is possible to
simplify the Hamiltonians somewhat as follows. One first notes that for the
elements described by (9.182), we have 2’ = 0H/0p, = p,/(1+ ) and similarly
y" = py/(1+40). One then notes that if there are no electric devices (e.g. an rf
cavity), 0 can be regarded as a numerical constant if one ignores the longitudinal
dynamics. It is then easy to show that the Hamiltonian equations of motion
hold for the variables (z,2’,y,y’) with the new Hamiltonians

- 2 2 :
P4 et £ 3@y dipole
2 2
o ) K@ =) 3@ ) anadrupole o 1ok
3(11+6) S(z3 — 3zy?) + %(Iﬂ +y%) sextupole .

4(11+5) Azt = 62%y” +y*) + %(fz + y/2) octupole
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Hamiltonians (9.185) apply only if one ignores the longitudinal dynamics. In
particular, if one wants to find the path length equation of motion by 2’ =
OH/04, he should use Eq.(9.182), not Eq.(9.185).

As mentioned, given the Hamiltonian, the Lie map is simply e'~“#:. Exer-
cises 45 and 46 give the matrix representations of the linear maps for quadrupoles
and dipoles. On the other hand, although these two exercises are applied to
linear cases, the power of Lie technique lies really in nonlinear cases. Take the
sextupole case in Eq.(9.182) as an illustration. With the approximation (9.184),
we first work out the following:

H:x = _SZZ = —Ds
‘H?rx = —Hp,= —%—Z = -5z -y
H3z = —S(—%% + g—Z%) = 25(xps — ypy)
Hi'z = 23(—2—pr + x%—lj + g—gpy - %—I;y)

= 25[-p? +p§ + Sz(2® 4 32)]
HPz = 0(S?)

We then obtain the Taylor map
. . 1 1
ety = p4p,L— §SL2(x2 —y?) — gSL?’(xpx — ypy)
1
- Esﬁ[—p;i +p, 4+ Sz(z® +y°)] + O(S*L°)  (9.186)

where O(S?L5) means terms same-or-higher order than S? in S and same-or-
higher order than L® in L. Similarly, we have

e Hhp, = pm—SL(wQ—yQ)—SLQ(wpz—ypy)—%5L3[Pi—p§—5w(w2+y2)]
+ %SQUL(SJCQM — %, + 6xypy) + O(S%LP)
e My = y+ Lp, + SLPry + %SL?’(xpy + Ypz)
5 SL By + Sya? + )] + O(S°L)
e Mp, = py+2SLay + SL*(xpy+yp.) + %SL3[2pxpy+Sy(x2+y2)]
- %SQL“(xzpy — 6xyps — 5y°py) + O(S?L7) (9.187)

So we have already obtained some useful results! These expressions are of course
approximate and nonsymplectic if the higher order terms are truncated.
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Chain of Elements So far we have applied Lie operators for single elements.
An accelerator typically consists of a sequence of elements. Let the elements be
ordered according to the index ¢ = 1,2, ..., N so that the beam passes through
element 1, then element 2, etc. Let the i-th element have length L; and Hamil-
tonian H;. The map for the i-th element is e:~Z:Hi*. The one-turn map around
the entrance of the first element (call this position s = 0) is (note the order of
the operators)

e:—LlHl:e:—LgHQZ e:—LNHN: (9188)

which we shall abbreviate as N
[[e "t (9.189)

i=1

The situation is illustrated in Fig.9.2. The total one-turn map of the accelerator
is obtained by multiplying a sequence of exponential operators. A simple ex-
ample representing a single thin-lens sextupole in an otherwise perfectly linear
accelerator was worked out following Eqgs.(9.121-9.122).

Element 2
Element 1 J Element 3 y Hy Hg
1
’ . Piecewise
Piecewise
elements constant
Harmniltonians

N -Hf | -CHg
Accelerator = T[ e i _ e ef

=1
Lie representation Effecive
of the Hamiltonian
accelerator

Figure 9.2: The accelerator model viewed in Lie language.

The forms (9.188) or (9.189) are not yet very useful. To proceed, we would
like to have the total map represented as a single exponential operator instead
of a product of exponential operators. The process of combining exponential
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operators is called concatenation. After concatenation, the single exponential
operator can be written as

one turn map = ¢~ CHerr: (9.190)

where C' is the accelerator circumference.

Drawing an analogy of Eq.(9.190) to Eq.(9.178) for a single element allows
the quantity Heg to be identified as the effective Hamiltonian of the one-turn
map. It describes the one-turn motion of particles in the system. It is a func-
tion of the dynamical variables X, but does not depend on s, i.e. it is time-
independent. As a consequence, Heg is a constant of the motion when observed
at the position s = 0. When (or if) one has obtained the one-turn map in the
form (9.190) by concatenation, it is impressive that a complex system of an ac-
celerator, which consists of many pieces each having its own Hamiltonian, can
be combined into a simple form (9.190) and a constant of the motion can be
found this way.

Note that Heg is not only a constant of the motion, but also the Hamiltonian.
One can actually derive the equations of motion by applying the Hamilton’s
equations to it. The condition is that the equations obtained this way apply
only if one observes the motion at position s = 0.

BCH Formula — First Form The basic formula that allows concatena-
tion of exponential operators is called the Baker-Campbell-Hausdorff (BCH)
formula.[6] It can be cast in several forms. We will introduce four forms of this
formula. The first form reads

el = el (9.191)

where f and g are arbitrary functions of the dynamical variables X, and

_ 1.. 1..2 1..2 1....2
h = f+g+2.f.g+12.f.g+12.g. f+24.f..g. f
1

1 1 1
[ S S e £.3 Cfe .3
720.9. !/ 720'f' 9+ 360'gl'f' 9+ 360'f"g' /
1 2.2 1 2. 7.2 6
+—fg f + —q:° f: .192
1209 g g+0((f.9)°) (9.192)

where O((f, 9)%) means terms of the order of f™g" where m +n > 6. If we use
the commutator notation of Eq.(9.48) and apply Table 5, Eqgs.(9.191-9.192) can
be rewritten as

exp [ifi + g0+ 500} + U gt + 50 G S0}

b o liF G g s — s g G Gigs Lgnsfi )

e:f:ezg:

_ 7—;0{:f:, {fs o e g+ %{:g:, G Lfaofn gy

+ 3%0{:]”:, {:95, {:95, L9y i S 3 3 + ﬁ{:f:, {f g Lgny o f:3))
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1
+ oo Lgn G g 1 +:0((4,9)°):) (9.193)
The proof of (9.191-9.193) is somewhat technical. It is given in Exercise 50.
There does not seem to be an easy rule of the coefficients in Eq.(9.193). Equa-
tions (9.191-9.193) are our first form of the BCH formula. It applies when the
two functions f and g are small for the power series to converge. Small f and
¢ means the two operators e'/* and e*9° differ only slightly from identity maps.

When :f: and :g: commute (or when [f, g] = constant depending only on s),
we simply have h = f + ¢, as discussed in Eq.(9.57).

BCH Formula — Second Form The first form has an important variation,
which gives the second form of the BCH formula. It is obtained by summing
the infinite power series in the first BCH form over either the function f or the
function g. If summed over g, then to first order in f, we have

frgign . g
e’e exp [.g + (615]: 1

) f+ O(fQ):} (9.194)

If we choose to sum over f, the summation can be done analytically to first
order in g to yield

efie = exp [:f + (1_‘2_f> g+ 0(92):} (9.195)
The proof of Eqgs.(9.194-9.196) are given in Exercises 51 to 53.

Equation (9.195) applies when the function g is small, but f does not have
to be small. This expression is particularly useful when we try to concatenate
the map for a small perturbation with the map for the rest of the accelerator.
In that case, we would obviously choose g to be the perturbation, and f to be
the rest of the accelerator. The price to pay in order for f not having to be
small is that we have an expression only to first order in the perturbation.*®

The BCH formula describes how to concatenate two exponential operators
into one. It can be inverted to give a formula that describes how to factorize an
exponential operator into a product of two exponential operators. In particular,
Eq.(9.195) can be inverted to give

_ o—ift
efth = eifiexp {: (—1 .;. ) h:} e O(h%): (9.197)

45There is actually an analytic expression to second order in g. It would contribute the
following to the O(g?) term in Eq.(9.195):

% (1 _Z,f) /01 udu/ol dve—w [euv:f: (1 _:Z;f: ) 9, (1 _:J:,:f: ) g} (9.196)

A similar statement can be made with Eq.(9.194).
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In actual calculations, the opeartion (1 —e~f*)/:f: is not easy to perform as is.
In that case, one may prefer an alternative expression for Eq.(9.197) by noting

(%) nX) = (/01 du e—“:f:) h(X) = /01 du h(e=" 1 X)

1
= efthi — eifiexp {/ du e_”:f:hi} (9.198)
0

What is the physical meaning of Eq.(9.198)7 A kick by a slice of h at location
s = ulL is, to first order in h, equivalent to a kick h(e™*%/*X) at the biginning
of the element. The effect of e=**/* is just to transform the slice kick to the
biginning of the element. The integration is then to sum up these kicks of the
slices.

BCH Formula — Third Form A third form of the BCH formula which is
similar to the first form except that it is more symmetric looking,

efiggoift — gih (9199)

where

1

= 2f+g+3 ng——f g+%f 9—%9 f

+ %:f::g:3f+4—5:g::f: g—@:f: :g:2f—|—%:g: F2g+0((f,9)7)(9.200)

The symmetry has the consequence that there are no even-order terms on the
right hand side of Eq.(9.200). The symmetry makes the algebra simpler. In
practice, Eqgs.(9.199-9.200) apply when the particle motion is observed at the
middle of some element in the accelerator. The proof of Eqgs.(9.199-9.200) is
provided in Exercise 54.

BCH Formula — Fourth Form Finally the fourth form of the BCH formula

is when the right hand side of Eq.(9.200) is summed over g while keeping only
to first order in f. This yields

B - [g+(1) (] et
= el () e ( ) o]

= exp [:g: +: (:g:coth(;) ) D+ :O(fQ):} (9.201)

In other words, if we let
elieivel = ¢l (9.202)

then

h=g+:g: coth(ﬁ)f +O(f?) (9.203)

2
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If g is also small, we can expand Eq.(9.203) in power series in g. The result
agrees with Eq.(9.200) as it should. In the first and second lines of Eq.(9.201),
we have applied Eqs.(9.194) and (9.195) respectively.

One can also apply the BCH formula to find h in Eq.(9.202) when f is not
small but g is small. The result is

e:fzetg:e:f: — e:2f: exp(:efzf:g:)
= oxp {zzf: +: (1_26%) (77 g): + 0(92)}
= exp {:2]‘: +: (sinzljlc::f:) g:+ (9(92)] (9.204)

Again, expanding for small f gives an expression consistent with Eq.(9.200).

We have thus introduced four forms of the BCH formula. The first form is
given by Eqs.(9.191-9.193), the second form by (9.194-9.195), the third form by
(9.199-9.200), the fourth by (9.202-9.204). These formulae are applied often in
later sections.

FExercise 44 Find explicit equations of motion for the Hamiltonians
given in Eqgs.(9.182) and (9.183).1¢
Solution (a) For dipoles,

= aiH _ Dz
Ops 1496
oo OH 6 =
Pe = Tor T 2
) OH _ 1y
Y op, 140
OH
/
= -2 0
by By
OH x  pi+pl x 1
oo - _ = ey v 12 /2
S e e A
OH
Yy = —=0 = §=const (9.205)
0z
Note ;zllat Pz # 2’ and p, # y'. Equations (9.205) can be combined
to yie
" 1 6 "
"+ = y' =0 (9.206)

+0)p2" ~ 1+

Closed form expressions of z(s) and y(s) can be found by solving
Eq.(9.206).

46One should note however that no explicit use of these equations of motion has been made
in the text.
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(b) For quadrupoles,

K K
1! 1
= - = y= 2
x +1+6£E 0, vy oY 0 (9.207)
(c) For sextupoles,
25
" 2 2 "
_ = — = 2
x +1+5(x y?)=0, vy 5%y 0 (9.208)

(d) For octupoles,

A
(2 = 32y*) =0, y'+ ——(y*—32%y) =0 (9.209)

1!
T 1+6

1+9

(e) For a general multipole, we have the longitudinal component of
the vector potential

1 PO .Y . \m+1
— — 21
R Re[(An + iAn)(x 4+ iy)" 7] (9.210)

S

which gives a magnetic field
. PO Y -\
By +iB, = ?()\n + i) (x + 1y) (9.211)

The Hamiltonian (9.183) is simply

eAg

1
H =
cPy + 2(1+49)

(02 +py) (9.212)

and the equations of motion are

1 -
/" —_— , ) n =
T+ +6Re[()\" +iA,)(x +iy)"] =0

1 _
" _——— ) 3 n =
Vi To 6Im[()\n +id)(z +iy)"] =0 (9.213)

Exercise 45 Given the Hamiltonian (9.182) of a quadrupole, find
the matrix representation of the map exp(: — LH:) for the vector
(T, D25 Y, Py)-

Solution Write the map as exp(:fa2:), where § is regarded as a con-
stant. Since x and y motions are decoupled, we can treat them
separately with fo = fo, + fay. For the  motion, fs, can be written
as Eqs.(9.73) and (9.77) with

L

=KL, b= = —
a , 0, ¢ 140

(9.214)

The matrix form can be obtained by applying Eq.(9.84). Similarly
we obtain the matrix for the y motion. By combining the = and y
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results, we obtain the matrix representation of the map, assuming
K > 0 and defining § = \/KL?/(1 4+ 9),

cos ﬁ sin 0 0 0
— @ sin 6 cosf 0 0
0 0 cosh 0 ﬁ sinh 6
0 0 (H# sinh 6 cosh @

(9.215)
Note that had we used (z,2’,y,y’) as vector, the transformation
matrix would be slightly different:

cos % sin 6 0 0
0 .
—zsinf  cosd 0 0 91
0 0 cosh 6 % sinh 6 (9.216)
0 0 % sinh® cosh@

Using the dynamical variables p, and p,, the map (9.215) is actually
nonlinear in §. Note also that the path length variation, determined
by the z’ equation, is a nonlinear effect, which can not be represented
by a matrix.*” These nonlinear effects, however, are small, and it is
often possible to ignore them by making the approximation (9.184).

Ezxercise 46 Repeat the above exercise for dipole magnets for the
vector (z,pg,Y, Dy, 2,0). In this problem, treat ¢ as a dynamical
variable instead of a constant. Ignore nonlinear effects by making
the approximation (9.184).

Solution The y-motion is separated from the z- and z-motions. To
describe the y-motion, we have

L
fay = =3Py (9.217)
which is just equivalent to a drift space. The remaining f> that
describes the x- and z-motions is

L L , L

=26 — ——a - Zp? 9.218
I2 p$ 2p29€ 22% ( )
Knowing Eqs.(9.217-9.218), the 6 x 6 transformation matrix is found
to be
[ L s (L LY T
cos (;) psin (;) 0 0 0 p—pcos (;)
1o (L L (L
—, sin (;) coS (;) 0 0 O sin (;)
0 0 1 L 0 0
0 0 0 1 0 0
—sin (%) —p + pcos (%) 0 0 1 —L+psin (%)
L 0 0 0 0 0 1 i
(9.219)

47The same nonlinear effect appears in a drift space. In this sense, a drift space is a nonlinear
element.
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Ezxercise 47 Find the path length change Az as a particle passes
through a quadrupole of strength K and length L to order O(L?).
Solution At the exit of the quadrupole, we have

2(L) = e Mg x_x,
{»—L[H, z]—l—%[H, [H, z]]— %[H, [H,[H,2]]] +O(L*)} x=x,

With H given in Eq.(9.182), we find

1.4 = gy 02 + 1)

(1.2 = g ome = wmy)

2
(1+4)2
0. KL?

L
— Az = z(L) — 20 = —5(1;62 —|—y0 ) + m(iol‘g — yoyé)

K?L3

[H, [H,[H,2]]] = (@* + %)

Equations (9.215) and (9.220) constitute the map for the quadrupole.

Ezercise 48 Find the Taylor map, to order O(\), for (z,ps,y, py)
for a thick octupole of strength .
Solution The Lie map is

— 1 1
e LH: where H = Q(pf; +p12/) + Z)‘(x4 — 627y +y*) (9.221)

The result is

LH: 1 1
e bHy — x+me—§L2)\(:c3—3xy2)+ng)\[Bpm(yz—x2)+6xypy}

1 1
+ ZL4)\(—xpi+xp§+2ypzpy)+%L5>\(3pmp§ —p2)+0(\?)

_.TH. 3
e~ i, Dy — L)\(ac3 — 3xy2) + §L2)\[pr(y2 — xZ) + 2zyp,]

1
L2 Nap?, —apy = 2ypepy) + 5 L ABpap) =)+ O(N?)
(9.222)

Results for the y-dimension can be obtained by switching z and y
in Eq.(9.222).

Ezercise 49 Consider a map M that depends on a parameter a, and
can be written as M(a) = ¢™®)* with some function h(a) [h(a) is
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also a function of X]. Show that

th:
dM - (6 1) dh, (9.223)

da :h: da’

Equation (9.223) is a useful formula. It gives an expression of dM /da
when the expression of an exponential map M («) is known.
Solution Consider the map

M = eifhle): (9.224)
where the dummy variable 8 will set to 1 later. Define

dM

A= —M"1 9.225
o ( )
Then we have
dA d dM dM dMm—1
= ESm
dg da df da dB
d dM
= [—(ChM)M ' — —M 1
[, (M) o
d:h: dh
= — +:hA—Ah=:—:—:Ah: 9.226
do + do ( )
where the last step used Eq.(9.49). The solution to (9.226) is
efh 1\ dh
A= —— ) —: 9.227
< :h: > da ( )

as can be seen by back substitution. Having established Eq.(9.227),
Eq.(9.223) follows by setting 8 = 1.

Exercise 50 Prove the first form of the BCH formula, Eqs.(9.191-
9.193).
Solution Consider

eofigas = gh@) = M(«) (9.228)
which gives
dM
%M_lzzf:—l—M:g:M_l::f—l—Mg: (9.229)
Using Eq.(9.223), we obtain
el — 1\ dh
Mg = — 9.230
f+Mg < :h: ) do ( )
Let
h = ahy 4+ a?hy + a®hs + a*hy + hs + ... (9.231)
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Expand (9.230) in powers of «, the left-hand-side is given by

e 1 1 1
LHS = f+elg=f+g+ :h:g+§:h:2g+6:h:3g + ﬂ:h:4g+(’)(a5)

1
f+g+alhi:g) +a®(hyg + §:h1:29)
1 1 1
+a(chg:g + izhlz:hgzg + izhgzzhl:g + E:hlzgg)
1 1 1
+at(hy:g + E:hlz:hg:g + izhgzzg + §:h3::h1:g (9.232)

1 1 1 1
Z:hy:2he: Zihgithy:? —:hy::hoiihy: Sy
+61 2g+62 19+61 2 1g+241g)
The right-hand-side of Eq.(9.230) is

1 1 1 1
HS = (14 =:h:+ =:h2 + —:h:3 + —:ht 2
RHS (—|—2h—|—6 —|—24 —|—120h)(h1+ aho

+3a2hs + 4a3hy + 5a4h5)

1 1
= h1+a(2h2)+a2(§:h1:h2+3h3)+a3(6:h1:2h2+:h1:h3+4h4)
1 1

1
:hy:2hs+=:hoihg —
3 3+2 23—

1
Zh222h1+ﬂ2h123h2)
(9.233)

3
+ C¥4(5h5+52h12h4+

Equating the a coeffiecients of both sides and applying the identity
(9.53) give

0= h=f+g
Oy = hy= %:f:g

1 1 1 1
2 hs = =(:ha: Zihythy) = —: f:? —:q:?
O(a®) = h3 3( 2.9+ 5 2) 12f g+12gf
) 1 1 1 . 1
(9(043) = hy= 1(:h3:g + §:h1::h2:g + E:hlzdg - ézhlzzhg —:hy:h3)
1 2

1 1 1 1 1
O’ = hs= g(:h4:g—|—§:h1::h3:g—|— §:h2:29+ §:h3::h1:g+ E:hlzzzhgzg

+%Zh211h1129+%Ihliihziihligﬁ-iihl#g—gih13h4
—%1h112h3 - %Ih%hg + %2h212h1 - ilhﬁ%z)

= —%O:f:“g + %:g::fr?’g + 310:9:2:1"129 + 1—;);f;2;g;2f
+%:f¢g:?’f — 77101914f (9.234)

This completes the proof of the first form of BCH formula when «
is set to 1.
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Ezxercise 51 Prove the second form of the BCH formula, Eq.(9.194).
Solution Consider

eoz:f:e:g: _ e:h(a): =M
dM

i Mt =:f: (9.235)

With Eq.(9.223), we have
el — 1Y dh
- a 2
! ( :h: ) do (9.236)

h:g+ah1+a2h2+...

Define

To the leading order in «, Eq.(9.236) gives
er — 1
(=)
:g:

hy = ( -9: )f — Q.ED. (9.237)

e —1

or

Exercise 52 Prove the other second form of the BCH formula, Eq.(9.195).
Solution Let

e:f:ea:g: _ e:h(a): =M
dM
== M1— =4 9.238
o = (9.238)

At the same time, it can be shown that

dM 1—e= Y\ dh
M1 — = —) = 2
da ( :h: ) da (9:239)
Combining Eqs.(9.238-9.239), we have
1—e M\ dh
=(— — 9.240
g ( :h: ) da ( )
Define
h=f+ahi +a’hy + ... (9.241)
To the leading order in «, Eq.(9.240) gives
1— —:f:
g= (L) ha (9.242)
:f:
or
m=(—")y —qED (9.243)
1—e:f:
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Solution (alternative) Start with Eq.(9.194) which is valid for small
f. Sandwitch it by €9 from the left and e™*9' from the right. This
yields

= e o+ (2200 ) voury] o2

Exchanging f and g then proves Eq.(9.195).

Exercise 53 Prove the second order expression (9.196).
Solution To deal with the second order terms, instead of Eq.(9.242),
we start with
1—e —:h:
9=\—%— (h1 + 2achs) (9.245)

The operator in Eq.(9.245) can be written as

<71 _.e_ " ) / dB =P +ahu: (9.246)

If we denote the operator e~ 2/t by M| then

()L (v

We need to compute dM/da. Tt follows from Eq.(9.223) that

n dM
a= ada

a=o> +0(a?)  (9.247)

dM (eﬁ:f+ah1: _

o = 1) Bhy: e~ Piltah: (9.248)

B:f + ahy:
Substituting Eq.(9.248) into Eq.(9.247) yields

—:h: 1 —PJ
N R
N 0 T

(9.249)
Substituting Eq.(9.249) into Eq.(9.245) yields

1 —G:f:
:/O dg [e_ﬁzf: +a: (e;fif—l> Bhy: e_ﬁ:f:] (h1 + 2ahs)
(9.250)

Terms independent of o and terms first order in o must separately
be equal on the two sides of Eq.(9.250). The terms constant in «
gives simply Eq.(9.243). Terms linear in « give

1 e~ B:f _
0:/0 dg e*ﬁﬁf=2h2+/ dg ( 5T >5h1 e Py (9.251)
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Substituting h; from Eq.(9.243) then gives

i f: 1 —B:f: _ L.
0=9 (1 :ef: h2+A dﬁ |:<61T—f1) 976_51]0: (l_g_f)g:|
1 :f: ! e Pfi1 B f :f:
- et L)

(9.252)

which in turn can be written in the form (9.196). By a change of
variables from v to v' = u(1 — v), Eq.(9.196) also can be written as

1 f: ! “ s f: i f:
(=) [ el (Eo) e (250)1

(9.253)

Ezercise 54 Prove the third form of the BCH formula (9.199-9.200).
Solution Consider

eafigag gafi _ e:h(a): = M(Oé) (9254)
We have
M~ a) = e gm0 700t = M (—q)
— e—:}L(a): — €:h(_a):, or — h(a) = h(—a) (9255)

i.e. the function h(«) is an odd function of . Let
h(@) = ahy + a’hg + ®hs + .. (9.256)

We then consider

M
dM (o) = :f:M—f—e:O‘f::g:e:“g:e:(’f:+M:f:
da
M
CZ—M_l = fiteigeT W L Mf MY
o

= fi+: g4 M (9.257)

where use has been made of Table 5. We now combine Eqs.(9.223)
and (9.257) to obtain

o 1\ dh
f+Mf+e'°‘f'g:<e - )@ (9.258)

Expand both sides of Eq.(9.258) in powers of a. The left-hand-side
reads

gty 1og. 1oy
f+f+.h.f+2.h. f+6.h. f+24.h. f
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1 1 1 )
+9+ a:fig+ §a2¢f52g + 6a31f139 + ﬂa4if549 +0(a”)

1
= 2f+g+a(hif+:fi9) + 5o’ Chif +:f7g)
1 1
—l—oz?’(gzhl:?’f + :hz:f + E:f:?’g)
1 1 1 1
+a4(§:h3::h1:f + §:h1::h3:f + ﬂ:hﬁlf + ﬂ:f:‘lg) + 0(&5)
(9.259)

The right-hand-side of Eq.(9.258) reads
1 Lo, boa 1 4 2 4 5
(1—|—§:h:+6:h: —|—2—4:h: —|—m:h: )(h1+3ahs+5a"hs)+0(a”)
1 3
= hy +3a%hs + a3(§:h3:h1 + 5ihahs)

1 1 5
+at(5hs + §;h1;2h3 + é:hl::hgzhl) +0(a”) (9.260)
We then equate for each order of o on both sides of Eq.(9.258),

O’ = h=2f+yg
Oy = 0=:hi:f+:fg
= 0=:g9:f+:f:g, satisfied automatically
1 1
O(®) = 3h3 = §:h1:2f + E:f:QQ
1 1
=  hy= —:g:2f — =:f:2
s=gof— gy
5 1 3 1., 1,
O’y = §:h3:h1 —|—§:h1:h3 = gzhlz f+:hs:f+ E:f: g
= satisfied automatically
1 1
O(Oé4) — 5hs + §Ih122h3+ Elhliihgihl
R S S S S AP SNE
= 2h3h1f+ 2h1h3f—|— 24.h1. f—|- 24f q
_1..4 1..4 i
= 120h1 f+ 120f g+ 10h3gf

1 1 9
—:hy:hs: f — —:hy: .261
+1O hy::hs:f 5 hi:*hs (9.261)

- hs

One still needs to substitute hy and hsz into the hs expression above.
We first note, using property (9.53), that

hitf = —8:ftg+8:f:2g2 f4+2: g3 f—4iguf3g
—4:g:%f 249t f
1 1 1 1
thgigif = E:f::g:?’f + E:g:Q:f:Qg + B:f:Q:g:Zf + E:g::f:?’g
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1 1 1 1 .
hychs:f = fg:fzzzgzzf + ézg:Q:f:Qg + g:f:4g + 6:9::]‘:39
1 2 1
:hi:?hy = ng::g:?’f—g:f:4g+:f:2:g:2f+6:g:4f
1 1
—gzg::f:3g—§:g:2:f:2g (9.262)

Substituting into Eq.(9.261) and simplifying give

7 1 1 1
h = — 14 —_ 121 22 — ] 23 —.q:: 23
5 360fg 6Ofgf+90fg f+45gfg
1 2 2 1 4
—:q:%: f:°g — —:q: 2
+35°9 [y 360°9 f (9.263)

Substituting hi, hs and hs into Eq.(9.256) and setting o = 1 then
give the result (9.200).

Ezxercise 55 On the right hand side of Eq.(9.197), the ordering of
the two factor maps are as chosen. Show that one could choose the
reversed ordering to obtain

= =P [: (/01 du 6“*) g:} el (9.264)

A generalization of Eq.(9.264) and several applications can be found
following Eqs.(9.421-9.422) later.

Exercise 56 Concatenate the map

e—:2f2:eif2+f3¢€3f2+935 (9265)

into a form .
eha TOXT): (9.266)

Find hj3 in terms of fs, f3, and gs.
Solution

1
hs = / du e "2 (e7 2 fa 4 g3) (9.267)
0

Exercise 57 (a) Concatenate the map
e/t eIty (9.268)

to first order in g, assuming ¢ is small but f is not. (b) Consider two
short-but-strong sextupoles, each of the same length L but opposite
polarity S and —S. Consider L to be short, but S strong in such
a way that SL is held fixed. Arrange these two sextupoles back to
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back. The leading effect is that these two sextupoles will cancel each
other, but the cancellation is not complete and one ends up with a
residual error map. Apply the result in (a) to find this residual
error map to leading order in L (but to all orders in LS). Consider
on-momentum particles only.

Solution (a) The result is not %' but

exp {:2 <6ff1) g—|—0(g2):] —exp [:2 (/01 du e“:f:> g—{—(’)(gQ):}

(9.269)

(b) The map is given by Eq.(9.268) with

LS L
f= —?(x?’ —3zy?), g= —E(pi +p;) (9.270)

and ¢ is small and f is not small. Applying Eq.(9.269) gives the
residual map

exp [f:L (pz +p§ — LSp(z® — y?) + 2LSpyxy
1 4
+§L2SQ(9€2 — )%+ §L252x2y2) + O(LQ):] (9.271)

FExercise 58 Consider a thick-lens sextupole which is represented by
the map [see Eq.(9.182)]

thaha: ha = =5 (07 +p})
M = ¢h2ths: - wh 2T T 2Ve Ty 9.272
e , Where {h,g _ —%S(xB _ 3xy2) ( )

The map M can be factorized to read
M = e:hg:e:g3:e:O(X4): (9273)

where g3 is a homogeneous 3-rd order polynomial in X. Find gs.
Find the thin-lens limit of the result.
Solution Apply Eq.(9.197-9.198)to obtain

1
g3 = / du hs(e”“h2 X)
0
1 ' 3 2
= —§SL dul(z — ulpy)” — 3(x — ulpg)(y — ulpy)”]
0

1 1
= —gSL[x?’ - ngsz + L?xp? — ZL?’pi — 3y + ;mey2

3
+3Layp, — 2L%yp.p, — Lprz + ZLSPIP?J] (9.274)

Take the thin-lens limit L — 0, S — oo, while holding LS fixed, this
reduces to

L
g3 — —S?(gc‘r3 — 3xy?) (9.275)
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FExercise 59 Factorize the map
expl:az® + bx?p + cap?® + dp*] (9.276)

into the form
. 3. . 2 . . 2. . 3. . 4. . 3. . 2. 2, 3. . 4. . 5.
‘Ax AG.B;E p.e.Ca:p 4€.Dp : Ex .e.Fa: p.e.G;E p Ae.Hzp .e.Ip .GAO(X ):

e

(9.277)
Apply both Eqs.(9.276-9.277) to x and p. Show that the results
agree to order O(X?). This factorization can be useful as one can
apply the monomial map formula (9.128) to Eq.(9.277). See also
Exercise 37.
Solution

e

A=a, B=b, C=c¢, D=d
E = fgab, F=-3ac, G= —;(3ad+ bc)
H=-3bd, I= —gcd (9.278)
Ezxercise 60 The BCH formula can of course be applied to concate-
nate two linear maps. Take for example the first form, Eq.(9.191-

9.192). It follows that given two matrices A and B of the same
dimension, they can be concatenated as

etel =@ (9.279)
where
1 1 1
C = A+ B+ {A, B3+ S {A{A BI+ S {B, {B, A}}+... (9.:280)

where we have used the curly brackets to mean the commutators of
matrices. Note that C contains only A and B and their commuta-
tors. No stand-alone terms like A2, AB or A?B, etc. appear.
Solution To demonstrate Eq.(9.280), start with the BCH formula.
Consider the quadratic forms

1= 1=

where F and G are symmetric matrices. Equations (9.92-9.93) and
(9.191-9.192) say that

edGeSt = SH (9.282)

where H is a symmetric matrix for which the corresponding quadratic
form hge = f%XHX satisfies

ha = For ol 021+ 35 1o o, gall+ 5l o, ol .. (9.289)
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where the square brackets are the Poisson brackets. We want to use
this property to prove Eq.(9.280), at least for the special case when
A and B can be written as SG and SF respectively where F' and G
are symmetric matrices. To do that, note that

10(FapXaXp) o O(Gre X, Xs)
4 09X, X

- 1 -~
FotXaStmGymXy = XFSGX = —- X(GSF-FSG)X
(9.284)

[fzagz]

We have therefore demonstrated that [fa, g2] is a quadratic form,
and its corresponding matrix is given by

GSF — FSG = —-S{SG,SF'} (9.285)
In the last step of Eq.(9.284), we have used the fact that
FSG = —(GSF) (9.286)
to assure the symmetry of the matrix (9.285). Using Eq.(9.286), it
follows that [f2, [f2, g2]] is also a quadratic form, and its correspond-
ing matrix is
—S{S(-S{SG,SF}),SF} = —S{SF,{SF,SG}}
The quadratic form ho therefore is given by the matrix
H — FiG- %S{SG,SF} - %S{SF, (SF,SG}}
7%5{5(1, (SG,SF}} + ...
or
SH — SF+SG+ %{SG, SF} 4+ 1—12{SF, (SF.SGY)
P {SCL{SG.SF)) + .. (9.287)
which proves Eq.(9.280) if one identifies A = SF, B = SG,C = SH.

9.5 Localized rf Cavity

In the following sections, we will apply the Lie algebra techniques to several
accelerator applications, including

localized rf cavities

a single localized sextupole
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distribution of multipoles
multipole correction algorithms
higher order chromaticities
achromats

resonance strengths

To fully address these applications, it turns out there is one more important
technique we still need to learn, namely the normal form technique to be covered
later. But we will consider a few simpler applications first before we discuss nor-
mal forms. As a first application of the techniques developed so far,[7] consider
the longitudinal particle motion whose dynamic variables are (z,d). Consider
an rf cavity located at s = 0, whose action on particle motion is given by the
map

z2=2zy, O0=200p— Vsinkz (9.288)

where V and k are related to the voltage and frequency of the rf cavity. Repre-
sent the rest of the accelerator by the simple map

z=2z9+ ady, 6 =0dy (9289)

where « is related to the momentum compaction factor of the accelerator design.
Here, a > 0 is below transition; oo < 0 is above transition.

Strictly speaking, the system described by Eqgs.(9.288-9.289) is not inte-
grable. But to the extent that a power series converges, it is at least approx-
imately integrable when some appropriate parameters are “small”, and in this
sense, there is an invariant of the motion. In this first application of the Lie
techniques, we will find this invariant. In fact, we will find several expressions
of this invariant, each applicable in its own validity range of the parameters.

We will first find an expression of the invariant when both o and V' are small
in some sense. The two maps (9.288-9.289) are both close to the identity map.
Let us first write them in their Lie algebraic forms (see Table 4),

Mew = exp(: f/ dz'Vsinkz':) = exp [: — %(1 — cos kz)]
0
1
Myee = exp(:— 50452:) (9.290)

Observe the particle motion at the exact middle of the rf cavity, the one-turn
map is

Moy j2oMaccMeay /2 = exp [: - %(1 — cos k:z)] exp(: — %a(SQ:)
14
X exp |: — ﬁ(l —coskz): (9.291)
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This map can be concatenated using the 3rd form of the BCH formula, Egs.(9.199-
9.200), if we identify

Vv
f = _ﬂ(l — coskz)
1
g = —§a52 (9.292)
In the concatenation procedure, we note
1 .
g f = —EVa(Ssmkz
1
g2 f = —§Va2k:52 coskz
1
g3f = §Va3k‘263 sin kz
1
gtf = §V0¢4k364 coskz
1
fig = §Voc5sinkz
1
fPg = 71V2asin2 kz
f3¢g = 0
3
fuglf = —ZV2a3k2(52$in2kz
1
fug?f = ZVQan(S sin 2kz
1
frigtf = —ngan‘ sin kz sin 2kz
1
guflg = —ZVQané sin 2kz
1
g fPg = —§V2a3k262 cos 2kz (9.293)
After concatenation, the one-turn map becomes e, where
1 1%
h = —50452 — %(1 —coskz)
1 1
fEVoaszQ coskz + 2—4‘/204 sin? kz
1 - 1
f%Vo/lk‘S(;LL coskz + mV2a3k2§2(3Sin2 kz —2)
1
+@V3a2k sin kzsin 2kz + O((V, a)") (9.294)

Why are we interested in h? Because it is an invariant of the motion. That
is, if we measure (z,d) of a particle turn after turn as it passes by the middle
of the rf cavity, and calculate the value of h(z,d), we will find that the value
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of h does not vary from turn to turn.*® More importantly, we are interested
in A not only because h is an invariant, but also because —h is the effective
Hamiltonian of the system. By finding h, we have replaced the discrete system
consisting of piecewise constant Hamiltonians by a smooth system which has an
s-independent Hamiltonian —h. This smooth system is of course much simpler
to handle than the original discrete system. In fact, having found A, the problem
has been “integrated”.
For Eq.(9.294) to be an invariant, the series expansion must converge. This
applies when .
lkaV| <« 1, |kad] <1 (9.295)

where § is the peak value of § during the evolution of the particle under consid-
eration. For particles inside the rf bucket, § < bucket height. Since the bucket
height = /4V/ka, the second condition of (9.295) is satisfied for particles inside
the rf bucket if the first condition of (9.295) is satisfied. [For an idea of what
does the rf bucket looks like, see Fig.9.3(a).]

One may also try to find an expression of the invariant in case kaV is small
but kad is not necessarily small by applying the 4-th BCH form (9.202-9.203).
With f and g defined in Eq.(9.292), one obtains an invariant to first order in V'
which holds for particles outside the rf bucket. We note that

-
= (gt L= —% (aé%)co‘ch(%&%) (1— et
= —% + %(a(%k) coth(%éik:)e““
= —% + ;/—k(aék;) cot O‘T(Ske’?’“ (9.296)

In the above expressions, only the real parts are meaningful, and we have used
the fact that i coth(iz) = cot z. Substituting Eq.(9.296) into Eq.(9.203) gives
1 Vo1 ok
h=—-ad®— — + —adV cot =~ coskz + oWV?) (9.297)
2 k2 2
If kad is also small, Eq.(9.297) agrees with (9.294) to first order in V.
The 4-th BCH form also can be used to obtain an expression when kad is
small, but kaV is not necessarily small. It follows from Eq.(9.204) that

h = 2f+(sin:1{::f:)g+0(a2)
= 2f—|—(1—%:f:2+£7():f:4+...)g+0(a2)

— 24 (1- é:f?)g +0(a?)

48provided h exists. If the power series expansion (9.294) does not converge, for example,
then A may not exist. In that case, there is not an invariant, and the system is not integrable.
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% 1 1
= —E(l —coskz) — 5@(52 + ﬂV2a sinkz + O(a?)  (9.298)

Again, this expression is consistent with Eq.(9.294) in the appropriate limit.

As mentioned, —h also has the meaning of being the one-turn effective Hamil-
tonian. For example, if one is interested in the one-turn equations of motion to
first order in «, one may use Eq.(9.298) to obtain

dz Oh

— = _—— = 2

o 2% ad + O(a”)

do Oh . 1 . 2

e el —V[sinkz — ﬂakV sin 2kz] + O(a?) (9.299)

where n is a turn number index which increases by 1 per turn. What we have
shown is that the discrete maps (9.288-9.289) are approximately equivalent to
the continuous evolution (9.299), provided the particle motion is observed only
at discrete times at the middle of the rf cavity when n = integers.

Sometimes it is more useful to find an invariant which is valid when the
dynamical varables z and ¢ are small, i.e. when the synchrotron motion is close
to the origin of the phase space. In this representation, V' and a do not have to
be small. To do so, let us write the map of half of the the rf cavity as

\%4 . .
Mcav/Z = €exp | — %(1 — COS I{/’Z) = e'f2+fNL' (9300)

where f5 is the term in f that is quadratic in the dynamic variables, and fnr,
contains the remaining, higher order nonlinear terms of f, i.e.

L2 = —Zkzz
\% 1
L = _ﬂ(l —coskz — 516222) (9.301)
Since : f5: and : fn1,: commute, we have
Mgy o = el2eN: = eifruieit: (9.302)
The one-turn map then reads
M = efnigifaigigzigifoioifes (9.303)
where g = —%a(52 has been designated as go because it is second order in §.

The three operators in the middle of Eq.(9.303) describe the linearized syn-
chrotron motion, which we designate as

M,y = el e92 ¢ f2 (9.304)

The action of Ms on the vector X = (z,d) can be described most conveniently
by a matrix [see Eqs.(9.288-9.289)]

1 0 1 « 1 0
My = [—%kV 1] [o 1H—§kv 1}
—1kva «
_ 2
= [—kV—i—%kQVQa 1—%kVa] (9:305)
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For sufficiently small z and d, we can ignore the nonlinear effects described
by fnrL. The one-turn map is just the linear map Ms. Let us first find the
“Courant-Snyder” invariant of this linear system. This means we are looking
for a quadratic invariant, which is solely determined by M.

Let the Lie representation of My be written as exp(:Fy:). Let Fy be written
as —%X FX, where F' is a symmetric matrix parametrized as Eq.(9.77). By
applying the Hamilton-Cayley technique using Eq.(9.86), we obtain

0 o

a = —sinpy, b=0, c= - (9.306)
a sin p

where p is determined by
1
cosp=1-— ikVoz (9.307)

For stability of the system, we must have 4 > kV«a > 0. We will choose p to be
between 0 and 7.
The quadratic invariant — the Courant-Snyder invariant — is given by

1
B = —§(az2—|—2bz6—|—c52)

posing , | a
—= —0 .
2( o Jrsin,u ) (9.308)
We next look for the higher order terms of the invariant. To do this, we will
apply Eq.(9.203) to the one-turn map

M = efnuigife:gifne: (9.309)
To first order in fyr,, the invariant is given by

Fy:
h = F2 + ZFQZ coth (T2> fNL (9310)

To calculate the invariant, therefore, we need to find :Fj: coth(:Fz:/2) fnL.
We learned before that an exponential operator operating on a complicated
function can be simplified by using (see Table 5) efig(X) = g(ef*X). But
here we have a complicated operator operating on a complicated function, and
the question is how to proceed. The answer lies in the idea of eigenmodes. To
appreciate this, note that the complicated operator is made up of : F5:, which is a
much simpler object. If the function fxi, to be operated on can be decomposed
into some eigenmodes of the operator :Fs:, then the calculation will simplify
considerably. So our first job is to find these eigenmodes of :Fj:.4°

We first simplify the expression of F5 by introducing the dynamical variables

sin p |a]

Z=z , =06y — (9.311)
|| sin p

49We are touching upon the topic of normal forms.
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This is a canonical transformation because the fundamential Poisson brackets
are preserved (see Exercise 2):

[2,0] = [2,0] =1 (9.312)

This means we can treat (2,6) as the new dynamical variables. The new F
reads

Py = —%(*2 +82) (9.313)
Applying :F»: on %z and 6 gives
z )
Fy: 51 =H sgn(a) s (9.314)

One then notes that if we apply :Fy: to Z & 48, we obtain
Fy:(2410) = Fi sgn(a)p (2 £i6) (9.315)

This means (Z + i5) are eigenmodes of :Fy: with eigenvalues Fi sgn(a)u. We
have thus found two eigenmodes of :F5:. But we need to find more such modes,
as is done next.

To simplify the consideration, below we will consider the case below tran-
sition only, with a > 0. Make another canonical transformation from (Z,6) to
(¢, A) according to>°

Z=+V2Asing, 6= +V2Acos¢p (9.316)
or
1 o = 1%
Azi(z +4%), ¢=tan 3 (9.317)
This is a canonical transformation because
[0, Al =1 (9.318)
The new F5 is
Fy=—uA (9.319)
It follows that
Fy:A=0, :Fep=p (9.320)

and that ¢™? is an eigenmode of : Fy: with eigenvalue inyu for any integer n, i.e.,
Fp:e™? = inpe'™? (9.321)

Equation (9.315) is just the special case of Eq.(9.321) with n = £1. We have
thus found a host of eigenmodes of the operator :Fy:. Furthermore, €/"? is also
an eigenmode of any function of :Fy:, i.e.,

G(:Fy:)e™? = G(inp)e™? (9.322)

50Remember that ¢ is the coordinate, A is the momentum, not the other way around.
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We are now ready to calculate :Fy: coth(:F:/2) fnr.. We first note that

1
u(z) = Engz‘l—i—(’)(zG)
1 o?

= Vi 2+ 02
48 sinzuz +O=)

2
- ivﬁ%ﬁsm‘*wom?’) (9.323)
12 sin®

We then decompose fyi, into a linear combination of the eigenmodes of :Fy: as

2
fan = Ly 0‘2 A%(e? — 429 4 6 — 4e7 20 £ e71P) L O(A3)  (9.324)
192" sin?p
We then find
F a? 4
:Fy: coth InL = 7‘/ ke —— A*[idp coth(i2p)e™?
192 sin® p

—i81 coth(iu)eﬂd’ + 12 4 i8u coth(—ip)e ™2
—idpu coth(—z’2u) T+ O(A%)
a?

= —Vk3

5 A2 (21 cot 2 cos 4¢ — 4pucot pcos 2¢ + 3) (9.325)

where we have used the fact that x cothx = 2 as  — 0 and that ¢ coth(iz) =
cot x. -
Equation (9.325) can be expressed in terms of (Z,d) coordinates as

042

By 3
Fy: coth( ) L = —Vk:3 [z4(%cot2u+ucotu+ Z)

48 sin?

- 3 3
+225%(=3pcot 2u + =) + 54(5 cot 2 — pucot pu + Z)] (9.326)

2

It can also be expressed in terms of the original coordinates (z,d). When sub-
stituted into the invariant expression (9.310), one obtains finally

posing , | a
h = —= —9
2( a : Jrsin,u )
1 o sin’p o, p 3
—Vk? (5 cot 2 tp+ = 9.327
+ 48 sin®pul o2 : (QCO ptpco ,u—|—4) ( )

2
+ 226%(—3pucot 2u + §) + %54(E cot 2y — pcot pt + §)] +0((2,0)%)
27 sinp 2 4

Equation (9.325) gives the effective Hamiltonian in the (¢, A) phase space.
This expression can be used to calculate the dependence of the synchrotron tune
on the longitudinal action A. See Exercise 97.

We can check the various invariants obtained in this section numerically as
illustrated in Fig.9.3. Figure 9.3(a) shows the turn-by-turn tracking result of the
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Figure 9.3: Tracking results of various invariants for the case of a localized rf.
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system described by Eqs.(9.288-9.289). The motion of a particle is observed as
it passes by the middle of the rf cavity turn after turn. The observed coordinates
(z,6) are plotted for 500 turns for three particles whose initial conditions are®!

1
first particle : (kz = 3.14 x 5,5 =0)

2
second particle : (kz = 3.14 x 3 §=0)
third particle : (kz = 3.14,0 = 0) (9.328)

The parameters used are k = 1,V = 0.3, = 0.3. The small-amplitude syn-
chrotron tune, determined by Eq.(9.307), is p/2m = 0.04793. The trajectory
of the third particle approximately traces out the boundary of the rf bucket,
within which particle motion is to be confined.

Figure 9.3(b) shows the numerical value of the approximate invariant given
by the first two terms [terms linear in («, V)] of Eq.(9.294) as a function of turn
number as the third particle circulates around the accelerator. If it is a true
invariant, this quantity would be constant. Figure 9.3(b) shows that it is not
an accurate invariant, although the vertical scale is rather expanded. Fig.9.3(c)
is the same as Fig.9.3(b) except that all terms in Eq.(9.294) are included, i.e.
Fig.9.3(c) is a plot of the 6-th order invariant. For convenience, in Figs.9.3(b)
and (c), the vertical coordinates refer to h+0.6, instead of the invariant h. It can
be seen that the invariant plotted in Fig.9.3(c) is indeed much more accurate
than that of Fig.9.3(b). For these figures, conditions (9.295) are reasonably
satisfied [kaV = 0.09, kad = 0.6 for the third particle].

Figure 9.3(d) plots the time evolution of h 4 0.6 where the invariant h is as
calculated using Eq.(9.297), an invariant for small kaV. Figure 9.3(e) shows
the same using Eq.(9.298), an invariant for small kad. One can also plot the
invariant h when it is calculated using Eq.(9.327) for the three particles. This
is shown in Fig.9.3(f). In this figure, note that the small-amplitude synchrotron
period is given by 2m/cos™!(1 — $kaV) ~ 20 turns. One observes that the
invariance holds for small amplitude particles better.

Exercise 61 Show that, when kaV < 1, the quadratic invariant
(9.308) is consistent with Eq.(9.294) for small z and 4.

Eaxercise 62 For small 1, check that Eq.(9.327) agrees with Eq.(9.294)
for small z and 4.

Exercise 63 (a) Consider the invariant (9.308) as the effective Hamil-
tonian. Derive and solve the effective one-turn equations of motion
for z and §. (b) Derive the equations of motion for the effective
Hamiltonian (9.327).

511n Fig.9.3(a), we are not exploring chaotic motions. Had we looked in great detail in the
phase space, there will be small regions where particle motion is chaotic. See Exercise 65.
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Ezxercise 64 Find the Courant-Snyder parameters for the linear mo-
tion described by Eq.(9.305). Plot 3(s) and «(s) as functions of s
around the accelerator.

Exercise 65 If one looks closely into Fig.9.3(a), one would notice
that there are particles in the neighborhood of the third particle
whose turn-to-turn trajectory behaves chaotically. To see this more
clearly, consider a case with V = 0.3, « = 0.3, and k£ = 8. We now
have kaV = 0.72, which is no longer < 1, and the series expan-
sions may no longer converge, especially for particles very close to
the unstable fixed points. Perform numerical tracking for a particle
with initial conditions (kz = 3.141,d = 0) to observe this chaotic
trajectory.
Solution The portion of the trajectory between kz = —4 to kz =4
is shown in Fig.9.4.

1
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Figure 9.4: Tracking results showing chaos.

Ezercise 66 Consider a 1-D motion of a particle going through an
accelerator element which has a length L and is described by the
equation of motion

2’ + Asinaxr =0 (9.329)

(a) Find the Lie map that describes the motion of a particle through
the element.

One may look for Taylor series approximations of this map in differ-
ent forms. Each form is valid when a certain parameter is small.
(b) Find the Taylor map up to third order in L. [Error terms are
O(L*).] This expression is valid when the element is short.

(c) Find the Taylor map up to third order in X for arbitrary values
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of L and A. This expression holds when particles considered are close
to the design orbit.
Solution (a)

L AL
M =exp |: — =p? — == (1 — cos ax): (9.330)
2 a
(b)
1 2 . 1 3 4

r = xo+ Lpy — EAL sin axg — éAaL po cos axg + O(LY)
1

p = po— ALsinaxy — 5)\aL2p0 COS

1
+6)\aL3 (Acos axg + ap?) sin axg + O(L*) (9.331)

(¢) To 4-th order in X, the map (9.330) can be written as

s LXa? ! s
M = &% exp @ / due™ "2zt ) (9.332)
24 0
where I I
_ L o LA o
fa=—gp 5 ¥ (9.333)
describes the linearized motion. With
x cosul) — —B= sinuf
o uif2 |:.%':| - [ . Via :| (9.334)
P vV Aax sin uf + p cos ub

where 6§ = v AaL is the betatron phase advance if only the linear
terms are kept, we have

. Lxa® [* :
M = el exp @ :/ du(mcosu@— P sinu@) :
24 " Jo Va
fa: . 9]94 : :
= e exp[. 768)\2L(129—8511126‘—|—sm46‘)
3
azp
— 4 20 — 4
—&—192)\( 3+ 4 cos20 — cos46)
abz?p? . a’x3p
+ T980L (40 — sin40) + 193 (=5 4+ 4 cos 20 + cos 46)
2] 2.4
+ 70(;892 (120 + 8sin 20 + sin 46) : | (9.335)

The 3rd order Taylor map is found to be

x o cosf + 2% sin 6 + o”rg (cos @ — cos 30 + 120 sin 6)
= 1 — 111
0 NZD) 192
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fazxipo

(—46 cos + 7sin O — sin 30)

64\L
2
+agg\90 (—cosf + cos 360 + 40 sin §)
+ o0 (—1260 cos § + 9sin O + sin 30)
19221
. Oz} . .
p = —xoVadsind + pocosb + 1921, (120 cos§ + 11sin @ + 3sin 30)
2,.2
+%(30050 — 3cos 30 + 46sinb)
Oawop? . .
+ G0 (460 cos 0 + 5sin @ — 3sin 30)
apg .
—l—m(— cosf + cos 30 + 40 sin 0) (9.336)

Equation (9.336) in the limit of small L and Eq.(9.331) in the limit
of small xy and py can be shown to be consistent.

9.6 Single Sextupole

The previous section considered the synchrotron motion of particles in an ac-
celerator which contains a single nonlinear thin-lens element, i.e. a localized
rf cavity. The rest of the accelerator is regarded as perfectly linear. A simi-
lar situation occurs in the transverse z- and y-dimensions. In this section, we
will consider a single thin-lens sextupole in a circular accelerator whose beam
dynamics is otherwise perfectly linear. One difference, however, is that in this
section, we are dealing with a 2-D system (4-D phase space). We consider
on-momentum particles, so the longitidinal motion is ignored.
The thin-lens sextupole has the map°?

My = € FH = exp[:\(2® — 329°)] (9.337)

where A = —%SL is the integrated strength of the thin-lens sextupole with .S the
quantity that appears in the Hamiltonian (9.182). To relate A to the physical
quantities, we have

A= —% Bip a; f;y (9.338)
The rest of the accelerator can be described by the map
Moo = €17 (9.339)
where
f2= —%(wf + 20,2, + Bopl) — %(wf +2ayyp, + Byp;)  (9:340)

520ne might compare Eq.(9.337) with Eq.(9.122), which applies when the y-motion is ig-
nored. If a particle has y = 0 and y’ = 0 initially, it will stay in the horizontal plane at all
times. For those particles, ignoring y-motion, applying Eq.(9.122) is legitimate.
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The quantities oy y, Bz,y and 7, 4 are the unperturbed Courant-Snyder param-
eters evaluated at the position of the sextupole.
We will observe the motion of a particle at the exit end of the sextupole.
The one-turn Lie map is
Machscxt (9341)

Effective Hamiltonian away from resonances We now concatenate the
two factor maps in Eq.(9.341) to become exp(: — C'Heg:), where C' is the ac-
celerator circumference, and the effective Hamiltonian Heg is an invariant. To
first order in the sextupole strength, we apply the BCH form (9.195) to obtain
the expression of the invariant as

h = fs+ (Jﬁ) Mz? = 3zy?) + O(\?) (9.342)

The O()\?) terms in Eq.(9.342) are small for two reasons. First, they are of
the order of A2, and are therefore small when the sextupole is weak. Second,
These terms are also of order (z,y)*, and are small near the origin of the phase
space. In what follows, we will simply drop these terms.??

We learned in the previous section that, to evaluate (9.342), we need to find
the eigenmodes of the operator : f>:. To do so, we make two successive canonical
transformations. The first is

_ T 0z + Bape
F=—ne = ozl fale (9.343)
VB ’ VB
or I+ D
"%l T Pz (9.344)

= ﬁati'a Pz = \/,8—

and similar pairs of expressions with x replaced by y. The function fo becomes

fo=—Er@* +52) - B + D) (9.345)
The second transformation is
T =+/24,8in¢,, Py =+/2A,cosd, (9.346)

and a similar pair of expressions with = replaced by y. Both transformations
(9.343-9.344) and (9.346) are canonical. The new expression of f is then

Jo = —pg Ay — pyAy (9.347)

The eigenmodes of : f5: are, as we found in the previous section, e’™=%=+iny ¢y
with eigenvalues ingp, + iny . That is,

fo:Ay =0, :fe:Ay, =0
foretMaPe T iuby = (in i, + iny i, )eMe PNy by (9.348)

53Be reminded that there are subtle nonlinear dynamics effects, such as higher order reso-
nances and chaotic effects, that feed on these higher order terms. Dropping the higher order
terms is daring, and must be done with caution.
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We now have

(%) ANo® — 329?) (9.349)

-4 (%) [(28:4,)%% sin® ¢, — 3(28,A2)"/*(28,4,) sin ¢, sin® ¢, ]

‘We then note that

_ % (1 :fz_i‘h.) (€365 _ 3eide | 3emide _ o=i30s)
iz
i 13y i3 13 by i —BUs g, —Bls  _ize,
N g(leii”ﬂwe —— +1fe“‘re T e C
_ 3 |sin(3¢, + %) sin(e, + ) (9.350)
8#90 sin 3% sin #TT '
and that
Hfar . 2
(ﬁ bln(bz Sin ¢y
i tfa: ipu+i2¢ i iy —i26
=< | ——— ) (" v —2e'7T 4 et v
8 (1 - 6:f2:> (

L ibeti20y | 9—ite _ g=ite—i2ey)

1 sin(¢y +2¢, + &2 +py) 1 sin(¢, + &)

= — < (o + 241y) : My 2 Lot pg—— 2
8 sin( 5 + py) 4

Sin(¢z - 2¢y + HTz - Ny)

sin(% 1)

(9.351)

1
— = (e — 211)

Substituting Eqs.(9.349-9.351) into (9.342) gives an expression of the effec-
tive Hamiltonian to first order in A,

3 sin(3¢, + —3““”) sin(¢, + &)
= — g Ay — Ay — S Mg (28, 45)%? 2/ 2
h pafe = pyAy = SMia(20:Az) [ sin e sin B
1 sin(dy + 26y + 52 + py)
A2, An) 220, 4,) | o+ 2y) O 2
vy 8 Y sin( 52 4 p1y)
1 sin(¢, + &) sin(pg — 20y + 4= — p1y)
i S AL I P 352
+4Mw sin & 8('% Hy) sin(5 — p1y) (9.352)

Resonances Note the expression (9.352) contains divergences when one of
the following resonance conditions is satisfied:

v, = integer
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3v, = integer
vy +2v, = integer
vy —2v, = integer (9.353)
where we have defined the tunes
Vpy = ’;’7;9 (9.354)

Away from resonances (9.353), Eq.(9.352) gives the expression of the invariant.
Near resonances, the above analysis leading to Eq.(9.352) breaks down. We
need to treat the problem differently, which we will do momentarily.

Note also that had we kept some higher order terms in A, we would have
found terms that diverge at higher order resonances. For example, had we kept
a term of order X%, the expression for A would contain a term of the type

<%) sin o, (9.355)
which diverges when v, = ixinteger. When dropping these higher order terms
in Eqgs.(9.342) and (9.352), therefore, we have inadvertantly dropped effects of
higher order resonances. This is of course quite serious. As a result, if one is
interested in knowing the effect of a higher order resonance, it is necessary to
keep terms of sufficiently high order for the resonance of interest. Even worse,
the question arises as to whether the expansion converges at all since there is
always some high order resonance of interest even if u, and pu, are irrational
numbers. We will not pursue these subtleties however, assuming that the higher
order resonances are sufficiently weak to be ignored.

Invariant near a single resonance To proceed, we now consider a 1-D
case. This can be obtained by considering only those particles with no y-motion
(y = 0,9 = 0) in the 2-D case. We will further drop the subscripts x. The
one-turn map then becomes

¢ Aigha’: (9.356)
The invariant, to first order in A and away from resonances, is
_ i — pA: 3
3 sin(3¢ + %) sin(¢ + £)
= —pA— SpA(2BA)3? 2o 2 9.357
pA = uA(264) sin % sin E (9.357)

The effective Hamiltonian is of course given by Heg = —h/C. Equation (9.357)
is just Eq.(9.352) when A, = 0.

Particles move in the phase space along contours of constant h. To study the
phase space topology, let us go from the (¢, A) back to the (Z,p) coordinates
according to Eq.(9.346). Then Eq.(9.357) becomes

W

3 3
h = —5(*2 +p%) — guAB3/Q@[(3ﬁ2 —7%) cot 7” — (2% +p?) cot % —47p] (9.358)
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Figure 9.5 shows these contours in the (Z, p) space for the case with v = /27 =
0.17 and %)\53/2 = 0.1. The four contours correspond to —h/u = 0.0137,0.0515,
0.109, and 0.180. As seen in Fig.9.5, a small-amplitude particle traces out
a circular contour in phase space. As the amplitude increases, the countour
distorts from a circle.

1.0 IS B — )

;

lal o.of—— j
-0.5 — —

1.0 : T I S R |

-1 -0.5 0 0.5 1

Figure 9.5: Phase space contour plots with a sextupole perturbation, away from
resonances.

The invariance of (9.357), and therefore the validity of Fig.9.5, requires v
and 3v to be away from an integer, i.e., away from resonances. To illustrate
how to deal with the situation when there is a resonance near by, consider the
case when

~ = 9.359
=~ (9.359)
where p is some integer. Let d be the distance of v from the resonance with
d
y— 1’%, ] < 1 (9.360)

The trick of treating the case near a resonance (9.359) is to observe the system
every 3 turns instead of every turn as we have been doing. The motion of
particles, when observed every 3 turns, will appear to move slowly. And it is
this slow (strobing) motion that we will study. Thus, the 3-turn map is

MS — (e:fu,A:e:)\xsz)S

. PR e S PR - . \p3.
e uA.e.)\a: el ;J,A.e.)\a: el p,A.e./\x :
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e 3#A.€.2;LA.6.)\1 ‘e Z;LA.e.,uA.e.)\z P ;LA.e.)\m :

& A exp(:e A \z?:) eXp(ie:”A:/\xgi)e:MB: (9.361)

The first operator e ~3#4" in the last line of Eq.(9.361) takes on a different
form near the resonance. In fact, this is where the strobing is taking place, i.e.

6:73/,1,A: — 627671'1114! — 6:727rdA: (9362)
where the last step is because
eZmmA — (9.363)

identically for any integer m. The remaining three right-most operators in
Eq.(9.361) can be combined to first order in A easily,

exp(:e 4 \z?:) exp(:e:“A:)\x?’:)e:Mg=

= exp[:(ezz“A: + et 4 DAz + 0(\?)]

1— e:SHA:
= exp |:Z (m) )\1'3 + O(}\z)]

1— e:271'ulA: 3 )
We then apply the BCH formula to obtain
M3 = 3k (9.365)
where 3h is a new expression of the invariant near the resonance (9.359) and is
given by
:— 2wdA: 1 — g2mdA: 3
3h = —2mdA + (1 _ e:QTrdA:) ( 1— eZ[LA: ) Ax
1 — 2mwdA: 3

This leads to

sin(3¢ + 2£) _ sin(¢+5)

in 3K in &
sin =~ sin 5

2T s
=——dA— — 24)3/2 .
h=—FdA— 5dA24) (9.367)

The expression (9.367) is well-behaved near the resonance as d — 0. Inter-
estingly, it is very similar to the result obtained by the one-turn map, provided
one pretends that p in the one-turn map can be replaced by 27d/3, the fre-
quency after strobing. To see this, let us consider the invariant (9.357), which
was obtained assuming no proximity to resonances. If we insist on applying
this invariant even near a 3-rd order resonance v &~ 1/3, we may keep only the
sin(3p/2) term in Eq.(9.357), i.e.

3/2 sin(2£ + 3¢)

sin 34

hr~—pA— §;L/\(QﬁA)
8 2

(9.368)
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Multiplying h by the factor 27d/(3p) is still an invariant. Thus we write

he =2 A - sz(QﬂA)?’/?w (9.369)
3 4 sin =
We further note that
sin 3?” = —sin(nd) = —nd
Sin(% +3¢) = —sin 3¢
The invariant then becomes
h~ —%WdA - %)\(ﬂA)g/Q sin 3¢ (9.370)

which is the same as Eq.(9.367) when d — 0.
We can now study the phase space topology. Again make the transformation
to the Cartesian coordinates by Eq.(9.346),%

1
h~ —gd(:ﬁ +%) — (A8 Pa(3p? — 2?) (9.371)

Because the invariant (9.371) has the significance of being the effective Hamil-
tonian, it gives the fixed points®® according to

oh 2

e )\ 3/2(3p% — 32%) =0

T B°=(3p~ — 377)

oh 2 1

e 2 05— =2B%%635 =0 9.372
5 5 P — A8 6Tp ( )

There are four fixed points corresponding to the four solutions to Eq.(9.372).
One of them is the origin (Z,p) = (0,0). The other three are

)

(€,
(@,p) = { (—36 %) (9.373)
(—36 %)
26 772
where we have introduced a new parameter
8md
At the three fixed points (9.373), the value of h is given by
h=—"de (9.375)

9

54Note in this case, however, Z and § are not related to the original = and p by Eq.(9.343)
because of the strobing.

55Fixed points are special points in phase space. A particle located at a fixed point will
stay there turn after turn.
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Particles move in the phase space along contours of constant Hamiltonian A. The
constant-h contour that goes through the fixed points are called the separatriz.
To find the separatrix, we set h of Eq.(9.371) to be equal to (9.375). This gives

(f+%@@—e+¢%ﬂz—e—¢%y:0 (9.376)

The separatrix of the system (9.371), therefore, consists of three straight lines,
as shown in Fig.9.6(a).

Comparing Fig.9.6, the phase space contours near resonance, with Fig.9.5,
the contours away from resonances, one notes that the contours near resonances
are more or less triangular in shape, while the contours away from resonances
are more approximately like circles.

In Fig.9.6(a), the dashed straight lines are the separatrices in the (Z, p) phase
space for the case ¢ = 0.5. The three intersection points are the fixed points
(9.373). The solid curves are the constant-h contours. The numerical values
next to each curve give the value of & = —8h/3\3%/2. The value of ¢ on the
separatrices is £ = €2/3 = 0.0417.

The topology depends on the parameter €, i.e. the ratio of distance to
resonance d to the sextupole strength A\. The topology for the case e = —0.5
is given by the mirror reflection of Fig.9.6(a) with respect to the vertical Z = 0
line. Right on resonance, when e = 0, the phase space looks like Fig.9.6(b). The
three fixed points and the origin coincide. Values of ¢ are again indicated for
each branch of curves. Exactly on resonance, there is no region in the phase
space that provides stable motion for the particles. When away from resonances
or when the sextupole strength vanishes, € = oo, we have the unperturbed case
where the topology consists of concentric circles.

Invariant away from resonances We now return to the 2-D case starting
with the effective invariant (9.352) away from resonances. The effective Hamil-
tonian is of course one of the invariants. We first rewrite it as

h=—pu Wy — ,uyVVy (9377)

where

3

W, = A,+ g/\(2ﬂmAm)3/2 [Sin(3¢m + ) _ sin(¢s + 5)

i BHa in Bz
sin 2T S1n 2

3 o s+ 20y + % + 1)
A28 A) A (20,4,) | - O L

Sin((b:r + %) _ Sin((bm - 2¢y + % B My)]

sin & sin(f — py)

+2

sin(d, + 26, + Lo + 1)
sin(% + p1y)

=
!

Ay + %A(wax)l“(myAy) [ -

+Sin(¢m —2¢y + MTT - Ny)]

Pz

S (9.378)
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Figure 9.6: Phase space countor plots (a) Top figure: near a third order reso-
nance, (b) Bottom figure: exactly on resonance.

We then make the physical observation that if we make the artificial replace-
ments

Ho — fg + 270, and  py, — py, + 270, (9.379)

for arbitrary integers of n,,, the quantity h in Eq.(9.377) must still be an
invariant. This is because the sextupole is located at a fixed location, and it
will not know the integer part of the x- and y-tunes. Since the expressions of

250



W, and W, in Eq.(9.378) are unchanged by the replacements (9.379), the only
way for h to be an invariant is that W, and W, are separately invariants by
their own. That is, there are actually two invariants W, and W,, instead of
only one invariant h. The important difference between W, , and h, however,
is that h maintains the unique physical meaning of the effective Hamiltonian of
the system.

One may try to apply this argument to the 1-D case, but that does not lead
to any information of new invariants. The quantity A in 1-D case contains a
multiplicative factor p, which can be simply scaled away, as we did in the step
from (9.368) to (9.369).

One can actually prove the invariance of W, and W, using the fact that h
is the effective Hamiltonian. One first note that the rates of change of W, per
turn is given by

AW, _ OW, dA, | OW, dA, | OW, do,  OW, do,

dn ~ 9A, dn T 9A, dn | 0y dn | 06, dn (9.380)

and a similar expression for dW, /dn. It then follows straightforwardly from

dA, _ Oh  do, __ oh
dn ~ 0¢,’ dn 04,
dA,  Oh d, oh
= =y 381
dn  0¢,’ dn A, (0.381)

and the expression of h that dW,/dn = dW,/dn = 0, ie., W, and W, are
invariants.

We will return to the topic of single sextupoles later after we introduce the
normal form technique. We will discuss the case of a general distribution of
sextupoles. The study of strategically arranged distributions of sextupoles will
also be discussed under the subject of achromats.

Exercise 67 Figure 9.5 gives the trajectories of particles when Eq.(9.358)
is the effective Hamiltonian. Write a numerical tracking program for
the exact system (9.341). Compare the results with those shown in
Fig.9.5.

Ezercise 68 We worked out an expression of invariant Ws in Eq.(9.44).
Show that it agrees with the invariant h of Eq.(9.358).

Solution Away from resonances, Eqs.(9.358) and (9.44) are identical
if one notes € = 3\3%/2, and the trigonometric identities

cot H peop = Ase

2 2 (1+2)(1—¢)

3u w 4s

t = —cott = — .382
3co 5 ot 5 T2 (9.382)

where ¢ = cos 4 and s = sin p.
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Eaxercise 69 Equations (9.371-9.374) studied the phase space topol-
ogy in the Cartesian coordinates. One can do the same in the polar
coordinates (¢, A) also. Show that the fixed points determined by
Oh/0A =0 and Oh/0¢p = 0 are indeed given by Eq.(9.373).
Solution Take the case € > 0 for example. The solutions are given
by A =¢€%/4 and ¢ = 90°,210°, 330°.

Ezercise 70 Consider the Taylor map (9.43). Find the fixed points
in the (x,p) space. What is the connection, if any, between these
fixed points and the fixed points found using the effective Hamilto-
nian (9.358)7?

Solution To be a fixed point for the map (9.43), it is necessary that

zcos i+ psin p

= —zsinp+ pcosu + ex? (9.383)

There are two solutions of (9.383). One is the trivial case of the
origin. The other is located at

2 2
z= = tan g, p=- tan? % (9.384)
The fixed point (9.384) is not a fixed point for Eq.(9.358). The fixed
point in Fig.9.5 for example is located at (z,p) = (0.95,0.56) while
Eq.(9.384) gives (1.48,0.87) using the same parameters.

Exercise 71 Verify the invariance of W, and W, in Eq.(9.378) by
carrying out the steps (9.380-9.381).

Ezercise 72 Consider a thin-lens octupole in an otherwise perfectly
linear optics of a circular accelerator. Condiser 1-D motion. The
Lie map is ef2ie2" - Find the effective Hamiltonian to first order
in A\. First do this away from resonances. Then repeat close to a
resonance v, ~ 1/4.

Ezxercise 73 Extend the calculation in the text to find an expression
of the effective Hamiltonian for a single sextupole to second order in
the sextupole strength. Do this for the 1-D case. Results obtained
in Exercises 72 and 73 can be used to calculate the tune shift with
betatron amplitude, as will be described in a later section.

9.7 Distribution of Multipoles

In the last section, we considered the effects of a single sextupole in an other-
wise perfectly linear accelerator. In this section, we will consider the effects of
a distribution of multipoles. Sextupoles are of course a special case of multi-
poles. The special topic of achromats — special distribution of multipoles that
minimizes optical abberrations — will be postponed to a later section.
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Element maps and one-turn map As illustrated in Fig.9.2, an accelerator
elements of piecewise sections, each given by a constant Hamiltonian. Let the
i-th element have Hamiltonian H; and length L;, then we have the total Lie
map Mot of the accelerator given by Eq.(9.189), where N is the total number
of elements in the accelerator. For a circular accelerator, this total map gives
the one-turn map around the accelerator.

In case there is a distribution of nonlinear elements around the accelerator,
these Hamiltonians H; are in general nonlinear. One way to proceed (done in
program MARYLIE, for example) is as follows. First, for each element, the
Hamiltonian H; is Taylor expanded as

H; = Hoi + Hy; + Hyi + ... (9.385)

where Hj; contains terms k-th order in the components of the dynamic variable
X. The leading order is taken to be quadratic in X. If H; contains only second
order terms, i.e. if H; = Ho;, we have a linear element. We regard the nonlinear
terms to be small, which would be the case if we restrict our attention to phase
space regions close to the origin. We will consider Hamiltonians up to (2 4 1)-
th order in X. This means maps are considered up to the Q-th order. Higher
order terms are ignored. The analysis below applies exactly for Hamiltonians
quadratic in X, but represents a perturbation analysis as far as the higher order
terms are concerned.

Having made the Taylor expansion (9.385), the map of the i-th element reads

e LiHit — e—!Li[H211+H3i+m+H(Q+1)i]i (9386)
The BCH formula can be applied to factorize (9.386) to become
e kil — gifeiigifair | gifatni (9.387)

where the function fi; is a k-th order homogeneous polynomial in the com-
ponents of X. Knowing Ha;,..., Hgy1);, we are looking for expressions for
f2is s fa41)i- The expression for fy; is simply

fo; = —L; Ho; (9.388)

The next order term f3; follows from Eq.(9.198),
1
fai = —L; / du ebiH2i [y, (9.389)
0

The reader is reminded of Eq.(9.120), which gives f3 when the Taylor map is
known. The higher order factors can be obtained by iteration.[8] For example,

1
foo= L[ duerbit,
0

L? ! u . . . .
—71 du / dv [eVEiH2i [y, erubiHai fry) (9.390)
0 0
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Exercise 74 illustrates the procedure of Eqgs.(9.387-9.390) by a simple example.
Derivation of Eq.(9.390) is given in Exercise 75.

Having obtained the maps of all individual elements in the form (9.387), the
total map My is expressed as a long string of factor maps. A procedure is
followed using the BCH formula to commute the factor maps in M in such a
way that at the end of the procedure it reads

Moy = eteif,ifon (9.301)

where again fi is a k-th order homogeneous polynomial in X. The Courant-
Snyder linear one-turn map is just €2, In fact, fo is the Courant-Snyder
invariant as given by Eq.(9.89).

After Miot has been obtained in the form of Eq.(9.391), the BCH formula
can be applied to concatenate all the factors into a single factor,

Moy = e (9.392)

where F' is related to the effective Hamiltonian, as was mentioned in Eq.(9.190),
by F' = —CHeg. This is in fact how the effective Hamiltonian can be obtained
explicitly as a Taylor series expansion in X. The quantity F' obtained this way
is an (24 1)-th order Taylor series in X. It is an invariant because (see Exercise
21)

My F = F (9.393)

i.e. the value of F' does not change by the application of the one-turn map. The
leading (quadratic) terms of F' is the Courant-Snyder invariant.

The effective Hamiltonian, once obtained, contains a wealth of analytical
information on the nonlinear dynamics of the accelerator system. In fact, the
procedure described here is a natural way to generalize the Courant-Snyder
analysis to a nonlinear system. This point we will elaborate more later.

Particle tracking using Lie maps In passing, Lie maps can also be used
for numerical particle tracking. When doing so, it is often necessary to make
sure the numerical application keeps the symplecticity of the map. For example,
one may consider applying the one-turn map (9.392) for particle tracking. One
notes first that F', being truncated to become an (2+1)-th order Taylor series, is
only an approximate expression; nevertheless, the map (9.392) remains exactly
symplectic. One would then attempt to compute

(X;)final = €77 X (9.394)

X=Xinitial

where X; represents the j-th component of X, and one needs to compute (9.394)
for all the components. To do that, one expands the exponential operator into
an infinite series,

o
1 n
(X))tnar = ) _ —:F:"X; (9.395)
n=0

X=Xinitial
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Each of the terms in Eq.(9.395) can be evaluated exactly. This is because F'
is a Taylor series that terminates. Application of a finite power of :F: on X is
therefore a terminated Taylor series, which can be evaluated exactly. However,
the series (9.395) is an infinite series. To perform numerical tracking, it is
necessary to truncate it to a certain order. This truncation, unlike the one that
truncates F' to (€2 + 1)-th order, is in general nonsymplectic, and must be done
at a sufficiently high order that the nonsymplecticity introduced is negligible
numerically.

This inconvenience of having to check symplecticity numerically for tracking
can be avoided in several ways. As an illustration, we will mention one way as
follows. Instead of tracking with (9.392) or (9.391), one could factorize the map
as

M; o = product of (e:monomial:) (9.396)

Each factor in Eq.(9.396) is a Lie map whose exponent contains a single mono-
mial term in X. The highest order monomial in the representation (9.396) is
(€2 + 1)-th order. The number of factors in (9.396) is therefore finite. If all fac-
tors in Eq.(9.396) are concatenated into one exponential map, and the exponent
is truncated to (2 4 1)-th order, one re-obtains (9.392). But the form (9.396)
now allows exactly symplectic tracking because one can now apply the exact
formulae (9.128). The price to pay is that there is a large number of factors
in Eq.(9.396) if a high order map is required, which slows down the tracking
program.

Concatenating two nonlinear maps We have thus described how a one-
turn Lie map can be obtained once the accelerator design is given, and how
the one-turn Lie map might be used for particle tracking. To illustrate the
concatenation procedure more explicitly, consider the following. Suppose we
are interested in a 3-rd order map (2 = 3), and we have two element-maps
which have been factorized into the form (9.387), i.e. we have

eft = eifrigifsicifan gnd @9 = 92119394 (9.397)

Our job is to concatenate these two maps into the form (9.391). To do so, let
us write the total map as

el = el (9.398)
We then note that
e:h: _ e:fz:e:fg:e:f4:e:g2:e:gg:e:g4:
- [6if216192¢][€*¢g2161f3ie¢g25][6*1921elf4¢€592¢]€¢93561941 (9.399)

The idea of the second line is to commute the lower order maps to the left of
the expression. The first pair of square brackets describes the linear map of the
combined map, i.e.

efrese = e (9.400)
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where the second order hs is such that the matrix relation [see Eqs.(9.92-9.93)]
e = 56 ST (9.401)

holds, where the symmetric matrices F, G and H are related to f2, g2 and hy by
fa= —%XFX7 etc.
The second pair of square brackets in Eq.(9.399) can be written as
e 923192 = exp (:e:_92:f3:) = exp [Zf3(€:_g2:X)Z] = exp [:fg(e_SGX):]

i.e. it is a second order map described by €73 except that the arguments of f3
are transformed from the old coordinates X to the new coordinates according
to e’ 9%,
Similarly, maps in the third pair of square brackes in Eq.(9.399) can be
combined into
exp [:f4(67SGX)Z]

We therefore have

el = ehriexp (:fg(@fSGX):) exp (If4(675GX)2) €93 et (9.402)

= ehe [exp (:fg(e_SGX):) 6:93:] [e_:ge‘: exp (:f4(e_SGX):) 6:93:] e94

The two maps in the first pair of square brackets of Eq.(9.402) are both second
order. They can be concatenated to read

explfa(e™50X)) 2% = exp (sfale™ O X) gt g fale X, ] + 0L )

= exp (ng(&iSGX) + ggs) exp (Z;[fg(GSGX)7gg]Z>

where the brackets in the last two lines are the Poisson brackets. The term
represented by the Poisson brackets is 4-th order in X. Terms higher ordered
than 5-th are dropped in the last line. The second pair of square brackets in
Eq.(9.402), to 4-th oder in X, is simply

e 95 exp (:fa(e59X):) €9 = exp (re 9 fu(e5CX):)
= exp (:fa(e59X) + O(X):)

Combining the results so far gives

el = e:hzzexp(:fg(e_SGX) —i—gg:)exp <% [f;>,(e_SGX)7 93] ) exp(:f4(e_SGX):) eI

(9.403)
If we then write
e:h: — e:hg:e:h3:6:h4: (9404)
then we have the explicit final results
hs = fs(e™59X) +gs
1 _ _
ha = Slf3(e™%0X), gs] + fa(e™5OX) + g4 (9.405)

256



A perturbation theory As another illustration, we will develop a particular
perturbation theory. Consider the dynamical system described by

X' = —H:X (9.406)

where a prime means derivative with respect to s, and H (X, s) is the Hamilto-
nian of the system. Let the map that describes the evolution of X be designated
formally as M, so that

X(s) = MX(0) (9.407)

and
f(X(s)) = M f(X(0)) (9.408)

for any function f of X. The map M is a function of s. We have, by substituting
Eq.(9.407) into Eq.(9.406), that

M'X(0) = —[H(X,s), MX(0)]
= —MI[H(X(0),s), X(0)] (9.409)

where the square brackets are the Poisson brackets and use has been made of
Eq.(9.408) in the second step. Equation (9.409) can be written symbolically as

M' =—-M:H: (9.410)
In particular, if the Hamiltonian is independent of s, then we have
M =-M:H: = M=¢ 5 (9.411)

which is what one expects.

Now consider a system described by a Hamiltonian which is basically given
by an unperturbed Hamiltonian Hy (X, s), but contains in addition a small per-
turbation,

H=Hy(X,s)+eV(X,s) (9.412)

where € is considered to be small. Let us assume the unperturbed Lie map,
My(X,s), from position s = 0 to position s is known. We will now find an
expression for the evolution map M (X, s) from position s = 0 to position s for
this slightly perturbed system to first order in e.

We know M is approximately given by M. Let M be written in the form

M = NM, (9.413)
where N is approximately equal to the identity map. To first order in €, we let
N = el (9.414)

and we need to find an expression for fi (X, s).
Using (9.413), the left-hand-side of Eq.(9.410) reads

M’ = N'My+ NM}, = N'My — NMy:Hy: (9.415)
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The right-hand-side of Eq.(9.410) is given by
—M:H: = —NMy(:Hp: + V) (9.416)
Substituting Eqs.(9.415-9.416) into Eq.(9.410) gives

N' = —eNMy:V:M;' = —eN: (MV): (9.417)
We need an expression for N’ using Eq.(9.414). The result is%6
efir 1
N =: <e> ef|:N (9.419)
e f1:

To first order in €, however, either one of the expressions in Eq.(9.418) applies.
We will take the second of the pair. We then obtain from Eq.(9.417), to first
order in e, that

ef] = —eMyV (9.420)
Solving Eq.(9.420) gives the result we are looking for,
S
fiX,s) = —/ ds' My(X,s"V(X,s)
0
= —/ ds' V(My(X,s')X,s") (9.421)
0

The physical meaning of Eq.(9.421) is described following Eq.(9.198). To first
order in €, the effect of errors at position s’ can be transformed to the observation
position s by the map M.

If Hy = Hy(X) is independent explicitly on s, then My = e~*H0: and

f1(X,s) = 7/ ds' e~ oy (X, ¢ (9.422)
0
Equation (9.422) is just the BCH formula (9.264). This is seen as follows.

Consider H = Hy + €V where Hy and V are s-independent. Then, using
Eq.(9.422),

M _ ef:sHoJrseV:
1
= exp [/ due_:"SHo:(—seV):} e~ isHo:
0
S 2
= exp [—6:(/ ds'e”** H‘”V):] e~ isHo: (9.423)
0

This means Eq.(9.421) is a generalization of the BCH formula (9.264).
Below, we will consider several applications of Egs.(9.421) and (9.422).

56Note that
N’ #ef]:N, and N’'# Nef]: (9.418)
as one might be tempted to write using Eq.(9.414). Expressions (9.418) hold only if the
operators : f1: and :f{: commute, which is not true in general. The correct expression for N’
is obtained by Eq.(9.223).
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Weak multipole in a long drift space Consider a weak error perturbation
uniformly distributed over a drift distance L. Suppose we care only about the
optics in 1-D (e.g. we care only about not messing up the z-emittance and
don’t care much about the y-emittance in this application). Let the perturbed
Hamiltonian be

1
H= 5p"’ + ev() (9.424)
Equation (9.422) gives
S / s
ef1 = —/ ds e_:%pQ:v(x) = —/ ds'v(z + s'p) (9.425)
0 0
For example, the perturbation maybe a multipole. From Eq.(9.183), we have
(z) = At (9.426)
n+1 )
Then we have
by (:Z? + Sp)n+2 _ xn+2
=— 9.427
<hi (n+1)(n+2) D ( )

For a quadrupole error of strength A = k, we have n = 1 and

k
ef1 = _6(3SI2 + 3s%xp + s°p?) (9.428)

Error multipole correction algorithms We can apply Egs.(9.421) and
(9.422) to error correction algorithms. Suppose we have an uniform error per-
turbation v(x), and we want to make a correction so that, when observed down-
stream from position s = L, its effect is compensated, at least to first order in
the perturbation strength. Suppose we introduce a set of N, thin-lens multipole
correctors (of the same type of multipole as the error multipole). Let the i-th
corrector (i = 1,2, ..., N.) have location s = s; and strength «;. How should we
choose the corrector strengths «;, assuming the corrector positions are given?
Let the Hamiltonian, including the error perturbation and the correctors, be

N
1 p
H= §p2 +ev(z) + ; a;0(s — s;)v(x) (9.429)
To first order in the perturbation strength, the correction requires
L ’ 2 NC
/ ds'e TP () e+ Z a;0(s" — 81)1
0 i=1

L
= / ds" v(z + s'p) + Z av(x +sp) =0 (9.430)
0

To apply Eq.(9.430), we consider s; and v(x) to be given, and we need to
compute «; so that Eq.(9.430) is satisfied for all values of z and p. In case
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the perturbation is a multipole, v(z) = %Hx"“, this correction scheme can be
accomplished by having a finite number of correctors. If only 1-D is of interest,
there are n+2 coefficients to vanish in Eq.(9.430). This requires n+2 correctors.
If the error multipole is a weak quadrupole (n = 1) of strength & and suppose
we introduce three thin-lens quadrupoles of strength o 5 3 at locations s = 0, %,
and L, what should the corrector strengths be?
The correctors Hamiltonian is
%x%(s) + %x%(s - g) + %x%(s - L) (9.431)

To first order in k, the correction requires

k L

—6(33332 + 3s%xp + s°p?) + %xQ + %(w + §p)2 + %(x + Lp)? =0 (9.432)
where the first term is from Eq.(9.428). Equation (9.432) is to hold for all values
of x and p. This means the coefficients of 22, xp and p? must vanish separately.
This gives three conditions to determine the three corrector strengths. The
solution is found to be

1 2
a1 — Qg = EkL, Qo = gk‘L (9433)

The relative weights of the three corrector strengths are just the Simpson’s rule
of integral approximation.

In case the perturbation is not a pure multipole, or if the perturbation is
a multipole but the number of correctors available is less than n + 2, then
Eq.(9.430) can not be fulfilled exactly. One can still do it approximately if the
function v(z + s’p) does not vary rapidly in the range s = 0 to s = L for all
values of x and p of interest. The corrector strengths are then determined by

1
/0 du v(z +ulLp) = f% ; a;v(x + u; Lp) (9.434)

If we call the function v(z + uLp) = G(u), then it becomes clear that we are
just looking for a set of values «; and s; which best approximates the integral

! 1
/0 duGilu) =~ Z i G(us) (9.435)

for any reasonably smooth function G(u). Simpson’s rule is then just one way to
make this approximation. Simpson’s rule is exact if v(x) and Hy are quadratic
in z.

To find other ways to make approximate corrections, let us consider a drift
space from s = 0 to s = L. The Hamiltonian of the drift space is Ho(X) = $p*.
Now consider some perturbation in this drift space. Let the perturbation be

some sextupole fields distributed along the drift space according to the strength
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distribution a(s). We consider a(s) to be small. Let the sextupole Hamiltonian
be written as a(s)f(X), the Hamiltonian of the system is then®”

H(X,s) = Ho(X)+ a(s)f(X) (9.436)

We then raise the following question: Suppose we regard the sextupole dis-
tribution «(s) to be due to error sextupoles, and suppose one inserts a thin-lens
correction sextupole at the middle of the drift space (s = L/2) to correct for
the effect of this error sextupole distribution, what would be the optimal setting
of this thin-lens correction sextupole? To address this question, we assume the
optimization is reached when the corrector sextupole removes the effect of the
error sextupoles to first order in the strength of the error sextupoles. When the
correction sextupole is included, the Hamiltonian can be written as

L
H(X, 5) = Ho(X) + a(s) f(X) + B3(s — 5)f(X) (9.437)
where 3, yet to be chosen, characterizes the strength of the correction sextupole.
In order for the correction sextupole to correct for the effect of the error sex-
tupoles, we want it so that the system behaves as closely as possible to the
unperturbed case when the system is observed at the end of the drift space, i.e.

at s = L. For this to happen, we wish to choose the corrector strength so that
[see Eq.(9.422)]

L
fi== [ ds e el + G- X =0 (0438)

Equation (9.438) is to be valid for all X. The function f(X) of course de-
scribes the sextupole effect. The operation e 50" is to transform the sextupole
effect to position s while observing it at s = L. Clearly, the effect of a sextupole
at position s is in general not described by the function f(X) when observed at
a different position at s = L. This means that, in general, the condition (9.438)
is impossible to meet exactly, and we do not have a single corrector that entirely
removes the first order error effects. But if the drift space is short enough, this
can be done because e ~*f0' ~ 1 — which is equivalent to ignoring the difference
made on f(X) due to the transport from s to L — and we have the condition

L L L
/0 ds [a(s) + 00(s — 5)] =0, or f=~— /0 ds a(s) (9.439)

In other words, the optimal correction is achieved by — not surprisingly —
choosing the corrector to be of a sextupole type (reflected by the fact that
f1 < f(X)), and choosing 3 to be negative of the total integral of the error
sextupole strength. It is easy to see that this choice of § is independent of the
location of the corrector sextupole. See Exercise 78.

57In this application, we assume Hy is drift space and v(z) is sextupole, but these are not
necessary. Same approximate schemes apply for other choices.
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If the drift space is not that short, to improve the accuracy of the correction,
we can insert two correctors. For example, one might insert one corrector at
the entrance (s = 0) and another at the exit (s = L) of the drift space. The
condition for correction becomes

L
/ ds [1 — s:Ho:][a(s) + £10(s) + B20(s — L)]f(X) =0 (9.440)
0
where we have kept one more term in e~ %, i.e., we now use e 570" &~ 1—s:Hy:.
Regardless of the expression of Hy, Eq.(9.440) can be satisfied if

L
/0 ds [a(s) + B1(s) + Bad(s — L)] =0

L
/0 ds sla(s) + £16(s) + P20(s— L)) =0 (9.441)

L S
B = —fo ds (1 — %)a(s)
B2 =—1 OL ds sa(s) (9.442)
The condition (9.439) and the first condition of Eq.(9.441) have the physical
meaning that the total angular kick of the perturbation (errors plus correctors)
observed at s = L is zero. The physical meaning of the second condition of
Eq.(9.441) is that the total perturbation on the displacement of the particle’s
trajectory is zero when observed at s = L.
In Exercise 79, it is shown that Eq.(9.442) is related to the trapezoidal rule
of numerical integration,

/ do f(z) ~ %f(()) + %m) (9.443)
0

where f(z) is any smooth function of . In fact, Eq.(9.439) is simply the cruder
approximation fol dr f(x) ~ f(1/2).

One can further improve the accuracy of correction when the drift space is
not too short by having three correctors, located at s =0, s = L/2 and s = L.
The conditions for correction is then

L L
/O ds [(s) + r6(s) + Bab(s — 5) + Bad(s — )] = 0
L
/O ds s[a(s) + $r6(s) + Ba6(s — §> b Bd(s—L)] = 0
L
/0 ds s?[a(s) + 16(8) + Bad(s — g) +039(s—L)] = 0 (9.444)

or

L 2
o= [ a1+ -2
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L 2
g = [ a3+ )
L 2
By = /Ods a(s)(%—%) (9.445)

Equation (9.445) is related to the Simpson’s rule of numerical integration

! 1 2,1 1
| e @)~ 510+ S15)+ 510) (9.446)

The proof is described in Exercise 81. Exercises 80 and 81 also ask for general-
ization of the integration technique to include weight functions.

Equations (9.439), (9.442) and (9.445) give various error correction algo-
rithms for short accelerator sections. It does not matter which type of errors
are being considered, sextupole or otherwise. It also does not matter which
unperturbed Hj is being considered (However, see Exercise 85.).

Compensation for the dynamical effects of error multipoles is an important
topic for accelerator designs. Depending on the problem at hand, the most
effective way to provide the compensation varies. It should be mentioned here
that the compensation discussed in this section applies only for the case when
the effects of error multipoles are to be compensated locally (or almost locally).
In particular, if it is the effect accumulated over one turn of the accelerator
that is to be compensated, i.e., if the errors are to be corrected globally, the
compensation scheme used would be quite different.

Ezxercise 74 As an illustration of the factorization procedure de-
scribed from Eq.(9.387) to Eq.(9.390), factorize the 3-rd order map
for a magnet with combined sextupolar and octupolar fields,

L ;
M = exp(: = 5p* = Sa¥ — ) (9.447)
into a form 5
M = el2igifsigifa giO(X7): (9.448)

Find expressions for fy34. This exercise can be compared with
Exercise 58.
Solution

L
o= 5

2p
1

fa = —S/ du (e~ J2g)3
0

1
—S/ du (z — uLp)?
0

3 1
—S(2® - §Lx2p + L2zp? — ZL3p3)
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fa

1 52 1 u ) )
—e/ du[efuzf”:crlf—/ du/ dv[(efv’f%x)d, (efu:f"’:x)s]
0 2 Jo 0

— _e/olczu(x—uLp)“—S;/01 du/oudv[(x—va)37(w—uLp)3]

1
= —e(2* —2La%p + 2L%2%p? — L3xp® + 5L4p4)

S°L. 3 44,35 3 9.2 59 3, 3 4
_T[_Z_SL p +ZL xp _ZL x'p°+3Lx P52 1 (9.449)

Eaxercise 75 Prove Eq.(9.390).

Solution Instead of iteration as suggested in the text, we could ap-
ply the second form of the BCH formula, Eqgs.(9.195), (9.196) and
(9.253). It suffices to show that

e:—LiHQ,;—Lngi—Lq;HM: _ e:fzze:fg:e:f4: _ e:f2:61f3+f4:€:0(X5) (9450)

holds when fs 3 4 are given by Egs.(9.388-9.390). Applying Eqs.(9.195-
9.196) [or Eq.(9.253)] to the right hand side of Eq.(9.450), keeping
terms up to O(X*), and substituting f2 34 by Eq.(9.388-9.390), in-
deed one obtains e~ LiHzi—LiHsi—LiHa:

Exercise 76 Find factorized Lie maps to O(X*) for thick combined-
function magnets, (a) combined quadrupole and sextupole, (b) com-
bined quadrupole and solenoid, (c) combined dipole and quadrupole,
(d) combined dipole and sextupole. Do this in 1-D case. Then do it
for 2-D. Which of these can be found exactly? Apply the results to
obtain 4-th order Taylor maps.

Eaxercise 77 Equations (9.421) to (9.423) apply when the perturbed
map M is written in the form (9.413). Repeat the procedure if M
assumes a different form M = MyN. Give the physical meaning as
done following Eq.(9.421).

Exercise 78 Equation (9.439) gives the optimal setting of a single
sextupole corrector to compensate for a distribution of error sex-
tupoles. Estimate the residual effect of the sextupoles after correc-
tion by computing the net Lie or Taylor map.

Ezxercise 79 Relate the discussions leading to Eq.(9.442) to the tra-
pazoidal rule, Eq.(9.443), of numerical integration.

Solution Identify e~*H0: as a function of s and call it f(s). If it
behaves sufficiently smoothly in the region between s = 0 and s = 1,
we have shown that the best choice of 81 and (> that makes

/0 ds £(s)[al(s) + $15(s) + Ba6(s — 1)] ~ 0 (9.451)
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is given by Eq.(9.442) regardless of the exact form of f(s). Now if
we take a(s) = 1, Eq.(9.442) gives

1

51:522—5

Substituting back into Eq.(9.451) yields Eq.(9.443).

(9.452)

Exercise 80 The trapezoidal rule (9.443) applies when f(x) is a
smooth function of x between 0 and 1. If one is interested in calcu-
lating the integral of f(z)W(z) where f(x) is smooth but W(z) is
not, we can reconsider Exercise 79 but this time take a(s) = W(s).
Show that this leads to

/0 dr f(@)W(x) ~ Bif(0) + Baf (1) (9.453)
where
B = / dz (1 - )W (z)

1
B2 = /de W (x) (9.454)

As applications of Eqs.(9.453-9.454), show that

/ dv f(x)(1—22) =~ 2[f(=1)+ f(1)]
/ dv f(2)V/I—a? ~ Z[f(=1)+ f(1)]
/ m T1F(-1) + F(1)] (9.455)

Ezercise 81 Follow Exercise 79 to prove the Simpson’s rule (9.446).
Follow Exercise 80 to find the Simpson’s rule with a weight function.
Solution The Simpson’s rule with weight function is

/0 dof(x)W(x) =~ B1f(0) + 52f(%) + Baf(1) (9.456)
where

8 = /O dz (1—2)(1 - 22)W ()

Il
=
\
=

QU

)

8
=

—

I

8
=
S
SN—

Pa

1
B = - /0 do o(1 — 20)W (2) (9.457)
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As applications of Eqs.(9.456-9.457), we have

l

1
[ dnf@-at) = S0+ )+ )

—1
! s 3m T
| e feT= xS+ 0+ )

8
/_zdx\/%

THED + 0 + A1) (9.458)

Exercise 82 Equation (9.445) describes how to correct for some
known nonlinear effects of a short accelerator section from s = 0
to s = L using three correctors located at s = 0, L/2, and L. The
accuracy of this correction is up to order O(L?). Free up the lo-
cations of the correctors. See if better correction accuracy can be
achieved.

Solution To simplify the algebra, change coordinates so that the
region of interest is from s = —L to L. The accuracy of correction
is O(L*) if the correctors are located at

I3 [T
= — _— = = _— .4
S1 Il s So 0, S3 Il (9 59)

and the corrector strengths are chosen to be

Ii(I, — vL13)

pr = - oL,
LI
f2 = —lo+ %
3
(I, ++II
Bs = L+ Vi) (9.460)
25
where
L
Iy, :/ ds a(s)s® (9.461)
~L
The residual effect of the errors after correction is given by
LI
I — % = O(LP) (9.462)
1

For the special case when I} = 0 and I3 = 0, a O(L®) correction
can be achieved with three correctors:

/1
§1 = —83 = — I—;l, 82:0

12
B1 =03 = —ﬁ, Ba=—Ip+ — (9.463)
4
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One can obtain a numerical integration rule from Eq.(9.463) by
considering a(x) = 1. This leads to

1
/ s fa) §f<\/§> +o70)+ §f<\/§> (9.464)

Equation (9.464) is exact if f(x) is a 5-th order Taylor series in .
In contrast, Simpson’s rule (9.446) is exact if f(z) is a 3-rd order
Taylor series. Compare this with Legendre integration with roots of

One can also include a weight function by considering a(x) =
W(x). Equations (9.459-9.461) give for example

1 1 /5 3 3
/ dz af(@) ~ g 3[1”( 5y - 5)1 (9.465)

which is consistent with Eq.(9.464). In case I; = 0 and I3 = 0, we
obtain

Fo0 5y ey /By - 2f<o>]

! I3
/ da W (z)f(x) = I f(0) + I Iy
(9.466)

where I, = f_ll dz W (z)z*. As special cases, we have

1
[ sma-at = M5 Ry By )

1
[ sV~ Tre b T+ b
dz

f(z) T 3. T 3
e T gf(_\/;)‘f' gf(0)+ gf(\/209~467)

Compare this with Tsybechev integration.

¢

FExercise 83 Determine the strengths of four correctors located at
s=0,L/3,2L/3, and L to provide a correction accuracy of O(L*).
Free up the locations of these four correctors to achieve a higher
correction accuracy. Compare this with Legendre integration with
roots of Py(z) = 0.

Ezercise 84 Consider an accelerator transport line consisting of a
thin focusing quadrupole at location s = 0, followed by two dipoles,
each of length D, followed by a thin defocusing quadrupole at lo-
cation s = 2D, followed by another two dipoles, each of length D,
followed by a thin focusing quadrupole at s = 4D. Suppose that
the four dipoles are known to have weak error sextupole fields with
strengths of «;,7 = 1,... ;4, and that it is possible to insert some
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thin correctors next to each of the three quadrupoles. Assume the
sextupole field within each dipole is uniform over the length of the
dipole. (a) Design a single-pass correction scheme and determine
the corrector strengths for this transport line. (b) Consider the 2-D
motion of on-momentum particles. Give expressions of the Lie and
Taylor maps before and after correction to the leading order in «
and D.

Solution Three thin sextupoles at the locations next to the quadru-
poles serve as the correctors. Apply Eq.(9.445) to obtain their
strengths:

2 1 1 1
= —Za1D— ~asD + —asD + —auD
B 51 522 + 1503 + T3
5 11 11 5
= 20D —asD — —asD — —auD
P2 R T W T W T g
B = LoD+ tawD - tasD - e (9.468)
3T P T ey T gt T g :

These corrector settings are independent of the strengths of the
quadrupoles or the dipoles.

Exercise 85 Equations (9.431-9.433) are for the case to correct a
weak uniform error quadrupole in a free space with three correctors.
Consider the case to correct a weak uniform error quadrupole in a
not-so-weak, unperturbed quadrupole. Again, we will see that three
correctors are needed. Let K and k be the unperturbed and error
quadrupole strengths respectively. The Hamiltonian is

3
Lo 1.5 ko, Qi 2
H:§p +§Ka? +§a? —i—i:El—Qx 5(s—s;) (9.469)

We want

L
/ ds/e—:s’(%pZ—i-%Km?);[kxz + Zail‘Q(S(S _ Si)] =0
0 -

3
L
= k/ d:s’(:::cosx/?s’—i—Lsin\/?s’)2
0 VK
p . 2
+ aixcosx/?si—i——smﬁsi =0
2. Vi)
k[ ds' cos® VEs'+3, aicos? VEs; = 0
= k fOLds’ sinVK s’ cos\/Esq—Zi a; sinvVK s; cosvVKs; =0

k fOL ds' sin? VK s + Do sin? vVKs; =0
(9.470)

Let the three correctors be located at s; = 0,% and L. The
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corrector strengths are found to be (with ¢ = VK L)

k
a1 =a3 = ——=—5—(—q +sin
! ’ 4V/K sin? 2 (e 2
k
ay = ————(qcosq — sin 9.471
NI %(q q q) (9-471)

When K = 0, this reduces to the Simpson’s rule oy = a3 = —kL/6,as =
—2kL/3. When L is short, this also reduces to Simpson’s rule.

9.8 Normal Form

In our discussions so far, linear maps have played an important role. This is not
unexpected. We can learn and have learned a lot from linear maps. Linear maps
can simultaneously be viewed as Taylor maps and Lie maps and therefore have
the advantages of both. In particular, we learned that a lot of the linear system
analysis can be handled with matrices. However, we have also learned that an
elegant and insightful treatment of linear systems is provided by a Courant-
Snyder analysis, and the Courant-Snyder analysis is intimately related to the
Lie representation of linear maps. [See Eq.(9.90).]

What we learned from linear systems can be generalized to nonlinear sys-
tems. In fact, even the very concept of maps is learned from analysing the
linear systems. In a linear system, one speaks of matrices and Courant-Snyder
transformation of these matrices without having to think of them as maps.
But when considering a nonlinear system, the map concept becomes inevitable.
More reasons why maps are useful:

(1) We are interested in observation of particle motion at a fixed
location of the accelerator, not the entire time evolution.

(2) Maps are easier to handle mathematically — maps can be
multiplied; Hamiltonians can not.

(3) A map allows an algebraic expression of the final coordinates
as functions of the initial coordinates, while tracking only establishes
their numerical connection.

One then realizes that representing nonlinear maps in their Lie forms provides
a natural way to generalize the Courant-Snyder analysis to nonlinear systems,
but being able to write the nonlinear maps in Lie forms constitutes only a
first step toward completing the analogy to linear analysis. What is missing is
the equivalent of the Courant-Snyder transformation, and the analyses of the
properties of the linear system subsequent to the transformation. In this section,
we will introduce a normal form technique which is the nonlinear equivalent of
the Courant-Snyder analysis.

Indeed, having obtained the one-turn Lie map such as Eq.(9.190) with the
effective Hamiltonian H.g, and transformed it into its normal form, many phys-
ical quantities related to the nonlinear dynamics of the system can be extracted.
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These physical quantities include:

closed orbit distortion in the accelerator

Courant-Snyder «, (3, v functions

Courant-Snyder functions for off-momentum particles

strengths for various resonances

smear or distortion functions

betatron tunes as functions of momentum deviation and betatron amplitudes
KAM tori (or KAM invariants)

These quantities are expressed as explicit Taylor expressions in terms of the
perturbations up to the order specified by the map.®®

Note that once one recognizes the significant role maps play, the questions
are then (a) how to generate maps efficiently, and (b) once generated, how to
analyze those maps. The subject of high-order map generation is addressed by
the technique of truncated power series algebra (TPSA) and is not covered here.
In this section, we address question (b) using the normal form technique.

Courant-Snyder transformation for 1-D linear systems To introduce
the concept of normal forms, let’s first consider the nonlinear map for a 1-D
system,

M = e/2(X)igifs(X): (9.472)

where X are the physical coordinates X = (z,p,) with p, = a’. If the system
is linear, we have fr = 0 for £ > 3. From the Courant-Snyder analysis, we
know it is convenient to transform the physical coordinates to the normalized

coordinates ) N
U{;][% \/B] [;J (9.473)

The question we first ask is how to introduce this transformation in the Lie
language.

It is important to realize that the Courant-Snyder transformation (9.473) is
not the unique way to lead to normal forms. See Exercise 90.

To proceed, consider the map (in Lie representation)

N = Ay MA;? (9.474)

581f the map treats the dynamic variables (components of X) as perturbations, these quan-
tities are expressed to the specified order in terms of the components of X. If the map treats
the strength of a certain nonlinear element as the perturbation, explicit expressions of these
quantities as functions of this nonlinear element strength can be obtained. It is also possible
to simultaneously use X and the strengths of a set of accelerator elements (linear or nonlinear)
as perturbations and obtain the corresponding Taylor expressions of these quantities.
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where A5 1is the linear symplectic map®® whose matrix representation Ay ™!
are such that

1 90 3 0
A, X =1, or Ay l= [\éﬁ ] or Ag = [_\/; L}
VAR N
(9.475)
The map N operates on coordinates U. We have
N = Age:fz(X):e:fB(X):....A2_1|X:U
= ApePCOAT Ape XA |
_ e:A2f2(X)=eiA2f3(X)im| _
—  ofa(A2U): i fs(AU): (9.476)

where f,,(A2U) just means f,,(X) when it is re-expressed in terms of U = A; ' X.
For example, [See Eq.(9.90)]

az + B2’ )2
VA
= f(4l) = -5@ +5) (9.477)

f2(X) = =5 (72 + 20ap, + Bp2) = =4 | (<) + (

The map N describes the dynamics of the same physical system as described
by M, and it has the same form as M except that all coordinates X are trans-
formed into U. If the system is linear, one can use a matrix language. The
matrix representation of Eq.(9.474) is, recalling the reversed ordering,

N =A, 'MA, (9.478)
If the map M is applied to X, we have
MX = A;NA, 'X = A,NU (9.479)
It is also easy to see that applying the map k times gives
MFX = A;N*U (9.480)

This means that to study the multi-turn beam dynamics, one can study the
effects of the map M on the physical coordinates X, or equivalently, one can
study the effects of the map NV on the normalized coordinates U. The operation
A on the right-hand-side of Eq.(9.480) simply means that after the study, one
needs to remember to transform the results back to the physical space, but such
transformation needs to be done only once at the end. The dynamics of the map
M in terms of the X-coordinates and the map N in terms of the U-coordinates
are the same.

590ne can consider nonsymplectic transformations as well, but we are not interested in
them for our purpose.
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3-D linear systems Let us now consider a 3-D case. More specifically let
us consider a section of accelerator design that contains only magnetic devices
and no electric devices so that § in an invarinat. For example, if there is only
one rf cavity in a circular accelerator, and the cavity is considered to be a thin-
lens element located at position s = 0, the accelerator section being considered
could be the map from s = 0% to s = C~ for one turn around the accelerator
excluding the rf cavity.

We will adopt the dynamic variables X = (z,2',y,v’,2,0). Let the map
through the section be M, which has the form (9.472). Because § is a constant
of the motion, all functions f,,(X) do not depend on z, as one would also expect
physically. For a linear system, of course f3(X) =0, etc.

We then make a transformation according to Eq.(9.474), where A is chosen
such that the function f3(A2U) is given by

xXr ;s— ! ! ! ac
Fa(42U) = =52 (@ + %) - BL 57 + 5) - 50 (9.481)
where
T
Da
U= g’y = Ay'X (9.482)
z
5

and fig 4 (the normal mode frequencies) and &, (the normal mode momentum
compaction factor) are constants determined by the system. Note that the
variable ¢ is the same before and after the transformation and that fo(A2U)
[and f,,(A2U) if the system is nonlinear] do not depend on Z.

How to obtain the normalized coordinates U knowing the one-turn linear
map of a circular accelerator? The matrix of the linear map can be written in

general as
R

Rae
R3¢
Rye
Rs1 Rs2 Rs3 Rsg Rse
0 0 0 0 0 1

where R is a 4 x 4 matrix. Couplings among the three dimensions are allowed
in Eq.(9.483). As written, Eq.(9.483) contains 25 yet-unspecified elements, but
symplecticity of M imposes strong constraints on these elements. First, it re-
quires that R be symplectic. This reduces the number of independent elements
of R from 16 to 10. Second, it also requires that the R-elements satisfy

R
(9.483)

—o O oo

Ry Rsy

~ o | F26 Rs2

RS + =0 9.484
R Rs3 ( )
Rue Rs4
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where S is the 4 X 4 member of the symplectic form (9.3-9.4) and a tilde means
taking the transpose of a matrix. Equation (9.484) constitutes 4 more condi-
tions. The total number of independent elements in Eq.(9.483) is 15.

We will make a succession of three canonical transformations. These trans-
formations follows the Courant-Snyder transformation but is its generalization
to 3-D linear system. We will obtain a “normal form” result at the end. This
discussion then serves as the background to discuss normal forms for nonlinear
systems later.

We first make a transformation of coordinates

x
:L,/
from X = 5, to X; =BX (9.485)
z
1)
where B is the symplectic matrix
1 0 0 0 0 —ng
0 1 0 0 0 —-n.,
10 0 1 0 0 —ny
B= 0 0 0 10 - (9.486)
Ny —Me My, —Ny 1 0
0 0 0 0 0 1

The four components (1., 7;,7y,7,) are the dispersion functions. They form a
vector that satisfies a fixed point condition

M R N
, Rae n,
R ™|+ = x 9.487
Ty Rsg Ty ( )
U Rag s
or
Nz Rie
o |~ _(m— 1)t | e (9.488)
= R .
777/; 36
ny R46

The condition (9.487) allows expressions of the elements Ry, Rog, R3s, Ras
in terms of 7,,n;,n,,7,. The symplecticity condition (9.484) then allows ex-
pressions of Rs1, Rs2, Rs3, Rs4 in terms of 1y, 1;,1,,17, as

Rs1 Nz
Rsa 5 ,

=(1-R)S z 9.489
Rs3 ( ) Ty ( )
Rs4 us
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The transformation matrix for the new coordinates (9.485) is given by

R
N=BMB! =

0 0 0 O
0 0 0O

0
0
0

4
0 (9.490)
Q

Srococoo

where
Qe = Rs6 + 1, Ri6 — 12 Ras + 1, Ras — 11y Ras (9.491)
and use has been made of Eqs.(9.487) and (9.489). The matrix (9.490) is obvi-
ously simpler than the matrix (9.483).
We can make the matrix even simpler by introducing a second transformation
which deals with the matrix R in Eq.(9.490). Assuming the betatron motion is
stable, R can be block diagonalized by a 4 x 4 matrix T:

COS iy  Sinfig 0 0
T RT — | Sin fiy  COS fiy 0 0 (9.492)
0 0 COS [ly  Sin fiy '
0 0 —Sinfly COS [y
The 6 x 6 matrix A;* of Eq.(9.482) is given by
i 0 0
T o
-1
Ay = 0 0 B
00 0 0 10
L0 0 0 0 0 1
I 0 (A“Z) 16
T
= 2,70 9.493
0 (A3 (9.493)
e —Te Ty My 1 0
0 0O 0 0 0 1
where .
Ay )26 1
< =-T | 9.494
(A; 1)36 My ( )
(A3 )46 ,
One can also take the inverse of Eq.(9.493) to obtain
0
T—l 0 77:IE
A, = 8 K (9.495)
y
(A2)s1 (A2)s2 (A2)s3 (A2)sa 10
0 0 0 0 0 1



where

(A2)51 N
(A2)52 -1 ,

=-T7S|'® 9.496
(A2)s3 Ty ( )
(A2)54 77;’,

In terms of the new coordinates (9.482), finally, the transformation matrix
assumes a simple form

COS [ly  Sin iy 0 0 0 O
—sin i, COS iy 0 0 0 O
_ 0 0 cosfiy, sinf, 0 O
N= 0 0 —sinfi, cosfiy, 0 0 (9-497)
0 0 0 0 1 a.
0 0 0 0 0 1

We have thus transformed the complex matrix (9.483) to a much simpler form
(9.497) by two coordinate transformations. Application to a special case of 3-D
linear system is given in Exercise 86.

Note that B contains the dispersion function information of the system, while
T contains the betatron functions and N contains the normal mode frequencies.
The dispersion and the betatron functions, and therefore B and T, depend on
the location s of where the one-turn map (9.483) is taken. On the other hand,
the normal mode frequencies, and therefore N, are s-independent. [See Exercise
88.]

The components of U are the normalized coordinates which transform the
linear part of the map into e/2(42U): with f,(A,U) given by Eq.(9.481). To
complete the normal form representation, we still need to introduce a third
coordinate transformation. Following what we learned following Eq.(9.346), we
introduce the coordinates (¢, Ay, ¢y, A,) according to

T =+2A;8in¢,, P =24, cos¢,
g =+/24,sin¢,, D, =+/24,cosp, (9.498)

We have )
f2(AU) = —fig Ay — iy Ay, — 5@052 (9.499)

The eigenmodes of : fo: are given by Eq.(9.348).

What has been described so far since Eq.(9.473) is the normal form formalism
for a linear system. Given a general linear map M = e/2', we have found
a transformation A (or a succession of transformations whose net result is a
transformation A) such that the transformed map N = AMA~! has the very
simple form e2| where hy = fo(A2U) is a function only of A,, A4, and 4.
In contrast, note that in the original map e'f2*, f, is a function of 5 variables
z,x’,y,y, and 0.
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Nonlinear systems We are now ready to introduce the idea of normal form
for a nonlinear system. For a nonlinear map M such as (9.472), the idea of
normal form is to look for a nonlinear symplectic transformation A such that

the map
N=AMA™! (9.500)

is “as simple as possible”. Drawing an analogy to the linear analysis, this means
the transformed map N — which has the “simplest possible” form — depends
only on A;, A, and § even though the original map M depends on 5 variables
z, 2 y,y, and .50

It should be emphasized that, recalling the discussion following Eq.(9.480), A
is a coordinate transformation that can be detached from the multi-turn studies.
All dynamical effects that involve multi-turns — such as the beam dynamics
encountered in circular accelerators — are contained in the map NV, and that is
why we would like N to be simple.®! The map A and A~! are applied once and
only once before and after the study of the multi-turn effects. We shall see that
A has the physical meaning of the Courant-Snyder parameters generalized to
the nonlinear systems, that N contains information about tune dependence on
the dynamical variables A;, Ay, d, and that N also contains information about
the resonance strengths.

To demonstrate the normal form formalism for a nonlinear system, consider

a second order map
M = ef>efs (9.501)

Again, we are looking for a map N and a transformation A in the form of (9.500)
so that N is simple. Let us first consider the second order transformation

A=l a, (9.502)

where As is the linear transformation (9.482) which transforms the X-coordinates
to the U-coordinates. Note we have chosen to write the two factor maps in the
order as in Eq.(9.502) instead of a reversed order. The function Fj is yet to be
found.

After the transformation, we have

N = AMA71 _ e:Fg,(X):AAQe:fz(X):e:fg,()():142—167:1'7'3(X):
X=U
_ 62F3(U)262f2(A2U)Zelfg‘,(AQU)Ze*ZF?,(U)Z (9503)

where use has been made of Eq.(9.476). The map e'/2(42U) is a simple rotation
map corresponding to Eq.(9.497). The function fo(A2U) is a function only of
Az, Ay, and ¢ if one makes a further transformation (9.498).

We will deal exclusively with the U coordinates in the following develop-
ments. At a slight risk of confusion, we write f,,(AxU) as f,(U), or simply as

60This is away from resonances. When there is a resonance near by, there are complications.
See later.
61Normal forms are not as useful for single pass devices such as a transport line.
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fn. To second order in U,
N = efeiegmifeigiligifagifsig=ils:
= e:fQ:exp(:e_:f”Fg:)e:fye_:F"’:
e expli(e 72 — 1) Fy + f3:] +:0(U3): (9.504)

An inspection of Eq.(9.504) indicates that, at this point in an effort to make
N as simple as possible, one would be tempted to choose Fj as

Fy = (1_61_f> fs (9.505)
so that the map N, to second order in U, is simply the linear map e'/2". It
however turns out that this cannot be done in general. On the other hand,
we can try to approach Eq.(9.505) as closely as possible as follows.

Consider a function f,(U), which is an n-th order homogeneous polynomial
in the components of U (other than z). It is possible to express f,,(U) as

n

fo = 3 ), Jabed, ) (9.506)
{a,b,c,d,e =0
a+b+c+d+e=n
where[9)]
labed, ey = (\/Axei‘/’m)a(\/Al.efmm)b(\/Ayew”)c(\/Aye*my)dde

Agca-&-b)/QA;c+d)/2ei(a—b)¢zei(C—d)¢y§e (9.507)

are the eigenmodes (sometimes referred to as the resonance basis) of : fo: with
:for |abed,€) = i[(a —b)fy + (¢ — d)fiy] |abed, e) (9.508)

We have used the fact that : fs: leaves & untouched.
It follows from the fact that f,(U) is a real function that

Cc(zzgd,e* = Cé:;c,e (9509)

In what follows, we will simplify the notations by dropping the bars on the
normal mode frequencies fi, . We will also drop the bars on &, and Zz.
For f3 we have

3
fs= Y. €%, labed.e) (9.510)
a,b,c,d,e=0

Using Eq.(9.508) the right-hand-side of Eq.(9.505) reads

1 _ (3) 1
(1 — e—:f'zi) fs = Z C“bc‘i’e L — e—ila=b)pe—i(c—d)uy jabed, e) - (9.511)

a,b,c,d,e

621f this could be done, all of the nonlinear dynamics are contained simply in the boring
coordinate transformation A. There would be no multi-turn effects to speak of any more.

277



The expression (9.511) is fine except for those terms in the summation when
one finds zero demonimators:

efi(afb)ﬂwfi(cfd)/‘y =1

or (a— b)& + (c— d)& = integer (9.512)
2m 2m
There are two circumstances when the condition (9.512) occurs. One is when
a=b and c=d (9.513)

The other occurs only when a “resonance” condition is fulfilled®?, i.e.

mbe by — (9.514)
2 2w
where m, n, and p are integers without common denominators. When Eq.(9.514)

is satisfied, terms with
a—b=km, and c—d=kn (9.515)

must also be avoided, where k is any integer.

Since the choice of F3 is at our disposal, we will choose it to be given
by Eq.(9.511) ezcluding terms that give us trouble. In other words, we cer-
tainly exclude from the summation those terms corresponding to Eq.(9.513)
and, when a resonance is uncomfortably close by, also those terms correspond-
ing to Eq.(9.515). We postpone the discussion of the resonance terms till later.
For now, let us consider the case away from resonances. In this case, we have

3
_ (3) 1
F3 - Z Cabcd e |:1 _ e*i(a*b)umfi(cfd)p,y |abcd, 6>

a, ba c, d7 e = 0

a+b+c+d+e=3

unless a=b and c=d

(9.516)
which leads to

(e_:fQ: —1)F5+ f3 = Z C,(lf’l)cc’emacc, e)

a,c,e

= > CO). ALACE

aacc,e
a,c,e

3 3 3
= 080%0,353+C£12}0,1Ar6+c(()0)11,114y5 = h3(9.517)

We have designated the above function as hs.
Substituting Eq.(9.517) into Eq.(9.504) gives the simplest form of N, to
second order in U, as
N = efzieihs: (9.518)

63Recall that g,y here are really fiz,y, the normal mode frequencies, which take into account
the linear perturbations of the accelerator.
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Both f> and hs are functions only of A,, Ay, and . Note that hs contains only
three terms in the summation, each proportional to A;6, A,6, and &3 respec-
tively. Note also that since :f5: and :h3: commute, we can write

N = efeths: (9.519)

An inspection of Eqs.(9.501) and (9.518) indicates that the normal form
transformation basically means dropping the oscillating terms from f3, and keep-
ing only the 0-th harmonic terms. The reason these 0-th harmonic terms can
not be dropped is because it is impossible to find F3 to transform them away.

The normal form procedure from Eq.(9.501) to Eq.(9.519) can be extended
to higher orders. Consider a third order map

M = ef2(X)igifa(X): i fa(X0: (9.520)
By making the transformation with
A= FiU)igilsU): 4, (9.521)
we obtain
N = AMA™! = efuiefsigifaigifsigifai gmibaig=iFu: (9.522)

All functions in Eq.(9.522) are expressed as functions of U. We choose F3 to be
given by Eq.(9.516).

To proceed, we need to go back to Eq.(9.504) and keep terms O(U3). Con-
sider the following;:

efsigifaigifarg=Fs — e:fQZ(e_:fQ:e:F“e:fQ:)(e:f“:e_:Fy)
= G:fQ:exp(iefifzsti)[eXP(ffs—F3—%if35F33)+1O(U4)3}
= e {exple ¥ Fy + f3— Fy — %5f33F3
*%i(fs — Fy):e” 7 F3] +:0(U*):}
= efrighaigion :O(U*): (9.523)

where use has been made of the BCH formula (9.192), hs is given by Eq.(9.517),
and we have introduced

1 o e
gs = 75(:f3: + fgieT I e By (9.524)
By definition of hz in Eq.(9.517), Eq.(9.524) can also be written as
1
ga = —5[5f31F3 +:(fs — F3):hs] (9.525)
Having obtained Eq.(9.523), we have
e:F3:e:fgze:f3:e:f4:e—:F3: _ (e:F3:e:f2:e:f3:e—:F3:)(e:nge:f4:e—:F3:)
= [efiehsieio 10U ][ +:0(U*)]
efzigihsigfatas L. OU*): (9.526)
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Substituting Eq.(9.526) into Eq.(9.522) gives
N = eFugfghsigifaton = Fu
= elrexp(iem 2 Fy:)ehsieifat g by
ef2ehst expli(e™ 2 — 1) Fy: + f4 + gar] +:0(U*):  (9.527)

Following the steps which are by now familiar, we decompose

4
Jit+ga= Z C’éi)cd}embcd, e) (9.528)

a,b,c,d,e

and choose Fj to be (away from resonances)

4
— (4) 1
F4 - Z Cabcd,e (1 _ ei(ab)ﬂzi(Cd)uy) |abcd, €>
{a”b7c7d7620

a+b+ct+d+e=4
unless a=b and ¢=d

(9.529)
Then, to third order, we have
N = e:fg:e:hg:e:h4:
g f2thatha (9.530)
where
hy =Y Cl., ALASS (9.531)

is a function of A,, Ay, and §. In general, hy contains six terms, proportional to
6%, A 6% Ay6% A2 AL Ay, and A2, respectively. Knowing Ay, F3(U), and Fy(U),
the coordinate transformation A, given by Eq.(9.521), is obtained.

One can extend the procedure to higher orders and in general obtains an
Q-th order representation

M = f2(X0:igif3(X):  gifari(X):
A = 62FQ+1(U)Z'“ e:Fg(U):A2
N = e=f2+h3+h4+--~ hat1: (9532)

where fa, hs, ... , hoy1 are functions of A,, Ay, and § only. Equation (9.532) is
the normal form representation of the map M away from resonances.

Applications of normal forms as well as the effect of resonances are later
subjects.

Exercise 86 In the absence of z-y coupling, Eqs.(9.483-9.497) have
simpler forms. Let the linear part of the accelerator section be rep-
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resented by the transformation matrix [see Eq.(9.96)]

where

R
Roy
0
0
T]/—77IR11 +nRa1
0

Ri2 0 0

Raa 0 0
0 R33 Rsza
0 R4z Raa

—7]+77R22—77/R12 0 0

0 0 0

COS by + Qvg SIN Ly
B Sin fig

—Y SIN iy

COS [y — Oty SIN LUy
COS Ly + Qyy SIN LUy
By sin fuy

—Yy SIN by

COS [Ly — Qyy SIN L1y

2
Yu? + 20m + Benf

Find the matrix Ag and fo(A2U).

o= OO OO

n—nR11—n Riz
77’—77/R22 —77R21
0
0
Ay sin pie — Coe
1
(9.533)

(9.534)

Solution One should first check that the symplectic condition (9.484)
is satisfied (and it is) by the matrix M. The matrix map (9.533) has
a Lie form e'/2(X)* with [See Eq.(9.95)]

—l;—z[%.(a: —10)? + 2, (x — nd) (2’ —n'6) + Bu(z' — 1'6)?]

b 1
—%(wf + 20yy" + Byy'”) — 50%52

f(X) =
(9.535)

Following the procedure outlined in the text, we find

U=A;'X = /By

>

Ho = g, /jyzﬂya Qe = Q¢
xz . i ~ 1
fa(AU) = —%(x"’ +p3) - %(yQ +p5) — 5Cac589536)

281



and

- " -
0 0 0 0 —
Bz VB
ag » 0 0 0 — axn+Ban’
Vi VPO Vo
Al = 0 0 NG 0 0 0
0 0 T /By 0O 0
n —n 0 0 1 0
| O 0 0 0 0 1 ]
R 0 0 0 0 77
oy 1 0 0 0 /
N/ !
0 0 \/ 0 0 0
VBy By
_ e tBen’ 0 0 0
NS Ve
L 0 0 0 0 1]
The matrix representation of the map N is
COS [y  SIN fig 0 0 0 0
—sin iy COS Ly 0 0 0 0
A -1 . 0 0 cosp, sinp, 0 0
N=A> MA; = 0 —sinp, cosp, O 0
0 0 0 0 1 —Ca,
0 0 0 0 0 1
(9.538)

Equation (9.533) gives the 6 x 6 matrix for one-turn map around
a certain position in the circular accelerator. For completeness and
later use, we give below the 6 x 6 matrix from position 1 to position

2:

Rin Riz O 0 0 ne— Ryym — Rian
Royy Roy O 0 0 m5— Roim — Roomy
0 0 R3s3 R3s O 0
0 0 Rys Rys O 0
A B 0 0 1 C — Am — B}
0 0 0 0 0 1
@ [cos ¥y + az1 sineh,]
xl
V ﬁzlﬁw? sin ww
1
——————[(1 + az1Qz2)siny, — (ap1 — Qz2) COS Yy
\/m[( 1 2) ( 1 2) ]
@ [cos thy — o sinth,]
512
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6@;2

Ry = —=[cos 1y + a1 sin |
/Byl
Rss = +/BpByasing,
1
Ris = ————[(1+ ayrory2)siny, — (ayy — oy2) cos iy
Ry = @[coswy—aﬁsmwy]
5@;2
A = R21’I72—R11771+771
B = —R1277’2+R22772_771
52
o - / 251 (9.539)
s P(s)

where 1, and 1, are the horizontal and vertical betatron phase
advances from position 1 to position 2. As mentioned in Exercise
32, an explicit expression of the corresponding Lie representation
can only be done transcendentally.

Ezxercise 87 Equations (9.506-9.509) are when fo(AsU) is given by
Eq.(9.499) for stable linear motion. If the system is linearly unstable
[see Exercise 29], how are fa(A2U) and Egs.(9.506-9.509) modified?
Solution Note that, even though unstable, the system is symplec-
tic. Note also that, unlike the stable case, these eigenmodes do not
involve complex quantities.

Exercise 88 Show that in the normal form transformation (9.500)
of a one-turn map M(s) around the location s, the map N is s-
independent. The s-dependence is contained in the coordinate trans-
formation map A.

FExercise 89 Show that the Poisson bracket
[|alblcld1,el>, |a2b262d2,€2>} (9540)

2

2
1
+§(01d2*02d1) la1 +a2,b1+b2, c1+ca—1,d1+da—1,e1+e2)

(a1ba—agb1) |ai+as—1,b14+ba—1,c14c2,di+do, e1+e2)

In particular, it follows that the operators :e~*®=.v: can be regarded
as lowering operators, while :¢?®=.v: have the meaning of raising op-
erators.

Exercise 90 Equation (9.473), the Courant-Snyder transformation,
has played a critical role leading to normal forms. However, it is not
the only way to reach the normal forms. [more to be added]
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9.9 Applications of Normal Forms Away From Resonances

Invariants In the previous section, we transformed the nonlinear map M by
a map A into a normal form N according to

N=AMA™ or M=A"'NA (9.541)

We noted that, away from resonances, N has the form e where h depends
only on A, Ay, and § out of the phase space coordinates (¢g, Az, ¢y, Ay, 2,0)
[See Eq.(9.532)]. It follows that the quantities A, A, and ¢ are invariant under
the map NV, i.e.,

NA, =A,, NA,=A4, Né=§ (9.542)

The quantities A, Ay, and ¢ are the three constants of the motion in the 3-D
motion under the map M.
Let us consider the quantities

W,=A"14, and W,=A"'4, (9.543)

The meaning of the above operation is as follows: in order to obtain an ex-
pression of W, one first writes A, = %(f2 + p2), and then expresses  and p,
(components of the normalized coordinates U) in terms of the physical X com-
ponents using U = A~!X; the resulting expression in terms of the X coordinates
is W,. Similar meaning applies for W,.
The two quantities W, , are invariant under the map M, as can be seen as
follows:
MW, =A"'NAW, = A"'NA, = A7'A, =W, (9.544)

and similarly for W,. As a particle’s motion is observed turn after turn, the
physical coordinates change but the values of W, and W, remain constant.

There is a third invariant, which is simply . Its invariance follows from the
fact that M is independent of z. Particle motion in the 6-D (z, ps,y,py, 2,0)
phase space must stay on “surfaces” of constant W, W, and 4.

Effective Hamiltonian We next look for an expression of the effective Hamil-
tonian of the nonlinear system for the one-turn motion in the (z,p,,y, py, 2,9)

phase space. This is obtained by first writing N = e*(44v-9) and then noting
M = AT'NA=A'eMAAv0ig
= exp[A~'h(A,, Ay, 0):] = exp[th(A 1A, AT A, A1)
e MWa, Wy, 0): (9.545)

This means —h(W, W,,0) is the effective Hamiltonian in the X phase space
away from all resonances. The case when a resonance is close by will be ad-
dressed later. Suffice it to say here that then the effective Hamiltonian would
contain additional terms.
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Fixed point for an off-momentum particle For an on-momentum particle,
the fixed point in the X space is simply the origin X = 0. Consider an off-
momentum particle with § = §o = constant. First note that the vector

0

0

0
Uy = 0 (9.546)

0

do

is transformed by N according to

0

0
NU | = U 9.547
u=t, | 0| = "! (9.547)

21

do

The vector Uy differs from Uy only in its z-component, and z; is some quantity
whose exact form does not matter here. The first four components of U; vanish
because N does not couple the three normal modes of U. Consider the vector

Xo = AU| U_uy (9.548)
We have
_ _ —1
MX\X:XO = AMU]U:UO = AA NAU]U:UO
= NAU|,_, =AU|,_,. (9.549)

In writing down the first step in Eq.(9.549), recall that the earlier Lie operators
apply from the left. Since the first four components of the vector on the right
hand side of Eq.(9.549) are the same as those of Xy, Eq.(9.549) shows that
the first four components of X, form a fixed point, i.e. its position does not
change turn after turn, in the (z, p,,y, py) space for an off-momentum particle.
This fixed point is closly related to the linear and the higher order dispersion
functions.

Exercises 91 and 92 apply these analyses to 1-D and 3-D linear systems.
Exercies 88 applies them to a nonlinear system.

FExercise 91 Find explicit expressions of the invariant W, and the
effective one-turn Hamiltonian for a 1-D Courant-Snyder system.
Solution The invariant W, is obtained by substituting

1 1

I=-—=x, pPg= ﬁ(ax + Ops) (9.550)

=
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into the expressions

1
Ay = 5(952 +p2) (9.551)
The result is, as expected,
1
Wy = %[ﬁ + (az + Ops)’] (9.552)

The one-turn map for the system is given by Eq.(9.90). It follows
that the effective Hamiltonian is

H = —fo=pW, = %[:& + (az + Bps)?]
- §(7x2 + 2axp, + Bp2) (9.553)

The effective Hamiltonian can be used to obtain the one-turn
behavior of the variables z and p, as follows:

de OH

dn ~ opn plaz + Bps)
dps OH
dp;n =-3, = —u(yz + ap,) (9.554)

where n is a turn index which runs from 0 to 1 for one complete
turn. Note that although the betatron functions «a, 3, and ~ depend
on the location around the accelerator, in the effective Hamiltonian
description here, they are taken as constants in the turn index n. The
result obtained applies only when the particle motion is observed at
this particular location.

Equation (9.554) can be solved to yield

z(n) = x(0)(cosnu + asinnu) + p(0)Fsinnu
pe(n) = —x(0)ysinny + p(0)(cosnp — asinny) (9.555)

When n is set to 1, one recovers map (9.87).

FExercise 92 Consider the 3-D linear system described in Exercise 86.
Find expressions of the invariants W, W, the effective Hamiltonian,
and the off-momentum fixed point.

Solution The connection between the physical coordinates (x,p, =
'y, py =Y, 2,0) and the normalized coordinates (Z, Py, ¥, Dy, 2, 9)
is provided by Eq.(9.536). The two betatron invariants then have
the expressions

W, = % (x —n0)* + [ap(z — 16) + Bu(pe — 1/0)]*}
W, = ﬁ[ﬁ + (ayy + Bypy)°] (9.556)
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The effective Hamiltonian is

H = 2/”;’ {(z —16)* + [ap(x — 1d) + Be(pe — 1'6)]?
1
+2M?yy[y2 + (oyy + 6ypy)2] + 504062 (9.557)

A somewhat lengthy but straightforward algebra similar to that of
Eqs.(9.554-9.555) verifies that the Hamilton’s equations using this
effective Hamiltonian in the (z,ps,y,py, 2,0) phase space recovers
the map (9.533).

The off-momentum fixed point in the (x,p.,y,py) space is, ac-
cording to Eq.(9.548), given by the first four components of the
vector ApUy. With Ay given by Eq.(9.537) and Uy by Eq.(9.546),
it follows that the fixed point is simply

x U]
/

p; = 5o ’(7) (9.558)

Py 0

for a particle whose relative momentum error is § = dg.

FExercise 93 Consider the linear system of Exercise 86. Let there be
a static angular kick Az’ = 6 at position s = 0 of this accelerator.
Analyze the steady state motion of the particles.

Solution The one-turn map around s = 0 is given by the matrix M
of Eq.(9.533), with «, 3,7, n, and 1’ evaluated at the position s = 0.
The steady state (z,2',y,%, z,9) observed at the exit of the angular
kick satisfies the condition

T 0 T
z/ 0 z/
Yy 0] _ |y
M J + ol = |y (9.559)
z 0 21
1) 0 1)

The quantity z; on the right hand side is not the same as z. This
is because z does not have a steady state. We need to analyze the
motion described by Eq.(9.559).

Obviously we have y = 0,y = 0. The remaining of Eq.(9.559)
can be written as

Ry1(x —nd) + Ria(z' — n'd) = (x — nd)

Roi(x —nd) + Raa(z' —0'8) + 0 = (' — n'9)

(0" —n'Ri1 + nRa1)x + (—n + Rz — 7' Ryz)x’ + 2
+(=Coc+ Ay sin g )0 = 2 (9.560)

287



where the definitions of the various quantities can be found with
Eq.(9.533).
The first two of Eq.(9.560) can be solved for x and z’,

0
r = iﬁwcot%—kné
0
¥ = 5(1—ozmcot%)+n'5 (9.561)

These give the closed-orbit displacement of the beam particles in
the accelerator observed at the exit of the angular kick. The third
equation in (9.560) gives the path length slippage per turn in the
“steady state”. When x and z’ are substituted using Eq.(9.561),
one obtains

z1—z=—-Ca.d—nb (9.562)

The path length slips by —Ca.d due to a momentum error, and by
—nf due to an angular kick 0, and this slippage occurs every turn.

Note that a kick in z’ is therefore intrinsically coupled to the
longitudinal motion. This intrinsic link is a necessary consequence
of the symplecticity of the system. This coupling does not occur in
the y-dimension.

Ezercise 94 Replace the horizontal angular kick of Exercise 93 by a
thin-lens sextupole of strength A. Find the dispersion functions at
the exit of the sextupole to order §2.

Tune shift and chromaticity In the previous two sections, we have devel-
oped a normal form scheme away from resonances. In terms of the canonical
coordinates U = (¢z, Az, ¢y, Ay, 2,0), we showed that, away from resonances,
a nonlinear map can be transformed into a simple form

N = e~ HAx4y,9): (9.563)
where H is the effective Hamiltonian. The Hamilton equations of motion read

d¢, OH  dA,  OH

dn ~ 9A,’ dn Oy
do, _OH  dA, __OH
dn — 0A,’ dn — 0¢,

dz OH dé OH
R — = .564
dn 06’ dn 0z (9.:564)
where n is the turn index which runs from 0 to 1 for one turn.
Since H is independent of ¢4, ¢,, and z, it follows from Eq.(9.564) that
Ay, Ay, and 0 are constants of the motion. With H = H(A,, A, ), the effective
Hamiltonian H is a constant of the motion. It then follows that d¢,/dn, d¢,/dn,
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and dz/dn are constants independent of n. Integrations over one turn then give
the one-turn map which reads

OH
Ap, = —— AA, =
bo=gan AA=0
0H
Moy = a4y =0
OH

where A of a quantity means the change of this quantity over one turn. In
particular, the phases ¢, , and z advance by an amount specified by Eq.(9.565)
per iteration of the map. These advances depend on the values of A, , and 9,
which are invariant under the application of the map.

If the map being considered is a one-turn map around a circular accelerator,
one can identify the tunes to be

A¢, 1 0H
Vel A0 0) =50 = 9504,
A¢, 1 OH

Y

Different particles with different A, , and 0 have dirfferent tunes. The depen-
dences of the tunes on A, , are called the detuning effects. The dependences on
0 are called the chromaticities.

We showed earlier that, to third order in U, the effective Hamiltonian, away
from resonances, can be written as [see Egs.(9.517) and (9.530-9.531)]

H = —fao—hs—Iy

fo = —psAs — puyAy — %aC(SQ

hy = —Cp1Azd —Cy1Ayd — Cs8° (9.567)
hy = —CopAl — CoyAyAy — Cyy A2 — CioAyd® — CypAy6® — Cy6*

where i, /27 are the unperturbed tunes of the linear system. This gives, using
Eq.(9.566),

1

Va(Aa, Ay, 0) = o—(pta + Cr10 + 2Ca0Ar + Cay Ay + C26?)
1
vy(Aas Ay, 0) = o=y + Cyr6 + Coy Ay +2Cyy Ay + Cy26?) (9.568)

In particular, the chromatic effects are seen by setting A, = A, = 0:

1
ve(6) = %(”‘” + Cp10 + Cyod?)

1
v(8) = %(My + Cy10 + Cy20?) (9.569)

289



and the detuning effects are seen by setting 6 = 0:

1
Vo(Ae, Ay) = (o + 2000 Ay + Coy Ay)
1
vy(Az, 4y) = %(Hy + Cay Ay +2Cyy Ay) (9.570)

When A, = A, = 0 and § = 0, the tunes are of course just given by i ,/27.
Note that all terms contained in Eq.(9.568) appear in either Eq.(9.569) or
Eq.(9.570). This however is not true to higher orders because then there will
be synchro-betatron coupling terms that involve both A, , and ¢ in the tune
expressions. Note also from Eq.(9.570) that the A,-dependence of v, is the
same as the A,-dependence of v, — both are described by the coefficient Cl,,.

The Hamiltonian (9.567) also describes the behavior of the path length ac-
cording to

Az = a0+ 3C56% + 4C48° + Co1 Ay + Cypr Ay + 2050446 + 20, A,5 (9.571)

The path length change per revolution depends on the betatron amplitudes A,
and J. In particular, the A,-dependence of Az is the same as the J-dependence
of v, and the A,-dependence of Az is the same as the J-dependence of v,,.
Chromaticities are therefore intimately related to the dynamics of the path
length!

Smooth approximation Applications of the results in this section can be
found later when we discuss more on single sextupole and the beam-beam in-
teraction. In what follows below, we will introduce a tune shift treatment,
sometimes called the smooth approrimation, which does not use the Lie lan-
guage. A comparison will then be made with what is obtained using the Lie
language. For the tune shift considerations, we will ignore the resonance effects,
even though the smooth approximation applies to the case of isolated resonances
as well.
Consider a 1-D motion of a particle described by the equation

2" + K(s)x = f(x,s) (9.572)

where K (s) is the focusing function of the linear, unperturbed accelerator envi-
ronment, f(z,s) is a perturbation that depends on the instantaneous displace-
ment of the particle  and the position coordinate s. The perturbation f(z,s)
is considered to be periodic in s with period 27 R, the circumference of the
accelerator. The system can be described by the Hamiltonian%*

1 1 *
H(e.pens) = 5ot + 5K = [ da'fa) (9.573)

64Do not write (9.573) with p, replaced by z’. The fact that p, = z’ is a consequence
of the Hamiltonian (9.573). Replacing p; by x’ at the Hamiltonian level is a misuse of the
Hamiltonian.
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Let us start with the equation of motion (9.572). We learned from the
Courant-Snyder treatment that the problem simplifies if we introduce the trans-
formation

x=+/0(s)u
_ Pl L7 ds
0= s =), B (9.574)

where 3(s) is the unperturbed (-function found in the absence of f(z,s), and
v is the unperturbed tune. With Eq.(9.574), the dynamic variable x is replaced
by u, and the independent time-variable s becomes §. The functions 5(s), K(s)
and f(z,s) become 3(0), K(0) and f(u,0), and are periodic in 6 with period
27. Equation (9.572) in the new variables reads

d*u 2 2 13/2

¥ +viu=v23%(0)f(u,0) = F(u,0) (9.575)

In the absence of perturbation, u is described by a simple harmonic motion

in #. This means we can write

u=V2Asin¢ (9.576)
and p
u
B =Y 2A cos ¢ (9.577)

where A and d¢/df = v are constants. With a perturbation, we could insist
on the action-angle transformation of the form (9.576-9.577) except that A and
d¢/df now depend on 6 and we need to solve for them. To do so, first note that
by substituting (9.576) into (9.577), one obtains a self-consistency condition

1dA . do
330 sin ¢ + (@ —v)Acosgp =0 (9.578)

Secondly, substituting Eqs.(9.576-9.577) into Eq.(9.575) gives another condition

Ldd cos ¢ — (% —v)Asing = @F(\/ﬂsin b,0) (9.579)
14

Equations (9.578-9.579) can be combined to give

% = iA cos ¢ F(V2Asin ¢, )

% = v— ﬁ sing F(V2Asin ¢, 0) (9.580)
14

Effectively we have decomposed a second order differential equation (9.575) of
one variable u into two first order differential equations (9.580) of two variables
A and ¢. So far no approximations have been made; Eq.(9.580) is exact.
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If the perturbation is sufficiently weak, the quantities A and d¢/df are ap-
proximately constants of the motion, i.e. they change slowly with time variable
6. We can approximate the expressions (9.580) by keeping only the slowly vary-
ing terms and dropping all fast oscillating terms on the right hand sides. In
other words, we make the “smooth approximation”

% ~ m(cosd)F(\/ﬂsingb,G))
% ~ v— 12A<sin¢F(\/ﬂsin¢,9)> (9.581)
v

where the angular brackets mean the smoothing procedure. Fast and slow refer
to a comparison with the revolutions. The angular variables # and ¢ are con-
sidered to be fast variables, while the changes in A and d¢/df per revolution
are considered to be slow for sufficiently weak perturbations.

Consider the case when the tune is away from resonances. The smoothing in
this case is obtained by a straightforward averaging over the angular variables

0 and ¢, i.e.
1 2 2w

After averaging, Eq.(9.581) becomes

dA
d

dd) 1 2 27 ) )
= v— m/() d¢/0 dfsing F(vV2Asing,0) (9.583)

~ 0

%

The reason dA/df vanishes is that F(v/2Asin ¢, ) is an even function in ¢/ =
¢ — 75 the product cos ¢ F' (V/2A5sin ¢, 0) is an odd function of ¢/ which averages
to zero. The fact that we are averaging 6 and ¢ independently of each other
assumes that they are not correlated in some way. Such correlations would be a
consequence of resonances, which we ignore in this section, but will be discussed
following Eq.(9.672).

Equation (9.583) says that the action variable A is approximately a constant
of the motion even in the presence of (weak) perturbations provided the unper-
turbed tune is away from resonances. The quantity d¢/df, which assumes the
physical meaning of the perturbed tune, depends on A. The motion of particles
in the polar (\/ﬂ7 ¢) phase space is such that particles move along circles of
V2A = constant with constant angular speeds. This constant angular speed,
however, is different for different particles, creating a sheering effect on the dis-
tribution of particles in the phase space. The dependence of the perturbed tune
on A specifies the detuning effect. The tune shift is given by

Av(A) =

2m
d¢ [ dfsing F(V2Asing,0) (9.584)
0

1 27
a 42/ 2A /0

From Eq.(9.584), one notes that if the perturbation f(x,s) is an even func-
tion of x, then to first order of the perturbation, the tune shift vanishes. Since
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the perturbation due to sextupoles, decapoles, etc. are even in x, these multi-
poles do not contribute to tune shifts for on-momentum particles to first order
of their strengths. Quadrupoles, octupoles, and the beam-beam force, on the
other hand, do contribute to first order tune shifts.

Noting the fact that the action and angle variables are canonical variables,
one can cast Eq.(9.583) in a Hamiltonian form. Indeed, with the Hamiltonian

27 2m A dA’
H=vA- / dd)/ do sin(b/ F(v2A’sin¢,0) (9.585)
0 0 0

V2A'

Eq.(9.584) is recovered by the Hamilton equations

dp  OH dA  OH

A7y

Since the Hamiltonian H is independent of the time-variable 0, it is a constant
of the motion. The system is solvable, or “integrable”, away from resonances.®
The Hamiltonian (9.585) is in fact simply the Hamiltonian (9.573) averaged over
0 and ¢, i.e., (9.585) is (9.573) after smoothing.

Let us consider a few examples. Consider first a thin-lens error quadrupole
with focal length f located as the position s = 0 in the circular accelerator. In
this case, we have

f(z,5) = —%5,,(5) (9.587)
where 6,(s) is the periodic d-function with period 2rR. The kick a particle
receives as it traverses the error quadrupole is Az’ = —z/f. This means

F(u,6) = 12 5%/2(0) (1,6) = ~v5(0) £6,(6) (9.588)
Substitution into Eq.(9.584) yields
Av = i(:)f) (9.589)

which is a familiar result of accelerator optics. In particular, in this case, Av is
independent of A.
Now consider a more complex problem, namely the case of a thin-lens error
octupole with
f(z,8) = ex®5,(s) (9.590)

Substititing into Eq.(9.584) gives

1 3
Av ~ _%652(0)/1 decos* ¢ = —8—7Teﬁ2(0)A (9.591)

0

This tune shift is proportional to the action A.

65The fact that H is also independent of ¢ gives the additional nice feature A = const, but
this property is not a necessary condition for the system to be called integrable.
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Computing tune shifts “physically” It may be instructive at this point
to make the following observation. If one is given a perturbation such as that
given by Eq.(9.590) and is asked to calculate the tune shift, and had he not
known the smooth approximation, what would he do? First, he might note
that the focusing effect changes from turn to turn, so some kind of averaging
would be unavoidable in order to calculate the tune shift, and he would have
to first introduce an “instantaneous” tune and then try to average it over many
turns. Naively, the first quantity that comes to mind to be averaged is the
force, because the force is what is “physically” applied to the particle. The
instantaneous force is given by f(z,s), which is proportional to z3. Now since
x is basically sinusoidal in time s, the average of the force over many turns is
zero, which of course gives a wrong answer.

One might then consider perhaps the averaging should be performed over
the “gradient” of the force. Although the gradient is not what the particle ex-
perience directly, the intuition of averaging over the gradient may be supported
by the direct link between tune shift and gradient, as Eq.(9.589) suggests. One
then computes the gradient which is connected to an instantaneous focal length
f with 1/f = —3ex?. Substituting into Eq.(9.589) and averaging over ¢ give

Av ~ @<—361}2> =—

3
y —€f%(0)A (9.592)

47

This result gets closer to (9.591) but still is wrong!
The right answer, surprisingly, is effectively to average over the potential of
the force, i.e. the average should be performed over the integral of the force

x
Viz,s) = —/ dx’ f(x', s) (9.593)
0
instead of either the force itself or the derivative (the gradient) of the force. Not-
ing the fact that the potential is a term contained in the Hamiltonian, one then
recognizes that what is being averaged over is the Hamiltonian.%¢ In fact, that

was what we observed in the smooth approximation developed from Eq.(9.572)
to Eq.(9.586). Indeed, the averaged potential is given by

. 3
(V) = —eB2(0)A%(sin” 6)dy,(s) = —2e8%(0) A6, (s) (9-594)
In terms of the potential V', the tune shift (9.584) can be written as
1 (V)
Av=— —1t .
v 27r/cls 9A (9.595)

Substituting Eq.(9.594) into Eq.(9.595), we recover the correct tune shift (9.591).
As funny looking as Eq.(9.595) is, it gives the right answer.

66Who says Hamiltonian is merely a mathematical construct?
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Tune shift using Lie algebra Now let us try to connect these results to Lie
analysis. Consider the case when the perturbation is localized, i.e., let

F(2,5) = ()b (s) (9.596)
The tune shift, Eq.(9.584) or Eq.(9.595), reads
Aoy VIO [ |
v(A) = sin ¢ €(1/2A5(0) sin ¢) (9.597)

4n2V24 o
The Hamiltonian (9.585) reads

1 27 V/2AB(0) sin ¢
H=vA- — dqﬁ/ dx'e
0

el (') (9.598)

This system can also be described in the Lie language. If one observes the
particle motion at the exit of the perturbation, the one-turn map, in the (¢, A)
phase space, is

/\ /2AB(0) sin ¢

e:—27TVA: exp [:
0

dx’e(:r’):} (9.599)

To first order in the perturbation strength, this map can be concatenated to
yield

:— 2 A: V/245(0) sin ¢
exp l: — 2TV A + (W) /0 dr'e(z'): (9.600)
Let us decompose
\/2AB(0) sin ¢ ol )
/ @)= 3 C(A)es (9.601)
0

k=—oc0
then we have

:— 2 A: V248(0)sine = 2rky ik

1 — e2mrA: dzx E(.’E ) = Z Ck (A) 1 — e—2mkv €

k=—oc0
(9.602)

Away from resonances, terms with k # 0 can be transformed away by a normal
form analysis. After the transformation, the map (9.600) becomes

N = exp[: — 2mvA + Cy(A):] (9.603)

1 27 V2AB(0) sin ¢
Co(A) = %/0 dqﬁ/o dx'e(x") (9.604)

This map is of course described by the effective Hamiltonian (9.598), and it
has the tune shift (9.597). The actual normal form transformations are short
circuited here. This connects the Lie analysis and the smooth approximation
at least away from resonances. Note that it is the 0-th Fourier harmonic of the
potential (9.601) that contributes to the tune shift away from resonances.

0

where
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FExercise 95 As a somewhat trivial exercise of a tune shift effect,
consider a simple harmonic oscillator. The map that brings the
canonical coordinates (¢, A) from t =0 to ¢ is

M = ¢—wAt (9.605)
where w is the rotation frequency of the oscillator. One has
Mo = ¢+ wt and MA=A (9.606)
which means the map can be written as
o(t) = ¢(0) + wt and A(t) = A(0) (9.607)

as expected.
One can also describe the system in terms of the Hamiltonian
language with the Hamiltonian

H=wA (9.608)
Indeed, the Hamilton equations read

d;:g—il[:w and A:—%—IZ:O (9.609)
Now describe the system in a rotating frame which has a rotation
frequency €2 so that the oscillator has an angular frequency of w— Q.
Describe it in both the Lie and the Hamiltonian languages.
Solution In the Hamiltonian language, we introduce a generating
function G which transforms the coordinates from (¢, A) to (¢', A’),
where

G(p, A t) = (¢ — Q) A (9.610)
The new coordinates are then related to the old ones by
oG oG
[ — — = —— = 4
¢ = A ¢ —Qt and A 9 A (9.611)
The new Hamiltonian is
H =H+ % =(w-0)A (9.612)
The new equations of motion are
¥=w-Q and A'=0 (9.613)

In the Lie language, the old map is given by Eq.(9.605). The
coordinate transformation can be described by the Lie map [See the
coordinate shift map of Table 4]

R(t) _ e:QAt:
— Rép=¢-Qt=¢ and RA=A=A (9.614)
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The new map must involve a transformation from the new coordi-
nates to the old ones at time ¢ = 0 and from the old coordinates
back to the new ones at time t, i.e.,

M’ = R(t)YMR™*(0) (9.615)

Note that because the coordinate transformation depends on time,
the map is not transformed according to a similarity transformation
as prescribed, e.g., by Eq.(9.61).

Substituting R from Eq.(9.614) and M from Eq.(9.605) into
Eq.(9.615) gives

M = e:QAt:e:—wAt: — e:—(w—Q)At: (9616)

which is consistent with the new Hamiltonian (9.612). This exercise
will be used later when we discuss the effects of resonances.

Ezercise 96 Consider an accelerator with uniform focusing and a
uniform distribution of octupole error. The equation of motion is

d’x 2 3
@ Tvr=er (9.617)
the tune shift can be obtained from Eq.(9.584),
A [T 3eA
Av=—L"[ dpsin*p= "2 (9.618)
v Jo 4v

But Eq.(9.617) — when the perturbation is uniformly distributed —
can be solved exactly. Show that the tune shift (9.618) agrees with
this exact solution to first order in e.

Solution Equation (9.617) has a constant of the motion, which we
designate as 2 A, namely

1
§(d0

d 2
_x)2 + %af — ix‘l = constant = 12 A (9.619)

Equation (9.619) gives

dx

e 24 _ 2,24 S04
20 :|:\/21/A V2x +2z (9.620)

Integrating the periodic motion (9.620) gives a period

g dx
©=4 9.621
/0 V2PA = 2% + ot (9.621)
where 7 is the peak amplitude of the motion with
2°A — v+ %:&4 =0 (9.622)
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Equation (9.621) gives an exact expression of the tune shift Aw.
When € = 0, the unperturbed case has

Zo=V2A and ©g= 27” (9.623)

When € # 0, the perturbed tune is related to © by

2
Ay = — 9.624
v+ Av 5 ( )

To compute Av, we need to compute © of Eq.(9.621). We will do
this to first order in €. By a change of variable from = to u, where

€
uw=ax?— —2334
2v

du 3¢

= m(u Eu+(9(62)) (9.625)

= dx

we find

6 — 2 24 1+4:%u

A%

vV Jo \/u(ZA — u)
27 3e

= —(1+-—A4 9.626

Ty 24 (9.626)

Substituting into Eq.(9.624) gives a tune shift which agrees with

Eq.(9.618).

Exercise 97 Refer to Eq.(9.325). Find the dependence of the syn-
chrotron tune on the synchrotron oscillation amplitude.

Ezercise 98 Find the tune shifts in the presence of a 1-D single
thin-lens octupole.

Ezercise 99 3-D analysis of the fringe field effects of a thick quadrupole
on tune shifts.

9.10 Isolated Resonances

The normal form analysis so far applies when the betatron frequencies are away

from resonances. When a resonance condition [See Eq.(9.514)]

MYy + Ny =p (9.627)

is valid or approximately valid, we have to modify our analysis. We will consider
the idealized situation when there is one and only one isolated resonance near
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by. We will not discuss the case with two or more interplaying resonances. This
idealization excludes the study of chaos.%”

First consider a second order map (9.501). We have described a normal
form analysis of this map, and shown that it can be transformed into the form
of Eq.(9.504). We next decompose fs3 according to Eq.(9.510). Away from
resonances, we choose F3 according to Eq.(9.516). Near a resonance, the normal
form analysis as described so far must be modified. In this case, the “simplest
possible” form of the map no longer gives an effective Hamiltonian that depends
only on A,, Ay, and §. In stead, the “simplest” form is now more complicated.
Near a resonance, we now choose F3 similarly to Eq.(9.516) except that terms
excluded from the summation are not only those with (¢« = b and ¢ = d), but
also those resonant terms satisfying (a — b = km and ¢ — d = kn) for some
integer k. We then have

(e= /% —1)Fs + f3 = hs + hY’ (9.628)
where hs has been defined in Eq.(9.517) and is a function of A,, A, and ¢ only.
The function h:(;") is given by

B =33 e AGTERT AL Rk ik moatn) ge (9 G29)

a,a—km,c,c—kn,e
k a,c,e

The summations in Eq.(9.629) contains terms that satisfy the conditions

k#0
2a+2c—k(m+n)+e=3
0<a,a—km, c,c—kn,e <3 (9.630)

The reason the k = 0 terms are excluded from the summation is because they
have already been included in hg.

We see now that the “simplest” form depends not only A, A, and §, but
also on ¢, ¢,. However, it is important to note that it is only the combined
variable m¢, + n¢, that appears in the normal form.

Take the resonance 3v, = p for example. We have m = 3,n = 0. There are
only two terms that satisfy the conditions (9.630) and therefore contribute to

hgr). The result is

r 3 130, 3 —13¢s
hy) = Ai/Q(C?(,oZ)o,oe e 0632)0,06 30) (9.631)

67All along we have been assuming the problem is integrable. This assumption is hidden
in that we assumed our expressions of the effective Hamiltonian and the invariants converge
in whichever perturbation calculation we have chosen. Chaos is actually a result when the
system is nonintegrable. One way to appreciate the convergence of the problem is to look at
the map of resonances in the (v, vy) plane. As the order of resonances (which is defined as
m| 4 |n|) is raised, we have ever increasingly dense web of resonance lines. Obviously the
number of neighboring resonances does not converge as one increases the resonance order. On
the other hand, the hope is the strengths (or the width) of resonances decrease sufficiently
rapidly with the resonance order, so that the effect on beam dynamics actually converge. As
a result, hopefully only one of a relatively low order resonance plays a dominating role, and
our analysis of this section approximately applies. In particular, the system then becomes
integrable.
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Similarly we can work out for all the other resonances excited by this second
order map. The results are:

resonance 2v, + vy = p
r 3 12¢,+idy 3 —i2¢, —igy
hs? = AIA;/2(C§O)10’06 Wetity 4 Cézzn,oe 20w —i0n)
resonance 2v, — vy = p
17 = AL A ™05 1 20045
resonance v, + 2v, = p
h:(ar) = Ai:/QAy(CS)zo,oei%Hwy + C(()?zn,oeﬂ%ﬂ%y)
resonance v, — 2vy = p
h = A)/?A (Cloo oewxiiwy + O(g%o,oeimﬁw%)
resonance 3vy = p
r 3 el —i3¢y
hg )= Az/Q(CéO) 0,0 Bty 4 C(o 3,0€ 3%y
resonance 2v, = p
h? = A 5(05000 e 4 0(200 e %)
resonance Vy + Uy = p
hs? = A}/QAZI//Q(;(CS)O, Watiby C’0101 je i)
resonance vy — Vy = p
h(r) _ A1/2A1/25(C(3) piba—idy +0(3) e—i¢1~+i¢y)
Ay 1001,1 0110,1
resonance 2y, = p
) = 4,512+ Clg %)
resonance v, = p
) = Al a0+ Clf ™)
3 i2¢ 3 —i2,
+ 4, 5(0502)0 e’ +C(2())0 e )
+AY?A (01011 e'?r + 00111 o€~ ")
+A3/2(O(3) 0.0 pRE —|—O(3 706713411)
+A3/2(C(3) i¢$ + ng)o 067l¢w)
resonance v, = p
hg’") _ A1/252(C(3) zd) +C(g001 6*Z¢y)
+4 5(05020 1612¢ + C’0002 e %)
+A A, (Cf 0™ + 01101 o€ ')
A3/2(C(030 067,3¢y 0(3) 706—13%)
A3/2(C(§g)2 el +00012 o€ ") (9.632)

The term hg3 is the same for all resonances.
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There are a total of 35 C-coefficients of third order. The resonances men-
tioned above involve 32 C-coefficients (8 of them involved twice). The remaining
3 appeared in the function hg.

Near the resonance (9.627), we now have

N = e:fQ:e:hg-‘rhgT): (9633)

where hg is given by Eq.(9.517) and hi(,)r) is given by Eqs.(9.631-9.632). Given
Eq.(9.633), we next try to obtain the effective Hamiltonian of the system. To
do so, it seems that we need to concatenate the two factor maps on the right
hand side, which gives, to first order in h:(f),

N = exp |:Zf2 + (%) (hs + hgT)):]
= exp [:fz + hs + (%) hgr):} (9.634)

However, expression (9.634) contains the term
o (" _ ®)
(1 — e—ifer h3 - Z Z Ca,afkm,c,cfkn,e
k#0 ace

ik(mum +n/”Ly) a—gkm jc—3kn ik(mo.+ney) se
1— @_ik(m#m+nl‘y) AI Ay € d (9635)

which is problematic because it diverges near the resonance.

To get around this problem, we will consider observing the particle motion
in a frame which rotates in the phase space. Take the resonance 3v, = p for
example. We are specifically considering a transformation of coordinates from
U = (¢z, Az, by, Ay, 2,0) to U = (¢, Az, by, Ay, 2,0), where

2
O = bo — 5k (9.636)

In Eq.(9.636), k is the turn index which increases by one unit per turn and
assumes the role of the time variable. The new variable ¢/, the angle variable
in the rotating frame, is a slow variable because it increases by 2wd/3 per turn,
where d = 3v, — p is a small parameter [see Eq.(9.360)].

To facilitate this change of coordinates, we consider the coordinate shift map
[see Exercise 95]

R(k) _ ezz%pkAzz
2 ,
= Ror = ¢y — gpk = ¢, (9.637)

In the new coordinate system, the map for the k-th turn (which takes the particle
motion as the turn index increases from k to k + 1) can be written as

N = '2“p(k+1)Az:N67:2T“pk:Az:

= [e

|
oy

L. .2m 2w .. (r), _.2=n .
p(k+1)Am.e.f2.e 1 pkAx.] [e. 3 pkAm.e.h3+h3 e pkAT19638)
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The two factor maps in the square brackets in Eq.(9.638) can be rewritten
in more convenient forms. The first factor map reads

e 2T"';D(kJrl)Aw:e:fz:ef:ZT’"pkAm: _ e:fé: (9639)
where 5 1
b= _?ﬂdAw — iy Ay — 5acd’ (9.640)

Equations (9.639-9.640) follow because A, commutes with fo. The other factor
map in Eq.(9.638) can be written as
e 2 pkA,: h3+hé7v): —: 2 pkAg:

—exp[ B pkA: (hs —I—h(r)}
= exp [ hs +¢€ FrkAs: h(r ]
= exp [ihg + 243/ Re (g 0% ) (9.641)

where we have substituted expression (9.631) for hgr), and Re[...] means taking

the real part of the quantity [...]. We have also applied Eq.(9.509) and used

e 2 pkAg: 1e83bs — (i3(da— pk) _ ei3¢; (9.642)

In the above procedure, note in Eq.(9.640) that the quantity u, has been
effectively replaced by the small parameter 27d/3, and in Eq.(9.641), ¢, has
been replaced by the slow phase ¢/. In the new rotating system, we are now
ready to concatenate the map (9.638) without introducing a small denominator,
to first order in the nonlinearity strength,

N = e:fé: exp |:Ih3 + 2A5/2R€ (Cégz)o Oei3¢;> 2]
_ Y 43R (0,
= exp|:fy+hs+ 24,7 Re  Caono,0¢
1— e

127md 36!
exp {fé + hs + 243/°Re [C:E,(g))oo,o (1_26%) e’3¢w] :}(9.643)

where we have used . .
fhieB% = i2ndet3= (9.644)

The expression in Eq.(9.643) is now well-behaved when d — 0. The effective
Hamiltonian for the one-turn map is then, in the rotating frame,

27 1
H = —dAar + pyAy + —ac(52 - 0532)0,353 - Cﬁ%a,lAﬁ - C(()g)n,lAy5
3) 2nd g
—243/*Re (Céooo 0] = g—iznd® 3%) (9.645)

The rotating frame thus avoides the small denominator problem. Alterna-
tively to a rotating frame, one could apply a trick by raising the map to some
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integer power. This amounts to observing the particle motion not once every
turn, but once every few turns. For a third order resonance, for example, one
would observe the system once every three turns. By “strobing” the system at
three-turn intervals, one expects that the dynamics of the resonance will emerge
more visibly.

We thus consider the map M? = (A71NA)? = A= N3A. The dynamics are
contained in the map N3 which reads

N3 — (e:fgze:thrhgr):)B

_ e3:]"2: (672:f2:€:h3+hy):€2:f2:)(67:f2:€:h3+hy):6:f: )6:h3+h§’7‘):
e . Lh IS . (r),
= 32 exple %2 (hy + hy)):] expl:e /2 (hs + hé )):]e'hﬁh?’ {9.646)

To first order in hz and hgr), this gives

2
N? = ¥exp 03 e P2 (hy + Y)): (9.647)
k=0

Since f> and hs both depend only on A,, Ay, and §, we have

2
> e h g = 3hy (9.648)
k=0

The other quantity in Eq.(9.647) reads

2 B 2
Z efk:fgzh:(;') _ 2A§/2Re C§3%0706i3¢z(2 eislwz)]
k=0 L k=0
I 3 i 1-— 671‘9#’”
= 2Ai/2Re C?Soz)o,oe 3¢a 1—6—_13’“
r ) 1— —i6mwd
= 2Ai/2Re C§3%07O€Z3¢w ]_:W} (9649)

We next note that the factor e3/2' in Eq.(9.647) can be written as [See
Eq.(9.363)]
e3f2 = g3 (9.650)

Combining the results gives, to first order in hs and hgr),

et ; 1— 67i67rd
N3 = e3iexp |::3h3 + 2A2./2Re (C?Egz)o,oe 3¢z = ei27rd) :}
/ 3/2 @ 1—e0m 3:fy: i3¢
= expq:3fy+3hs + 247 "Re | C3pp0.0 e \1 57 )€ @] .
16d .
= exp {3fé + 3h3 =+ QAi/2Re |:C§82)0,01_26+1‘2ﬂ-d613¢z:| Z} (9651)
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Equation (9.651) obtained by strobing agrees with Eq.(9.643) obtained by
rotating the phase space. In particular, the small denominator is removed. Note
that at three-turn intervals, the difference between ¢, and ¢! disappears.

Let k& be the turn index which runs from 0 to 1 per turn. The one-turn
Hamilton equations of motion are, using the effective Hamiltonian (9.645),

dbs _ OH _ 2n 3 3 2nd
dk 04, ?d B 0512’0’15 —34;/%Re {C?Eoéo,ome 3¢q

Ay _ O p3ip, [c<3> 6rd ¢]

dk - _8¢/z 3000,01 o 677;27“1
do OH 3
d—ky T oA T Hy — 080)11,15
y
dd, _ on
dk Oy B
dz oOH 3 3 3
ik = 95 = a0 — 30(%02)0,352 - 01(1%0,11490 - C(go)ll,lAy
dé oH

Take the first member of Eq.(9.652) for example. There are three terms on
the right hand side. The first term describes the unperturbed betatron phase
advance per turn. The second term gives the nonlinear effect which is not driven
by resonance. The third term is the nonlinear resonance driven term.

There are three constants of the motion: 6, A,, and

2 2rd
he = S-dA, = Ol 0 Asd — 2437 Re | Cliho o T——g @™ | (9.653)

3000,0 7 _ p—iznd ©
The quantity h, can be regarded as the effective Hamiltonian in the x phase
space. For small d, and consider on-momentum particles with § = 0, we have

2 s
hy ~ ?ﬂdAx — 243/?Re(C)) 0e™%) (9.654)

In the next section [See Eq.(9.681)], we will show that for the case of a single
thin-lens sextupole and observing the particle motion at the exit point of the
sextupole, Cz)(,g())o,o = £X\(28,)%/?, where X is the sextupole strength. For this

case,

2m A
he = —dA, + —=(8,A,)%?sin 3¢/, 9.655
YA, + s (3 A,) s 30 (9.655)
which agrees with Eq.(9.370).
From the first member of Eq.(9.652), it follows that, as ¢/, varies on the
right hand side, -~ %= oscillates around the value d/3 with an amplitude A/3,

' 2w dk
where, for small d,

9
A = AICib0,| (9.656)
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This quantity A can be loosely associated with a “tune resonance width” in
the sense that the “tune” of the particle oscillates in time slowly with a half-
width of A/3. If a particle has A & d (which happens when the particle has
an unperturbed tune close to 1/3, and its amplitude A, is sufficiently large),
its motion will exhibit a pronounced resonance response. When A S d, the
resonance behaviour would be weak. In this sense, the quantity A can be
loosely associated with the “width” of the resonance.

So far we have been considering the resonance 3v, ~ p which involves only
the z-motion. The analysis can be extended to the coupling resonances such
as the 2v, + v, ~ p resonance. The corresponding hgr) is given by Eq.(9.632).
Let us define two reference tunes v, and v, in such a way that v, ~ vy
and v, = vy, where vy 40 satisfy the resonance condition 2v,0 + vy = p
exactly. (This definition does not give v49 40 uniquely, but this ambiguity does
not matter.) Let 2v, + v, = p+ d with a small d, |d| < 1. Consider then a
frame that “rotates” with frequency v, in the x phase space and frequency vy
in the y phase space. The change of coordinates from (¢, Az, ¢y, Ay, 2,9) to
(¢ Aw, byys Ay, 2,6), where

¢, = ¢y — 2ok, and ¢; = ¢y — 2mryok (9.657)
can be facilitated by the map
R(k) — e:2ﬂ(l’rn0Am+Vy0Ay)k: (9.658)

The new map is then
N/ _ 6127\'(1/:,:(]141+l/y()Ay)(k}+1)2N62727T(UIQAI+Vy0Ay)k}Z

— e:fé: exp |:Ih3 + 6227\'(Vm0Am+V;;0Ay)kihé7')::|

= efrexp {h:s + 2AmA;/2Re(C§g)m7oei2¢;+i¢'/”)} (9.659)
where )
fy = —21(vy — Vo) Az — 27 (v — vy0) Ay — 5%52 (9.660)

Concatenating the two factor maps in Eq.(9.659) gives
N' =~ (9.661)
where H is the effective Hamiltonian
H = 21(vy — vg0)As +27(vy — vyo)Ay + %a652
~Cionos0” — Ching,1 Asd — Gty 1 4y

1/2 (3) i2mwd
—24,A}/Re |C

126" i
201007 — g—iznd utidy (9.662)
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The Hamilton equations give
de! OH 3
dlﬂx = an = 27.[.(1/1 - on) - C£12)0715

3 i27d 20" +id’
_2A;/2Re |:C§0)10,0 1_e—iznd® 20:+ ‘i’y}

dA, oH 1/2 (3) Amd  ing! +io)
el ok —24,A*Re [02010,01_6—z‘2wde i
de! O0H 3
d—ky — 8—Ay =21 (vy — vyo) — O(go)n,lé

A AR [C@) ﬂem;%}

T4y 2010,0 1 — e—i27d

dA, _ 0H 1oRe [0® 2 gt g,
T g, = ~2AsAYRe | Caotoo T =g | (9.663)

The equations for dz/dk and do/dk are the same as those in Eq.(9.652).

As can be seen from Eq.(9.663), the resonance affects both « and y motions.
There is an apparent divergence of qu; /dk when A, — 0, but this does not cause
problem in actual beam dynamics. There are three constants of the motion. The
first two are 6 and H. An inspection of Eq.(9.663) gives a third constant, i.e.,

d
%(Am —-24,)=0 = A, —2A, = constant (9.664)
One can obtain a resonance width by associating it to the amplitude of
variation of the quantity 5-d(2¢/, + ¢},)/dk, which according to Eq.(9.663), for
small d and § = 0, is given by
1 (26, + )
2m dk

In analogy to the tune width defined in Eq.(9.656), one may be tempted to
introduce

1 o 1y s
= d— o (44)/7 + A A Re(Chr,0¢ ™7 1%)  (9.665)

A = (4412 + A, A7) O ol (9.666)

This definition of resonance width, however, has the drawback of a divergence
as Ay, — 0.

One can repeat the above analysis for a general resonance described as v, ~
Vg0, Vy R Vyo With muvyo + nvyo = p. The one-turn effective Hamiltonian,
observed in the rotating frame defined by Eq.(9.657), would have the general
form

1
H = 21(vy — vy0)Az +2m(vy — vyo)Ay + 50@52
—h(Ay, Ay, 8) — A2 AN 2Re(eeim e i) ) (9.667)

where h is some function developed in the normal form analysis and depends
on A, Ay, and § only, € is some complex coefficient related to the strength of
the resonance-driving nonlinearity.
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It follows from the Hamilton equation with the Hamiltonian (9.667) that

OH oH

d
(nAgy —mA,) = _(na@blz —ma(%

dk

)=0 (9.668)

This property (9.668) means the quantity nA, —mA, is a constant of the motion.
The quantity (9.664) is just its special case. In this system, the three constants
of the motion are ¢, H, and nA, — mA,. Property (9.668) follows because ¢/,
and ¢; appear in H as a combined quantity m¢;, + ne,.

The invariance of nA, —mA,, valid to first order in the nonlinearity strength,
is an important observation. When m and n have opposite signs, i.e. the
resonance is a “difference resonance”, the invariance of nA, — mA, imposes a
constraint on both of the oscillation amplitudes A, and A,. The particle motion
is then necessarily bounded and is therefore necessarily stable. For the “sum
resonances”, on the other hand, the invariance of nA, —mA, does not impose
a constraint on either A, or A,. The particle motion is not necessarily stable.

For resonances of third order and lower, the one-turn effective Hamiltonian
can be written as

1
H = 210(Vy — vg0)Az +21(vy — vyo)Ay + 504662
_083%0,353 - 08%0,1143:5 - 053)11,1Ay5 + H' (9.669)

where H' has the same expression as —hér) in Egs.(9.631-9.632) for the corre-
sponding resonance, except that ¢, , are replaced by gb;’y.

A general expression for the tune width is, for the system with effective
Hamiltonian (9.667),
m|m|  n|n|

1
A= — ZPN Alml/2 glnl/2 )
S AL Ay (9.670)

where we have set d = mv, + nv, —p and 6 = 0. For resonances of third order,
for example, we have

3

om0l 3va=p
3

|C£o)10,o|a vy +vy =p
3

|C£oz)1,o s Wy — vy =p

le| = (3)

(9.671)
|Clo20,0l, Ve t2vy=p

3
|C§02)2,0 y Vo —2vy =p

3
|C(()o:)30,o|a vy =p

If one would like a geometric definition of a width in the v,-v, plane around
the resonance line my,+nv, = p, it may be more appropriate to call A/v/'m? + n?
the resonance width as illustrated in Fig.9.7. It should be mentioned here that
a careful examination of a strict definition of a resonance width or resonance
stopband can be rather involved [see comment following Eq.(9.666)]. For our
purpose, the simplistic definition seems to suffice.
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Figure 9.7: A resonance with width in the tune plot.

Smooth approximation near an isolated resonance In the previous sec-
tion, we introduced a smooth approximation for an 1-D system, under which the
equations of motion of a particle can be approximately written as Eq.(9.581),
where the brackets mean keeping the slowly varying terms. Away from reso-
nances, the slowly varying terms are extracted by (9.582). When the tune is
close to a rational number n/p, there are additional slow terms to be included
in the smoothing process. To see this, let us first change variable from ¢ to

v=¢— "9 (9.672)
p

Since ¢ advances by 27v per turn, and 6 advances by 27 per turn, and v is close
to n/p, it is easy to see that 1) is slowly varying. We further Fourier decompose®®

F(V2Asing,0) = > Y frr(A)ekotim? (9.673)

m=—00 k=—o0

then

o0
(cosp F) = = > € [fngap1) + fona)aptn)]
g=—00

N =

68This is possible because F is periodic in both # and ¢ with period 2.
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: 1«
(sing F) = = > e [fngap-n — fenp@en]  (9-674)

q=—00

In fact, Eq.(9.674) follows from the Hamiltonian

n V2A K etary
H(wvAae)_(V_;)A_ 2% Z qu

g=—00

(f*nCIaQPfl + ffnq,qurl) (9675)

This Hamiltonian is independent of s, and is a constant of the motion. Away
from resonances, only the ¢ = 0 term in the summation would remain.

Exercise 100 Prove Eq.(9.668) using Eq.(9.667).

Ezercise 101 Apply the smooth approximation to a single sextupole
problem near the resonance v, = p/3. The result should agree with
Eq.(9.645) when the C-coefficients are substituted from Eq.(9.681).

Single sextupole, away from resonances We can apply the normal form
results to a simple nonlinear system as an illustration of the normal form tech-
nique. The system we will study next is an otherwise-perfectly-linear circular
accelerator which contains a single thin-lens sextupole. Observed at the exit
point of the sextupole, the one-turn Lie map is

M = ¢f2(X)iif(X): (9.676)

where fo(X), given by Eq.(9.535) with a, 8, 7,7, and 1’ the unperturbed lattice
functions evaluated at the exit of the sextupole, describes the linear transfor-
mation of the accelerator and

f3(X) = A — 3zy?) (9.677)

is due to the thin-lens sextupole whose strength is given by Eq.(9.338).
We first carry out a third order normal form transformation according to

A=ePsU)ig, (9.678)

where A, is the linear map whose matrix representation is given by Eq.(9.537).
The transformed map reads

N = AMA™! = gifoths (9.679)

where fy here is given by Eq.(9.536). To find expressions for F3 and hs, we
follow the normal form procedure. First, we need to express f3 as

Js(A20) = A =30, s s

= AWVBe +n0)* = 3NV BoZ +16)(v/By)?
= >\(\/25wa8111¢¢+775)3
—3A\(\/2B: Az sin ¢, +16)(1/26,A, sin¢,)?  (9.680)
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We need to express the above in terms of the eigenmode functions |abed, e)
defined by Eq.(9.507). The result is given by Eq.(9.510) with coefficients

Cégz)o,:a = )\773
CS?)O 2= _Céiz)og = —%/\ 2ﬂx772
0533)0,1 = 053%0,1 = —%)\ﬂﬂl
CS)OO,I = 3ABen
C(()g)QO,l = 0533)2 1 = ;/\51177
C'0011 1 = —3A\Byn
Cé?)%o 0= Cégéo,o = %A(25z>3/2
Cé%o,o = *ng)o,o = *%/\(Qﬂm)?’/z
C1(3)20,0 = _C(g?%z,o = 053)02 0= Cé?)m,o = _%)\\/ﬁﬂy
Cfg)ll,o = _C(()?)n,o = %)\\/Eﬂy (9.681)

The unlisted coefficients vanish.
Away from resonances, we have then from Eq.(9.517),

3 3
hs = C(goZ)o 30 + 01100 1Az0 + C(go)u,lAy‘S
= A6% + 3B, A0S — 3NB,AynS (9.682)

and by working out the expression (9.516), we find

P o= _,)\«/2ﬂz o1 2&%

sin &
2bs + fio in(2
_5)\775 {Awﬁww — Ay yw}
sin fg sin g,
1 cos(3¢z + S p1z) cos(¢z + 57
SA(28,4,)32 2 -3 2
A (26:4:) sin %= sin £
cos(¢y + 2y + 55 + puy)
——/\ 2
V20, 4.5, A [ sin( 42 +uy)
+cos((;5 — 2;% B —py) . QCOS@“" :_ %)] (9.683)
sin( G — ,uy) sin 557

The effective Hamiltonian, to first order in A\ and away from resonances, is
H = —f;—h3
1
= peAg +py Ay + 5a652 — A28 — 3AB,Aund + 3AB,Aynd (9.684)
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This gives the betatron tunes as

1 0H 1

Vw(Aa:aAya(s) = %814 = %(MI - 3/\ﬁa:776)
1 0H 1
vy(Ag, Ay, 0) = 204, o (1y + 3AByno) (9.685)

The terms proportional to § of the above expressions are contributions of the
sextupole to the linear chromaticities of the accelerator design.

The effective Hamiltonian also gives an expression of the path length change
per turn as

or
06
As pointed out after Eq.(9.571), the linear chromaticities also appear in the
path length dependences on the betatron amplitudes.

One can understand Eq.(9.685) physically as follows. As a particle passes

through the sextupole with transverse displacements x and y, it receives angular
kicks

Az(Ay, Ay, d) = = .0 — 3\36% — 3\n(BeAr — ByAy) (9.686)

B,L

Ar = — By =3\(z% —¢?)
B, L
Ay = T — 6 9.687
y By zy (9.687)

For an off-momentum particle, the particle executes betatron oscillation relative
to a displaced position x = nd. This makes the sextupole behave as if it is a
quadrupole with strength (L/Bp) 8;1 Y = —6And. This leads to the chromatic
part of the tune shifts as described in Eq.(9.685).

To understand Eq.(9.686), substitute

T = /2B, Az sing, + 10,y = \/20,A,sin ¢y

into Eq.(9.687), and recognize the fact that sin ¢, , are rapidly oscillating from
turn to turn, which means we can take averages over ¢, and ¢, to obtain

Az = 3A?0° + BrAs — ByAy)

Ay = 0 (9.688)
Eq.(9.686) then follows by noting that the path length change Az is related to
Az’ by Az = —nAz’ [see Exercise 93].

Having obtained Eq.(9.683), one can calculate the two betatron invariants
W,y in terms of the linear amplitudes A, , and the phases ¢, , as follows.

Wac,y = AilAm,y = eizFSZAm,y = A_r,y - 5F35Am,y + O(/\2X4) (9689)
Noting that
OF:
Failay = [Py, Any] = 52 & (9.690)
z,y
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we obtain the results

W, = A, 77}\\/%71 25250(0z + 5°) % _)+3)‘/6xA 5008(2¢>m+ﬂx)
2

Sin iy
sin ¢m +2¢y + 5+ )
77}‘ 25&7 ﬂ |:
V20e Al % T 7,)
JrSln((bw - 2¢y + TI - ,uy) _ 2Sin<¢w + HTI)
sm(ﬁ — Ly) sin %
3 3/2 sin(¢, + 5)  sin(3¢. + 3’;1) 2 v4
®\26,4,) [ e S| o

W, = A,— 3/\5yAy775w

Sin py
sin(¢gg +2¢y + 55 +py)  sin(dr —2hy + 5 —py)
__)\1 /23, _
PaAuly Ay [ sin( 4 +:“y) sin( 55 —p1y)
+O(N2X?) (9.691)

These expressions are identical to Eq.(9.378) if we drop the terms proportional
to 6. We have another derivation of these results later by Eq.(9.695).

How are the normalized coordinates related to the physical coordinates? We
have obtained an expression of F3 in terms of the coordinates ¢, A., ¢,, A
and 0. One may also express it in terms of Z, ps, ¥, by, and J. [See Eq.(9.498).]
We first find that

3 T _
Iy = 5)\ ﬂx(j_COt%pz)"f&Q

3. o ) o
+ A B (7 = 2c0t papy — p) = By (7 — 2ot py by — B)Ind

3 - _ o x
+§)\\/ ﬁw/@y[_4xy2 + 2px(y2 +py) cot %

e i
= (23py + Paby — P=§”) cOU(T — )

e i
+(225Py = Paby + Pa§”) OL(T7 + )]

o

1 x — — — 3 T
+ MG [43% = 3pa(3% + ) cot T — (337 — B} g (9.692)

The normalized coordinates U are given by

U = A 'X=eAX

x T x
= e Y oY S | Y 002X (9.693)
Py Py Dy
z z z
) 1) 0
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Substituting Eq.(9.692) into Eq.(9.693) gives explicit expressions of the U-
coordinates, i.e. the final normal form coordinates, in terms of the coordinates
(%, Pw, Y» Dy, Z,0). By relabelling (Z, oy, §, Py, Z,0) as (Z1,Pz1, 71, Dy1, 21,0) and
substituting for (Z1,Pz1, §1,Dy1,21,9) by Eq.(9.536), and reserving the sym-
bols (Z, px, §, Dy, Z,0) for the components of U, we obtain the relation between
the final normal form coordinates in terms of the original physical coordinates
(%, D2, Y, Dy, 2,0) as follows:

X

= I — —)\ ﬁzn2§2 2 )\ﬂxné(xl cot ty + Pa1)

FIAVEO 200 +ﬁy1)cot&

2
- 7 Pz Hz
(5 = pleot(5 + ) + cot(EE — 1))
3ty

ﬁ3/2[<w1+3pml>cot7+< — py) cot 2] + 002 XY)

—nd 22
e —)\\/ﬂw ) cot—
\/ﬁz

—5)\\/6?176[(:1: —nd) cot fiy + Qp + Lo’ — aznd — Ben'd]
FOMNEAI? + (g + By cot &2
y? — (g + By Nfeot (5 + 1) + cot(5E = )]}

—g)\\/E{[(x —08)? 4+ 3(apz + Bot’ — aznd — B.n'8)?] cot ,u;

+(z —n6)? — (apx + oz’ — aznd — Bo1'8)?] cot —} + O(N2X?)

3 3
Pzl — *)\ 63677252 - 7)\/395175({731 — Pz1 cOt ,Uﬂc)

+2 A\/ﬁ?ﬁmyl + ylpyl[cou“— — 1) = cot(55 4 1, )]}

—Z)\ﬁ;’/le[Qxl p“(cot 5 1o th)} + ON2X3)

ag(x —nd) + 6m(x, — 77/5) 3 2 ¢2
— =X\ Bzn%6
VB 2 e

AV Bendl(a — 10) — (s + Bua’ — cvumd — B ) cot ]
+§wﬂ?{2y2 (g + By eot(% — ) — cot(22 4wy}
——A\/ﬂ: 2(x — nd)

(e B — and — By 8) ot 22+ cot 2] + O(2X?)

_ 3 _ B
o+ §Aﬁyn5(y1 cot fty + Py1)
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- /\\/Eﬂy [—=2Pz1Py1 cot % + (Z191 + Da1Py1) COt(i — Hy)

—(Z15h — Pmpyl) COt(— + My)] + O()\ZX1)

2
= ﬁ + g)\\/ﬁ_yné(ycot oy + gy + Byy')

—%Am{—Q(axw + Bea’ — aznd — B 6)(ayy + Byy') cot %
(@ =nd)y + (awa+Pea"—amd—Ben'6) (ayy+Byy")] COt(% —fiy)
—[(x=n0)y — (wa+But’ —aznd—LBo0'0) (cyy+Byy')] cot(% +11)}

+O(N2X?)

Py = Dyt gkﬁyné(% — Dy1 €Ot fiy]) + ZA\/ﬁ_xﬁy [4Z191 — 2Pe171 cot “2—9”
+(Z1Py1 — Pz171) COt(% — fy) = (Z1Py1 + Pe1¥1) cot(% + t1y)]

+O(N?X})

ayy + By’

= + >\ Vv Byndly — (ayy + Byy ) cot 1y ]

\/ﬂy
+1/\\/ﬁy{4(m —n0)y — 2(apr + Box’ — aznd — Bz’ )y cot %

(2 —n8) (ayy+Byy) — (Quw+Bat’ —aznd—Bun'6)y) cot (L2 —pu,)

2
—[(33—775)(0@2/"1'%3//) + (Oéxf-l'ﬁxﬂ?/—%ﬁ(s—ﬂw,(s)y] COt(% +:uy)}
+0O(N?X?)
zZ = zZ1+ 3)\7725\//6’m( — Pg1 COb u—) + )\ﬂrn( — 2¢Ot e T1Dg1 — f)il)

2
3 N _ _
fz/\ﬂyn(yf — 2.cot fty§1Dy1 +py1) + O(AQXl)

= z4nz—nz' +3 %0z — nd — (apx + fox’ — apnd — B.1'5) cot ?]

+%)\n[(x —n8)? — 2cot iy (x — o) (px + Bot’ — aznd — Bo1'5)
— (x4 Box’ — agnd — Bon'6)?
—y? + 2 cot pyy(ayy + Byy') — (ayy + Byy')?] + O(N2X?)  (9.694)
One can calculate the invariants W, and W, to order O(A\*2X*) by substi-

tuting the exprebsions of  and ]iL in terms of (%1, Pz1,Y, Py1,21) in Eq.(9.694)
into W, = 3(z* + p2) and W, = (3> + p2). This gives

—_

3 xr —
W, = (@ +p5)— —)\ Bon?6% (1 cot % + Pa1)

N)

__/\693776[( pxl) cot i, + 23@1]?11]
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3 o o _ Uz
+§A\/ﬂxﬂy{4pm1yf + 221 (] + Poy) cot >
Ha
2

Ha

+21 (01— Py)[cot(T + ) + cot(TF = i)

[ [he
Bt py) — ot — )}

3 z
— SN (@ (@ + 35%) cot B+ 21 (8F - ) cot

—2Pa 191Dy [cot(
3lia
2

z 3 TN —
2015 281 — (et B 4 cot 2)p,0 ]} + O XY

1., 3 L o
Wy = 5T +Py) + 5ABmOl(FT — By1) cot py + 2515y

2
%A\/Eﬂy{mmyl
(51 (@151 + BarBy1) = P (2151 — Porin)] cot (5 — )
(@150~ ParBn) = By (151 + Paii)] cot (5 + )}
+O(XY) (9.695)

If we substitute Z1, Pg1, ¥, Py1 in Eq.(9.695) respectively by v/2A, sin ¢, /24, cos ¢,
/24, sin ¢, and /24, cos ¢y, it follows that one recovers Eq.(9.691). As was
mentioned there, these results also agree with those obtained in Eq.(9.378) by
manipulating the BCH formula. Note also that one can obtain the connec-
tions between the invariants and the physical coordinates (x,z’,y,v’,2,0) by
substituting Z1, Pz1, Y, Py1 in Eq.(9.695) using Eq.(9.536).

So far we have looked at the second order effects. One can also explore the
third order effects of this accelerator with a single sextupole. This accelerator is
modeled by Eq.(9.520) with f5 given by Eq.(9.535), f5 given by Eq.(9.677), and
fa = 0. Substituting Eq.(9.680) for f3, (9.683) for F3 and (9.682) for hs into
Eq.(9.525), and after performing some algebra, one obtains, using Eq.(9.531),

_ 9 2 2 12 Mg /'LZE M
hy = 16)\ B3, Ay 4 cot 5 + cot( 5 + f1y) + cot( 5 fy)]
9 P Ha P
—Z)\2ﬁzﬁyAmAy[2ﬂz cot o+ By cot(7 — y) — By cot(7 + f1y)]
9 \243 42 Ha 3pta
+16)\ 8o Az (3 cot 5 + cot 5 )
92 252 Ha
—5)\ ByAyn=0=(By cot 5" By cot fiy)
9 @ 9 x
+§)\26§A1n252(co‘c % + cot puz) + Z)\2ﬁzn454 cot % (9.696)

The effective Hamiltonian is — fo — hg — hy. The betatron tunes can now be
carried to include terms higher order than Eq.(9.685). This gives

1 3
Vw(AzaAy>6) = %Ma: - %)\ané
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9 x xT xT
N80, 4, (28, ot B+ 3, cot(5E — ) = B, cot(5E + )]

L IO T Th
1967r>\ B85 Az (3 cot 5 + cot 5 )
—4—A26§n2(52(c0t % + cot pig) + O(N3X3)
7r
1 3
Vy(AxaAyv(S) = %My + %/\@;775
9 12 2 Ha Ha Ha
_Z A 4 cot =2 rz gz
167r)\ BBy Ayl4 cot 5 + cot( 5 + py) + cot( 5 fiy)]
9 €T T X
Jr87/\25"‘361/‘4% 23, cot Lo + By COt('u* = ty) — By COt(L + )]
us 2 2 2
+%/\25yn252(ﬂz cot % — By cot py) + ON3X3) (9.697)

As mentioned before, the leading terms in the shifts of the betatron tunes from
the ideal values are proportional to §, and these are the linear chromaticity
terms. In particular, on-momentum particles do not experience betatron tune
shifts due to sextupoles to first order in the sextupole strength. The higher
order terms, on the other hand, contains terms that do not vanish for § = 0.
Also as pointed out before, the v, dependence on A, is the same as the v,
dependence on A,.

One also obtains a higher order counterpart of Eq.(9.686) for the path length,

A2(Ay, Ay, 8) = acd =320 — 3Mn(BeAs — ByAy)
HON2B, Ayn?3(B, cot B — B, cot )

—9N?32 A,n?5(cot %E + cot f1y)
—9A23,7483 cot % +OMNXY) (9.698)

So far we have studied the case of perturbation by a single sextupole. What
happens when there is a distribution of sextupoles is a straightforward extension
[more to be added].

Smear and distortion function Equation (9.691) can be used to extract
the “smears” and the “distortion functions”. The z-smear S, is the relative
variation of the Courant-Snyder invariant A, (which is a true invariant only
in the linear case without the sextupole perturbation) as a function of time
for an on-momentum particle. Let the peak-to-peak variation of A, be 2AA,.
Similarly we define the y-smear S,. To first order in A, since W, are W, are
true invariants, the smears are given by

AA, 3. |25, 1 1 2
Aq ATV AT \sin(B + )| [sin(BE — )| | sin B
3 1 1
20 (26.)3/2 A1/2
AT s T T
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AAAy = g)\\/QﬁmAmﬁy< ! + ! ) (9.699)
Y

S, = — :
v st + )] s — )|

The smears also contain the resonance denominators. Near resonances, the
smears become large. The smears are sometimes used as indicators of how the
system deviates from a perfectly linear system.

Smears for a distribution of sextupoles can also be found.

Ezercise 102 One may repeat the analysis in the text for the case of
a single octupole. Consider 1-D motion. The one-turn map around
the exit of the octupole is

emimigAT (9.700)

where A is the octupole strength, and A = %(’YIQ + 2axp + Fp?).

(a) Find the invariant of the motion to first order in A. Express it

in terms of the action-angle coordinates (¢, A). Assume there are

no resonances nearby. (b) Find the tune shift with amplitude A to

first order in A. (c) Find the invariant when the tune is close to a
P

resonance v = e

Exercise 103 Consider a circular accelerator, which has a perfectly
linear optics in its « and y motions, but is perturbed by a thin,
weak quadrupole of strength k = aei v ¢/Bp. Perform a normal form
analysis to obtain the z- and y-tune shifts to second order in k.
Also calculate the perturbation on the Courant-Snyder (- and «-
functions to second order in k at the exit location of the perturbing
quadrupole. Compare the results with an exact calculation using
matrices.

FEzxercise 104 Consider a weak thin-lens skew quadrupole with strength
k= 86—?6/39 Compute the tune shifts to order O(k?) (a) away from

resonances, (b) near a v, & v, = p resonance.

9.11 Achromats

Accelerator lattice is often constructed from building blocks. One very useful
building block is a section of magnets arranged in such a way that it is trans-
parent to particle motion, i.e. the section is there only to physically transport
the beam but otherwise as if it does not exist. In particular, this section can
be “unit transformations”. However there is a question of how accurately the
section acts as a unit transformation. An array of quadrupoles can easily make
a unit transformation, but only to first order in X = (z,2',y,y’, 2, ). Particu-
larly, the higher order §-dependence of the map often contributes to chromatic
abberrations that must be compensated for. Adding sextupoles to this array
of quadrupoles can make the section to act as a unit transformation to second
order in X, thus providing a more accurate unit transformation section, which
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we will call an achromat — in this case, a second order achromat. Similarly, if
the array includes octupoles, the unit transformation can be made into a third
order achromat.

First consider two thin-lens sextupoles of strengths A\; and A5 at locations 1
and 2 in an accelerator. Let us consider only the 1-D z-motion for now. Let i
be the betatron phase advance between these two locations. Let a2, 51,2, and
1,2 be the Courant-Snyder parameters at these two locations. See Fig.9.8(a).
The map from the entrance of sextupole 1 to the exit of the sextupole 2 is

M = 6:/\1z3:6:f2:€:)\213: (9701)
where f5 is the linear transformation from location 1 to location 2. We have
M = el exp(:e_:f"‘:)\lx?’:)e:A"‘xg: (9.702)
.}\1 .}\2

" "-il— kl/ =I<J":—D-H

()
5 5

L
o, oL,

Figure 9.8: Optimal arrangement of two sextupoles.

Using Eq.(9.111), we have

e~y = 4 %(cosw — g sineh) — z'\/ 1 B2 sinyp (9.703)
2
This leads to
3

M = e/ exp i\ lw\/g(cosw — agsing) — 2/\/Br e sinep| ehe:
2

(9.704)
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We now observe that the two factor exponential maps on the right of Eq.(9.704)
—those involving the sextupoles — commute if sint) = 0. In other words, if
1 = kw for some integer k, the total map of this section reads

3/2
M = &2 exp [:Alef (%) (=1)%k + AQ:J;S:] (9.705)
2

If we further choose the sextupole strengths so that

Bi\*?
A <E> (—=1)%¢ + X =0 (9.706)

then the map of the section is e'f?* just as if the sextupoles were not there.
Effects of the two sextupoles have cancelled each other, and the section is made
optically transparent when observed outside the section.

Note that the cancellation is exact, i.e. Eq.(9.704) is not a perturbation
treatment, and that the cancellation is not true if observed inside the section.
Note also that in the special case when (3; = (2, the cancellation condition reads

{ AL = Ao if v = odd multipole of 7 (9.707)

A1 = =Xy if ¢ = even multipole of 7

Let us make a detour concerning what would affect the exact cancellation
mentioned above. One situation occurs when the condition sin is not exactly
0. This will be studied in Exercise 105. Another situation occurs when the
sextupoles are thick, as shown in Fig.9.8(b). To be specific, let ¢ — measured
from the entrace of sextupole 1 to the entrance of sextupole 2 (or measured
between the two exits) — be exactly equal to 7, and let 8; = B2 and oy = as.
Let the two sextupoles both have strength S and length L. Let us still consider
1-D motion. Inside the sextupole, the equation of motion is

1
2 = Sx?, A= §SL (9.708)

The map from the entrance of sextupole 1 to the exit of sextupole 2 is

_ L. ’2,1 3., .L/2. .p. ._L,s2,1 3.
M = e 7% HsSlatigangilaigm gty Shet (9.709)

where e/2* is the linear map from the entrance of sextupole 1 to the entrance
of sextupole 2. We would like to know what is the residual error of the map, to
order O(L?), when sextupoles are thick.

We have

M = e:fg:(ef:fz:e:%1'2:6:]‘2:)(efzfz:ef:%a:/zzef:fz:)
12,

% (efzfgtezf%x'QJr%Sng:e:fg:)(efzfgzezgx '6:f22)627%I/2+%SLI3:(9.710)

Using the fact that
R s (9.711)
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it follows

M = e:fgzez%zﬂzefz%1'2:6:7%w'zf%SL:U:;:G:%:c'zzezfgxler%Sng':
fe. L2 L 12 L./2_ 1 3. L2, ._L,/2,1 3.
_ e.fg.e. 5T '(6'2 e x 5SLx .)(6.290 e T T +5SLx ) (9712)

The left-most two exponential factor maps eifeigim g’ give the intended

map if the scheme has worked perfectly. The “error map” due to the fact that
the sextupoles are thick is therefore given by

E = (ezézﬂze:f%x'Qf%SLmsz)(6:%x’2:6:7%z'2+§SLm3:) (9713)
and we need to compute E to order O(L?). To do so, one writes
:%w'2:e:7%w'2+%SLz3: _ e:h: (9714)

where, h can be found by applying the BCH formula Eq.(9.192) as
h=tsra® — Lsr2wa? 4 1srsee + Ls2rse (9.715)
3 2 3 12

Inserting this into Eq.(9.713) then yields

E = e:—%S’Lw3+%SL2$’w2—%SL3I/2:E+%S2L3w4:
><€:%SL 37%SL2w'w2+%SL3a:'2z+ﬁ52L3a:4:

_ e:é52L3x4+O(L4): (9716)
The leading term in the error map is of the order O(L?) and it behaves like an
octupole.

The achromat analysis can be extended to 6-D phase space (z,2',y,y’, 2,9)
[more to add].

Ezercise 105 Consider the 1-D motion for the system shown in
Fig.9.8(a) with thin-lens sextupoles. What happens if the condi-
tions ¢ = km or (9.706) are not satisfied exactly? Consider the
case when k = 1, (a) what if (81/82)%/?A\1 = Xy + AX? (b) what if
Y =m+ Ay 7 Give the error map to first order in A\ and Aq.
Solution (a) The error map is

E = g2 (9.717)

The net effect is as if there is a thin-lens sextupole of strength —A\
at position 2.
(b) Here we assume condition (9.706) is satisfied. To first order in

Ay,

M = e exp [: — Aoz — 322 AP g (aoz + ﬂgx'):] e’ (9.718)
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An application of Eq.(9.264) then gives

M

1
e!fz: exp {/ du eu:—)\ga;S: [_31,2A¢)\2(042(E + ﬁQ{L")] Z}
0

1

e:fz: exp {: _ 3A¢)\2/ du [a2x3 + ﬁ2x2((5/ _ 3U)\2£L'2)} :}
0

= ef2exp [: — 3AYPA2? (anz + for’ — 2ﬂ2)\2$2)3] (9.719)

At the exit end of sextupole 2, the trajectory of a particle gets an
additional kick, to order O(Av), of

Az = 3FA¢
Axr' = —3AYN(3anx? + 2B0xa’ — 662 0023)  (9.720)

Exercise 106 If we trace a particle with initial conditions (zq, z()
through the thick-sextupole achromat system of Fig.9.8(b), the par-
ticle coordinate at the exit of the system, to order O(X?), is deter-
mined by

x1 = x0 + xyL + $Sx3L* + §Swox(L?
ah = aly + Sa3L + SwoxyL? + LS(xp? + Swo®)L?

8
w

I

8
[~}

{x4 = x5+ a4 L + 3S523L% 4+ L Sxyah L3 (9.721)

2l = ah + Sz3L + Sxzri L% + %5(5552 + Sa3)L?

where (z1,2)), (z2,2%), (z3,2%), and (z4z)) are the coordinates of
the particle at different stages in passing through the system with
(24, 2}) the coordinates at the exit of sextupole 2. The connection
between (z1,2}) and (xg, () and the connection between (z4,2})
and (z3, %) are according to Eq.(47.41).

Equation (9.721) can be processed to give (z4,2}) in terms of
the initial coordinates (xq, () as

_ ol 4
{”ﬁ‘_ 2o — 2oL + O(L7) (9.722)

Th = —x) — %S2L318 + O(L%)

Compare this result with that obtained using Lie language, Eq.(9.716).
Solution In the Lie language, the map is given by

M = efrig=ila’p (9.723)
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where E is the error map (9.716). We need to find Xgn. where

Xﬁnal =MX (9724)

r=x0,2' =1

Note the ordering of factor maps of M is such that earlier maps
occur to the left, but when performing the computations, operators
to the right are applied first. After computation is completed, x and
x’ are set to xo and xj.

We first find

X o X 4
E [x’] o {x’Jr éSzL3:x4:z’} +0(L%)

X
L“' n gSQL%g} +0(LY) (9.725)
3

This then leads to

_ x| —x9 — Lz,
Xﬁnal =M |:l’/:| - |:x6 + gs2L3m8:| (9726)

which agrees with Eq.(9.722).

9.12 Beam-beam Interaction

One of the sources of nonlinear perturbation in the storage ring collider accel-
erators is the beam-beam interaction. Particles in one beam, as it circulates
around the storage ring, encounters the electromagnetic fields generated by the
on-coming beam every time it passes by the point of collision (let it be desig-
nated s = 0). These fields perturb the motion of the particle being considered.
This perturbation is localized at the point of collision and is very nonlinear.
The beam-beam interaction perturbation is one of the main limitations on the
beam intensity in colliders.

Consider first the 1-D motion. In the absence of the beam-beam perturba-
tion, the one-turn map of the accelerator around s = 0 can be written as

r = xgcosu—+ Bposinp
p = 7% sin p + po cos f (9.727)

where § is the S-function at s = 0, v = /27 is the betatron tune, and we have
assumed the parameter « = 0 at s = 0. Both 8 and p are the nominal values
unperturbed by the beam-beam interaction. In matrix form, we can represent
(9.727) by the Courant-Snyder map

COS 14 Bsin p

—% singt  cosp (9.728)
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In Lie algebraic form, we can write the map as

2

ef2 where f, = _g(% + Ap°) (9.729)
i.e.,
z=el2g , and p=el?p (9.730)
T=T0o,pP=Po T=T0,P=Po

We now introduce the beam-beam interaction. Consider the case when there
is only one collision point around the circumference. The beam-beam pertur-
bation is represented as a d-function kick at s = 0,

x=1z9 and p=po+ f(z0) (9.731)

where f(x) is the nonlinear beam-beam kick. The form of f(z) depends on
how particles are distributed in the on-coming beam at the collision point. For
example,

2(1 - e’z2/2"2), round gaussian of rms radius o
N’I’O %/27 T dy 2 2 . .
f(z) = T ), e® /207 flat gaussian of width W

i—g if z < a, % if x > a, uniform disc of radius a
(9.732)
where N is the number of particles in the on-coming beam, rq is the classical
radius of the particle, v is the relativistic Lorentz factor. We have assumed the
two beam particles have the same sign of charge so that the beam-beam kick is
repulsive.
The beam-beam map (9.731) can be written in Lie form as

e where F = / da' f(x) (9.733)
0

The quantity —F is just the potential due to the beam-beam force.
Observe the particle motion at the exit of the collision point, the one-turn
map of the particle motion, in the Lie formulation, reads

e fzigF (9.734)

If the beam-beam perturbation is weak, we can apply the BCH formula
(9.195) to concatenate the map (9.734) to obtain the effective Hamiltonian of
the system. To proceed, we introduce the action-angle variables (¢, A) according

to
r=+/2A03sing, p=,| % cos ¢ (9.735)

and decompose F'(z) as a Fourier series in ¢ as

F(z)= Y cn(A)em? (9.736)



Note that in previous studies we have ¢, (A) as A to some power. This does not
have to be the case. For the beam-beam problem, for example, as we will soon
see, ¢, (A) are more related to the Bessel functions.

The function fo becomes fo = —pA, and we have the properties

f2:g(A) =0,  :fp:e™? = inue™® (9.737)
for arbitrary function g(A). We then have, to first order in the beam-beam
perturbation strength,

o i in
= MA‘i'zn:cn(A) <1ein#>e

= pAE Y en(A) et (9.738)

P
2sin o
where the one-turn map (9.734) has been concatenated into the form e
Equation (9.738) is the expression of the beam-beam perturbed invariant,
to first order of perturbation, away from resonances. Resonances appear at

p_P (9.739)

T2 m

for all integers p and n, as long as ¢, # 0. Near resonances, the expansion
(9.738) diverges.

Away from resonances, one can make a normal form transformation which
removes the oscillating terms in Eq.(9.738). The only term left will be the
zero-th Fourier harmonic term, and the effective Hamiltonian becomes

h=—pA+co(A) (9.740)
The tune shift due to the beam-beam perturbation is given by

1 dep(4)
2 dA

This tune shift is a function of the amplitude A.
If we take the round gaussian beam distribution in Eq.(9.732), we have

Av =

(9.741)

(1 — e~ 20sin” 9 (9.742)

N Aﬁ/Qa‘z
F(z) = 200 / do
0

~ Q
The decomposition coefficients ¢,, are
1 27

cen(4) = o /. dpe " F(x)

N A6/202 d 1 27 . .o
= To / _Oé_ d¢671n¢(1 _ 672asm ¢)
0

ol a 21 J,
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Nro [28/29° do 1 27 . .
= — i dbe Pl — @ T 2ik¢
= 2 ), e )

y —e %I, ;5(a), if n =even# 0 (9.743)

«
0 otherwise

Nro /Aﬁ/Qa2 do { 1—e“Iy(a), ifn=0
0

In the derivation of (9.743), we have used

"V = N I(x)et (9.744)

k=—o00

where I (x) is the Bessel function.

One observes that due to the symmetry of the beam-beam force, only even
order resonances with even n are excited. Figure 9.9 shows the behavior of ¢,
as functions of A.

[E1]

20 g0 G0 7] 100

Figure 9.9: Beam-beam detuning functions. The vertical scale is £¢,,/ % The
horizontal scale is A3/202.

The tune shift (9.741) reads, for a round gaussian beam,

1 Nrg d [ [AP/2°° 4q .
MW**%?@A > e h@)
o _ 1 N’I"Q _ *A5/202 2
= —goqle Io(AB/20%)] (9.745)
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Figure 9.10: Beam-beam tune shift.

Plotted in Fig.9.10 is the function

y(z) = Aw /N8 Loy 1) (9.746)

drtyo? =z

where = A3/202. For small betatron amplitudes, the tune shift is given by

NTQﬁ
4dyo?

Av(A=0)= (9.747)
This parameter is called the beam-beam tune shift parameter, although it refers
only to the tune shift of small-amplitude particles. As can be seen in Fig.9.10,
particles with large amplitudes do not experience much tune shift. This is
because, unlike forces due to magnet multipoles, the beam-beam force decreases
rapidly with amplitude. An inspection of Fig.9.10 indicates that the beam-beam
tune shift also has the physical meaning of the beam-beam induced tune spread
of the beam.
In case the tune is close to the resonance (9.739) for some integers n and p,
let
v = % +d, |d <1 (9.748)

As mentioned, the expansion (9.738) diverges. The way to proceed is to consider
an n-turn map. Following the development similar to Egs.(9.646-9.651), the n-
turn map can be written as

et (9.749)

where the n-turn effective Hamiltonian is given by

h— gh + 4 (%) [L4e 2 e~ DBF £ O(F?) (9.750)

; — e—nd:f2:/v
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After some algebraic manipulations, we arrive at

. i2rkd 1— e thmm\
h=—2rdA + ch(A)l — o—i2rhnd ( 1 — e—ikn ) e (9.751)
k
This expression is well-behaved at the resonance, i.e. when d — 0. As pointed
out before, it can be obtained by considering the expression (9.738) and taking
the limit approaching the resonance.

These results are to be compared with those obtained by the smooth ap-
proximation. The phase space topology is shown in Fig.??. One can carry
the analysis to second order in the beam-beam strength. A more elaborate
application to 2-D case can also be done.
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