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It has been predicted and found experimentally that the polarization direction of particles on the closed
orbit of a circular accelerator can be manipulated, without a noticeable reduction of polarization, by
means of a slow variation of magnetic fields. This feature has been used to avoid imperfection resonances
where the spin precession frequency is close to a multiple of the circulation frequency. As a first step we
show that this property is related to an adiabatic invariant of spin motion. The proof is relatively simple
since it involves only two frequencies, the spin-rotation frequency and the particle’s rotation frequency on
the closed orbit. The invariant spin field (ISF) describes a periodic polarization state of a beam’s phase-
space distribution. This ISF leads to a very useful parametrization of coupled spin and orbit dynamics. We
prove that this ISF gives rise to an adiabatic invariant of spin-orbit motion. This proof is much more
complicated since the orbital frequencies are involved. Because of this adiabatic invariance, a beam’s spin
field follows slow changes of the accelerator’s ISF that can occur during a slow acceleration cycle. This
feature is essential when high-order spin-orbit resonances are crossed, since it allows polarization that has
been reduced at the resonance condition to be recovered, to a large degree, after the resonances have been

crossed.
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I. INTRODUCTION

In order to maximize the number of collisions of parti-
cles inside experimental detectors of a storage ring system,
one tries to maximize the total number of particles in the
“bunches” and minimize the emittances, so that the parti-
cle distribution across phase space is narrow and the phase-
space density is high. In addition, if the beam is spin
polarized, high polarization is needed and it should be
relatively stable over time. But to obtain high polarization
levels at useful energies, particles must first be accelerated
from low energy while retaining most of their initial
polarization. It is for this reason that the concept of adia-
batic invariance is important for spin-orbit motion in
accelerators.

The spin S of a particle moving through the magnetic
fields of a circular accelerator rotates according to the
Thomas-BMT equation [1,2] along its phase-space trajec-

tory 2(6); ie., S = Q(9), 0) X S, where O 0) is 27
periodic in the azimuth 6, and the dot denotes the deriva-
tive with respect to 6. After a particle has traveled one turn
along the closed orbit, from 6 to 6, + 2, the spin rotates
around some unit rotation axis 7iy(6,) by a rotation angle
2wy, where vy is the so-called closed-orbit spin tune. In a
flat accelerator without field errors, the closed orbit is in a
horizontal plane and passes only through vertical fields.
Thus 7, is vertical and independent of 6, and vy = Gy
(with anomalous gyromagnetic factor G and relativistic
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factor y), which causes the number of spin rotations to
increase with energy. When v is close to an integer, a case
referred to as an imperfection resonance, the rotation ma-
trix is close to the identity and spin directions hardly
change from turn to turn. If field errors are now introduced,
they can dominate the rotation direction and can rotate
spins away from the vertical. Therefore when v, crosses an
integer value during acceleration, the rotation vector 7, can
change significantly. When the spin rotation is much faster
than this rotation vector change, spins which are nearly
parallel to 71, are dragged along with the evolving i, [3].
To illustrate this fact, one can imagine that 7, changes
away from the spin sometimes and toward the spin at other
times while the spin rotates around the slowly changing 7.
Because of this rapid rotation, both cases occur frequently
and the total effect averages out. This causes the spin to
follow the slow change of 7, and the projection of spin on
iy hardly changes. It has therefore been conjectured that
S(6) - 7ip(0) is an adiabatic invariant. In [4,5] a proof of this
statement was discussed under a restrictive assumption
using a two-frequency averaging theorem of Neistadt
(also often spelled Neishtadt). In this paper, we remove
the restriction, give more detailed mathematical argu-
ments, and discuss the underlying physics to which our
results apply.

We now introduce the notion of spin fields in a precise
way. The coupled spin-orbit equations may be written
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S=A®6,25 50, =S, (1)

i=FGE0), 2(60) = Zo, 2

where 7 € R® and A is skew-symmetric with A}, = Qs3,
Az =—Q,, Ayy=Q,, and A(,7) is 27 periodic.
Denoting the general solution of Eq. (2) by the transport
map Z = fl(ﬁ; 0o, 7o) allows us to write Eq. (1) as S =
A(6, M(8; 6,, Zy))S. If we let R(8; 6, Z,) be the associated
principal solution matrix, i.e., the matrix solution of

DR (6; 6y, Zo) = A0, M(6; 6, Z0))R(0; 60, %0),  (3)

R (00; 00, Z0) = 1, “4)

then the solution of the system comprising Egs. (1) and (2)
may be written

S(0) = R(6: 600, 20)S0,  Z=M(6:600,7). ()

We use the notation D, to denote the derivative with
respect to the kth argument, be it scalar or vector.

A spin field f (Z, #) describes the polarization direction
for each phase-space point of a beam and has || f | = 1.
Now consider f(Z,, 6); this spin vector starts at 6
and becomes R(6; 6y, 70)f (3o, 6,) at 6, but the particle
is now at Z=M(8;0, %), so FM(8;6, %) 6) =
R(6; 60, Z0)f(Z, 6,) and the basic law for the evolution
of spin fields is

F(z 6) = R(6; 60, M(6; 0, ) F(M(6y; 6, 2), 6p).  (6)

If /(Z, 6) is such that £(Z, 6 + 2m) = f(Z, 0), then we call f
an invariant spin field (ISF) and denote it by 7i(Z, #). In a
slight abuse of notation we define 7i(Z) := #(Z, 6,),
M(Zg) == M(6y + 27;60,%,), and R(Z,) := R(6, +
215 6, Zp), so that the basic equation for the ISF at 6, is

A(M(2)) = RR)i(3). (7)

General conditions on M and R for the existence of 7 is an
unsolved and difficult mathematical problem, although
some progress has been made [6,7]. However, there is
good experimental evidence that—at the very least—an
approximate 7 exists in real machines.

The ISF was first introduced by Derbenev and
Kondratenko [8] in the theory of radiative electron polar-
ization and is often called the Derbenev-Kondratenko 7
axis. Note that 7i(Z) is usually not an eigenvector of the spin
transport matrix R(Z) at a given phase-space point, since a
particle’s spin changes after one turn around the ring but
the eigenvector does not change when it is transported by
R(Z). Since the spin vector of a particle at phase-space
position Z is transported by the same rotation matrix, the
angle between S and 7 does not change and 1 (S.%0) =

S-#(Z 6) is an invariant of spin-orbit motion. Therefore

spins rotate around 7(Z(6), #) while they travel around an
accelerator. Once orthogonal unit vectors i;(Z, #) and
ii;(Z, 0) that are perpendicular to #(Z, §) and 27 periodic
in 6 have been defined, then the rotation rate around # can
be defined. This rate is referred to as the spin tune » and
depends on the amplitude of a particle’s oscillation around
the closed orbit.

The guide fields in storage rings are produced by dipole
and quadrupole magnets. The dipole fields constrain the
particles to almost circular orbits and the quadrupole fields
focus the beam, thus ensuring that particles do not drift too
far from the central orbit. In these fields, spins precess
according to the T-BMT equation.

In horizontally bending dipoles, spins precess only
around the vertical field direction. The quadrupoles have
vertical and horizontal fields which cause the spins to
precess away from the vertical direction. The strength of
the spin precession and the precession axis in machine
magnets depend on the trajectory and the energy of the
particle. Thus in one turn around the ring, the effective
precession axis can deviate from the vertical and can
strongly depend on the initial position of the particle in
the 6-dimensional phase space. From this it is clear that if
an invariant spin field 7i(Z) exists, it can vary across the
orbital phase space.

At very high energy, as, for example, in the Hadron
Electron Ring Accelerator (HERA) proton ring [9-13],
for particles with realistic phase-space amplitudes, 7(Z)
may deviate by tens of degrees from the beam average
(1) at azimuth 6. Thus even if each point in phase space
were 100% polarized parallel to 7(Z), the average beam
polarization [(71)| might be much smaller than 100%. This
was first pointed out in [14] for the Superconducting Super
Collider (SSC) and in [15] for HERA-p. Clearly it is very
important to have accurate and efficient methods for cal-
culating approximate 7i(Z) and for ensuring that the spread
of 71(Z) is as small as possible.

However, although it is straightforward to define 7(Z), it
is not easy to calculate this spin field in general. Much
effort has been expended in this direction [16—23], but
mainly for electrons at energies up to 46 GeV. All algo-
rithms developed before the polarized proton project at
HERA-p rely on perturbation methods at some stage,
and either do not go to high enough order [23-25], or
have problems with convergence at high order and high
proton energies [19,26].

The system in Eq. (2) can be viewed as a Hamiltonian

system, Hy (b, 1, 6) = Hy(I) +
eH(¢, I, 6). The generalized positions are the components

with  Hamiltonian

of d; and the generalized momenta are those of 1, i.e. 7 =
(q;, I). For & = 0 the Hamiltonian is Hy(J) and the mo-
menta [ are invariants of motion or action variables of this
integrable system. For small & the Hamiltonian is said to be

nearly integrable. The perturbation eH(, I, 6) of the in-
tegrable Hamiltonian is chosen to have zero mean with
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respect to each component ¢;, and thus the motion is
roughly quasiperiodic with tunes Q j(i) =9 ,jHO(f). Since
the particles oscillate with the orbital tunes around the
closed orbit, the spin-rotation vector ﬁ(?(ﬂ) 0) is modu-
lated by these frequencies. Therefore the spin motion can
be strongly disturbed when the spin tune » is in approxi-
mate resonance with the orbit tunes, i.e., when

v=joP,+ j101 + j20r + j305, P,j. €N, (8)

where P, is the super period of the ring accelerator. These
conditions are referred to as intrinsic resonances and can be
of very high order [27,28], i.e. 33_, |ji| > 1. Therefore
the ISF can change significantly while spin-orbit resonance
conditions are crossed during beam acceleration. Similarly
to S - 7y, it can be conjectured that S - A(Z, 6) is an adia-
batic invariant. In [4] a proof of this conjecture was pre-
sented under a restrictive assumption using a general
theorem of Neistadt. Here we remove the restriction and
give a more complete argument. We are also working on a
more direct proof which we hope will bypass the Neistadt
theorem, give a stronger result, and provide more insight
into the spin dynamics.

For the definition of adiabatic invariants we use [29],
Sec. 8.1.

Definition: invariants.—Consider d—‘fgi =
g(%, 7) with 7 = g6 and X € R” for a small parameter &

adiabatic

so that g is a slowly varying vector field. A function A%, 7)
is said to be an adiabatic invariant of this system if its
variation on the interval 6 € [0, 1/¢] (i.e., 7 € [0, 1]) is
small together with &, except perhaps for a set of initial
conditions whose (Lebesgue) measure goes to zero with .
That is, for “most” initial conditions the following limit of
the supremum over the interval [0, 1/&] holds:

limsupye(o,1/0)|AG(6), £6) — A(H(0), 0l = 0. (9)

In this paper we first prove the adiabatic invariance of
S - 7y on the closed orbit. Certain properties of the ISF are

then derived, and finally the adiabatic invariance of S-
7i(Z, 0) is proved.

It is well known and it will be shown in Sec. IV C that
the action variables of a Hamiltonian are adiabatic invari-
ants. One could therefore try to find a Hamiltonian for spin-
orbit motion for which S - iy on the closed orbit is an
action variable, or one for which S - 7i(Z, 6) is an action
variable. However, there is no compelling need for work-
ing in a Hamiltonian framework. We will rather work with
the equations of spin-orbit motion and try to analyze them
by the most appropriate tools available, and these tools do
not have to be based on a Hamiltonian.

II. THE ADIABATIC SPIN INVARIANT ON THE
CLOSED ORBIT

A. The equation of spin motion on the closed orbit

As a first step for finding an adiabatic invariant of spin
motion on the closed orbit we bring the equation of spin
motion into an appropriate form.

On the closed orbit Z(6 + 277) = Z(#) and thus A,(0): =
A(6, 7(0)) is 27 periodic, so Eq. (1) becomes

S =Ay(0)S = Qy(0) X §, (10)

A0 +2m) = Ao(0), Af=—-A, D)

and by the Floquet theorem there exists a 2r-periodic
solution 7i(#). Physically, a particle which travels along
the closed orbit with its spin initially parallel to 7, at 6,

satisfies S(6) = 7ig(6). Thus for this particle not only the
orbit but also the spin motion is 27 periodic. The rotation
axis, 71y(6), of the one-turn spin transport matrix is there-
fore sometimes called the spin closed orbit [30]. We note
that rings are often designed so that 7, is not everywhere
vertical, for example, in rings where spin rotators are used
to provide longitudinal polarization for experiments.

It was conjectured in Sec. I that spins which are nearly
parallel to 7, will follow slow changes of 7, at 6, when-
ever a parameter is slowly varied. We will prove this by
showing that S(6) - 7iy(6), the component of an arbitrary
spin vector S(6) along 7io(6), is an adiabatic invariant. To
do this, it is convenient to introduce a coordinate system
with 7y (6) as one of its coordinate vectors and in which the
spin motion on the closed orbit is as simple as possible.
Two unit vectors 7i(6) and I,(#) are now chosen which
at 6, make up the right-hand coordinate system
(710(60), o(6,), 7ip(6,)) and propagate around the ring ac-
cording to the T-BMT equation on the closed orbit,

iy = Qo(0) X iy, Iy = Qo(0) X I (12)
The three unit vectors will always constitute a right-hand
coordinate system, since all three are rotated by the same
precession equation. Whereas 7, is periodic around the
ring, the vectors 1, and 70 rotate around 7 by the angle
27y, after one turn, and the unit vectors are therefore in
general not 27 periodic in 6. Here, v, is the nontrivial
positive Floquet exponent associated with Eq. (10). Now a
2r-periodic coordinate system is defined by rotating 7,
and 70 uniformly by 27y, during one turn [24,25,31]; thus

i+ il = e (g + ily), (13)
and Eq. (12) becomes
voiig) X [ (14)

}’;)’l = (ﬁo - Vol’_io) X 7’71, 7: (‘(?2’0 -

In this coordinate system, the spin is written as
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$(0) = 51(0)i(8) + 5,(0)(60) + s3(0)iig(0),  (15)
with 53 + 53 + s3 = 1. From the equation of spin motion
we have ﬁoX§:§:S1}’T’l+527+53ﬁo+sl(ﬁo_
Voﬁo) X m+ SZ(QO - Voﬁo) X[+ S3QO X ﬁo which
gives §y7 + §,0 + §379 = voliig X S). Thus we obtain
§1 = —VpSy, §o = — o8, §3 = 0, which can be written
compactly as

5= 1v,J5, andso 5(8) = exp(Juy0)5(0).  (16)
Here,
0 -1 0
J=11 0 0},
0 0 O
cost —sint 0 a7
exp(Jt) = | sint  cost 0
0 0 1

Since s3 is constant, Eq. (15) describes a uniform rotation
around 7y and we expect it to be an adiabatic invariant
when parameters of the system are slowly varied.

Equation (15) can be written S =U(#)F and thus the
solution of Eq. (10) is

S5(6) = Ry(6)S(0), (18)

R ((0) = U(0) exp(Jr,0)U(0)7, Ry(0) =1 (19

Although this equation was derived by a physical argu-
ment, it is also a consequence of the Floquet theorem
which states that the principal solution matrix for
Eq. (10) can be written as in Eq. (19), where U is a

2m-periodic  SO(3) matrix. Since R, = UU’R, +
UJr U'R, = AR, implies
U+ »,UJ = A U, (20)

the Floquet transformation S — § defined by S = U(6)3

yields S =U35+US = (A,U — »,UJ)s + Us = A, U3,

and so
EN (2D

which agrees with Eq. (16).
Now suppose that A, depends on a slowly varying
quantity, 7,
Ay =Ay0, 7), T = &b, (22)

where € is small and positive. For fixed 7, we can write
Eq. (19) as

R (6, 7) = U(8, 7) exp{Jwo(1)01U(0, 7)". (23)

Transforming S +— § via

S =U(6, £0)5 (24)

as before, we obtain

§ = (D,U + D,Us)§ + Ui
= (AgU — vy(e6)UJ + D,Ug)s + Us = A,Us. (25)
Therefore Us = (v,UJ — D,Ug)§ and we obtain
5= vo(7)J5s — eUT (6, 7)D,U(0, 7)5, F==ge. (26)

To see that U7 (0, 7)D,U(0, 7) is skew symmetric, we
write U(6, 7)U(A, 7) = 1, which implies (D,U)"U +
UTDzU = O, SO (UTDzU)T = (DzU)TU = _UTD2U.
Thus we define %(6, 7) = (9, 7,2, 13)7 via

0 K] M2
U T(t9, T)DzU(e, 'T) = M3 0 -1 | (27)
—M M 0

Clearly 7(6, 7) is 2 periodic in . The skew symmetry of

the matrix means that the basis (7, i fiy) remains ortho-
normal for all values of 7 and Eq. (27) can be written

9,770 = (6, 7) X i,
. . - (28)
a,m=n0,7)Xmdl=n01) XI,

so that the variation of the coordinate vectors with 7 is a
rotation about 7). Our basic equations of motion now
become

s1 = —v(7)sy + e[n3(0, 7)sy — 12(6, 7)s3],
s = vo(7)s; + e[—m5(0, 7)s; + 11(6, 7)s5], (29)
s3 = &[n,(6, 7)s; — 11(6, 7)s,], T=e

We now put these in a standard form for averaging of
autonomous systems with three slow variables and two
fast variables.

Let 3 = (sy, 5,)" and £(6, 7) = (9, 72)"; then
¥ = [wo(1) — en3(0, DIIL5 + eJ,4(6, 7)s3,

s;=el (0, D)5,  t=¢ (30)
g = vo(7) — em3(6, 7),

where
(0 —1
(1) G31)

and where the equation for ¢ was introduced for conve-
nience. When s; = 0, the first of the four equations (30)
describes a rotation of y by the angle ¢. Our final trans-
formation eliminates this rotation by y — X via

y = exp{Jz LH[VO(SQI) — en;(6, 80’)]610’})_6), (32)

and our final set of equations becomes
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¥ = eexp(—5)J,L(0, 7)s3,
53 = eZ" (6, 7) exp(L)J,%,
g = vo(7) — em3(0, 7),

T=g¢,

(33)
6=1,

where # has been introduced to make the system
autonomous.

B. Averaging for two-frequency systems

Equations (33) are in a standard form for the method of
averaging and we now state the appropriate averaging
theorem. We state a theorem for systems with two fast
variables which allows for crossing of resonances (and we
apply it in the next subsection to spin motion on the closed
orbit). Various multiphase averaging theorems could be
used [29], Chaps. 4-6, [32]; here theorem 3 of [29],
Section 4.1 is used, which is attributed to [33]. The appli-
cation of two-phase averaging to the simple problem of
spin motion on the closed orbit might seem more compli-
cated than necessary, but by going into considerable detail
here while dealing with the closed orbit, the stage is set for
adiabatic invariants in the case of spin motion on a general
trajectory, treated later below.

Theorem.—Consider a system of the form

d

%7 = sf(0, ¢, 1 ¢), (34)
Ly — o) + e5(6, 9] €) (35)
do e

d ;_
%6 =1, (36)

where [ belongs to a regular compact subset of Euclidean
R™. Each function on the right-hand side is real valued, C 1
(first-order differentials exist and are continuous) in I and
g, periodic with period 277 in ¢ and 6, and each possesses
an analytic extension for ¢ € C, with imaginary part
S{yt <o and 6 € C, I{f} < o for some o > 0. The
associated (slow) averaged system is

d = > >
—1I=¢ef(l),

) 1 27 (27 > o > -
ih= G ﬁ ﬁ 7@, .7, 0)dydd,

with initial condition 1 (0) = I(0). Let every trajectory of
the exact system for which I stays in the range of definition
for 6 € [0, 1/&] have a strictly monotonic variation of »(I)
with 6: | % v| > ¢, e for some ¢; € R*. Then there exists a
positive constant ¢ such that for sufficiently small &, all
trajectories satisfy

Sup geqo.1/5)11(0) — 1(0)] < c+/e. (38)

In the absence of resonance, the error estimate in
Eq. (38) may often be improved [in some cases, up to
O(g)]. The O(\/e) estimate above is however typical of
passage through resonance. At the other extreme, remain-
ing at resonance typically leads to a complete decorrelation
between behavior of the exact and averaged systems [i.e.,
the error estimate deteriorates to O(1)]. We give two
simple but explicit examples to illustrate the latter cases.

A basic model of passage through (a single) resonance is
the system §; = ecos(y — m@) and ¢y =m — 1/2 + &6
(m an integer), since it begins well away from the
resonance m and reaches it halfway through the interval
[0,1/e]. The exact solution is s3(0) = s5(0) +
& [§cos((er* — 1)/2 + ¢(0))dt. Using a stationary phase
argument, it is easy to show that this deviates from the
solution of the averaged system 53(6) = 53(0) by O( /¢) at
O(1/¢) times.

An example of a closely related system which remains at
resonance is §3 = € cos(y — m@) and iy = v,. The aver-
aged system has the constant solution 53 = s3(0), whereas
the solution of the exact system for v, = m (an integer) is
s3 = 53(0) + €6 cos(#(0)). The change in s; for 0 €
[0, 1/&] s clearly O(1), and s5 is therefore not an adiabatic
invariant.

The last example shows how large changes in the slow
variables can build up at resonances. The simplest way of
avoiding this behavior is to consider only systems in which
resonances are traversed quickly so that capture into reso-
nance is avoided. This is the reason why the averaging
theorem for two-frequency systems requires |- v| > ¢;e,
which is often called condition A (the terminology derives
from the Russian literature). This condition excludes sys-
tems where trajectories pass arbitrarily slowly through a
resonance or cross the same resonance several times.

For a detailed proof of the two-phase averaging theorem
used above, see [29], Sec. 4.1, or [33]. We end this sub-
section with a brief discussion of the ingredients in that
proof; we hope this gives an idea of the methods used and
the obstacles to be overcome along the way.

For simplicity we consider the third component of
Eq. (34) [the equation governing s3; in Eq. (33)]. The
right-hand side f3(6, , X, 7) is a 27-periodic function of
6 and ¢, with zero mean:

— 2 (2
To= g o [0 ndnas =0, 59)
2m)* Jo 0

In the usual approach to averaging, one tries to simplify
the equation for s; by transforming to a coordinate
53 = s3 + eu(6, ¥, X, 7) where the perturbation eu is
periodic in  and 6 (as f; is). Now §3 =53+
sd%u(t‘), b X% 1) = e(f30,4,% 1) + Dud % 1) +
vo(T)D,u(0, i, %, 7)) + O(&?). One thus chooses u so that
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A

f = D]M + VOD2M + f3 (40)

is as simple as possible. If f can be made to vanish
identically, then §;3 = O(&?), from which adiabatic invari-
ance of s easily follows.

Making f vanish (or as simple as possible) is a form of
the so-called fundamental (or “homological’”) equation of
perturbation theory, and it is relatively easy to solve when
there is only a single phase. But when there are two or more
phases (in the present case we have the phases ¢ and 0), the
homological equation is much more difficult to solve in
general because of the presence of “small” or “zero
divisors.” We illustrate this difficulty as follows.

We first expand f3 and u in terms of their Fourier series
as

fy= 3 G DR £ G e Y, @

k=—00

u= Z uf (& 7)) + y (7, 7)ei k00 (42)

k=—o00

where we have taken into account the fact that f3 contains
only the terms exp( i) and we have written u in the same
form since we only want to find a particular solution and
not the most general. When these are inserted into the
homological equation f = 0, we get

[k * vo(D)]ui (X, 7) = if i (& 7), (43)

and we have a zero divisor problem when »y(7) takes
integer values. If »y(7) is not an integer, then one can
choose uj (s3, 7) = if;" /[k = vo(7)] for all k and we ob-
tain §3 = O(g?). It follows that §3 = O(&?6), and if arbi-
trarily small divisors can be avoided—i.e., if vy(7) remains
bounded away from integers (a primitive form of the so-
called Diophantine conditions used in more general situ-
ations below), then u = O(1), and therefore s; = O(e) for
0=6=0(1/e).

On the other hand, if »y(7) = m (a positive integer) for
some 7, the best we can do is take u*,, = u,, = 0, in which
case f = 2Re{f, ¢! m¥~V} = 2f - cos(mh — ) if f, is
real. We thus get 53 = £2f,, cos(mf — ¢) + O(g?) and
) = vo(7) + O(g), a system very similar to the basic
model for passage through resonance discussed above
(after the statement of the two-phase averaging theorem).

Despite these difficulties, it turns out that resonant val-
ues of v,(7) can be tolerated provided they occur only over
brief time intervals (condition A is of course one way to
ensure this). Once the time intervals spent at (or near)
resonant values are known to be limited, with some effort
it is possible to estimate the cumulative effect of all “pas-
sages through resonance,” and to conclude that the averag-
ing approximation remains valid over the interval [0, 1/¢].
Finally, we note that in the present application, since the
closed-orbit spin tune changes with energy (vy = Gy ina

flat ring), the assumption of condition A is likely to be
physically realistic in situations where the beam energy is
increasing at a minimum rate.

C. Adiabatic invariance of spin motion via two-phase
averaging

We now apply the above theorem to obtain our main
result of this section. For spin motion on the closed orbit,
we take the exact system to be Eq. (33), so that X, s3, and 7
form the (four) components of Iin Eq. (34). Since I;(0) =
53(6), the averaged system includes the equation 15 =
f3=0 and leads to [I;(0) =I5(0) = s5(0). If

% vo(e6)| > c, &, the theorem then guarantees that

yg&supae[o,l/g]Bs(@) —s53(0)| =0 (44)

which we interpret as adiabatic invariance of s3 according
to our definition at the end of Sec. L.

Several remarks can be made here. We note that the
theorem gives more than adiabatic invariance of s3; it
additionally gives an estimate of the rate of convergence
toward O in Eq. (44), so we have some knowledge of how
slowly 7 must be varied in order to achieve a desired degree
of constancy in s5. The theorem also says that X is adiabati-
cally invariant, which, in view of Eq. (32), gives an ap-
proximate evolution equation for y = (s, s,)7, namely

0
5= exp{Jz /0 [vo(s0') — &5 (6, s@’)]dﬁ’})‘c’(o). 5)

We further note that, although condition A (|9, vy(7)| >
1) requires the spin tune to change quickly enough to keep
v, from remaining very long at integer values, this condi-
tion could be dropped altogether if v,(7) remains bounded
away from integers (one then applies an averaging theorem
for nonresonant domains; cf. [32], Sec. 1.6).

III. THE AMPLITUDE-DEPENDENT SPIN TUNE
AND THE UNIQUENESS OF 17(Z)

The closed-orbit spin tune v, was introduced as the spin-
rotation angle divided by 2 for particles which travel one
turn around the closed orbit. For particles which oscillate
around the closed orbit, this rotation angle can depend on
the amplitude of their oscillation. For the case where the
orbit motion can be described in terms of action and angle
variables J and ® (as is always the case for stable linear
motion), and where the tunes Q; are not in resonance on
the invariant torus described by J, we will now show how
to define a spin-rotation angle which is independent of 0
on that torus. Assuming that an 7 axis exists at an azimuth
6, one can introduce two unit vectors i#,(Z) and ii,(Z) to
create a right-hand coordinate system (;71, ;72, i1). The vec-
tors b:t] and ;72 are therefore defined up to a rotation around
the 71 axis by an arbitrary phase-space-dependent angle
&(?). The spin direction S is expressed in terms of this
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coordinate system by the relation S = slﬁl + szﬁz + Jgh.
The coefficient Jg is called the spin action and does not
change during the particle motion around the ring, since
the particle transport matrix R(Z) is orthogonal and ensures

that J¢ = S - i is invariant. This property can be used to
define the invariant function of spin-orbit motion

Js(Z, S)=3§-i@3). Using Eq. (7) the invariance is given by
= Js(M(Z), R(Z)S) = (R(Z)S) - (M (Z)))

= (R(EZ)S) - (REDiA(Z)) = S; - ii(Z,)

= JS(Zi’ §z) (46)

Js(Z. Sp)

For one turn, the spin motion in the coordinate system
with (@, ii,, 1) is a rotation around the 7 axis by a phase-
space-dependent angle 275(Z),

sfl + isz = €i27ﬁ/(2)(sil + iSiz). (47)

By reexpressing this in terms of the complex quantity § =
e'?@(s, + is,), where ¢(Z) is the arbitrary angle of iz, and
iiy, one obtains

e—i¢(1l71(2))§f = QTR d@Dg. (48)

The one-turn transport of phase space motion is described
by Jf =J, and <1)f = <I) +270. Using the symbols
2705 J(CD) and ¢ J((I)) to indicate the spin-rotation angle
and the free phase of the coordinate system for motion
on the invariant torus characterized by J, we have

§p= ei(zwaj<ci>>—¢j(ci>)+¢](ci>+27ré))§i' (49)

The goal of the subsequent manipulation is to choose
1] j(fiD) so that the spin motion characterized by the expo-
nent is simplified and the rotation angle becomes indepen-
dent of ®. As with any function of phase space, the rotation

¢277(®) s 277 periodic in all components & ;- Therefore

the rotation angle can have a 27-periodic contribution and
a contribution linear in the phases

275, ;(®) +j- D, (50)

for some vector ; with integer components. We choose the
rotation angle

275;(®) = 275, ;(®) + j- dmod27  (51)

which is 27 periodic and can thus be Fourier expanded.
The rotation ¢'%7(®) is also 27 periodic in all components
®;. Therefore the rotation angle ¢;(®P) can also have a

27r-periodic contribution ¢ ,;(®) and a contribution linear
in the phases

G (D) = ¢, ;(D) + - D. (52)

If the orbit tunes é are not in resonance, then ¢ ](&D) can
be chosen to eliminate the phase dependence of the ex-
ponent in Eq. (49) completely. This can be seen by Fourier
transforming the periodic functions 177(&)) and ¢, ](Cf)) to
obtain the following exponent in Eq. (49):

2mf- 0+ Z(Zﬂvj(k) b, ()1 — 27k 0))eik .

(33)

By choosing the Fourier coefficients ¢, j(E) so that
(;USoj(IZ) = 271?}(1;)/(1 — ¢2™Q) one can eliminate all
Fourier coefficients ﬁj(lz) except those with k= 0. For
this special choice of ¢(Z) the one-turn spin-rotation angle
becomes 27v(J) = 27(9;(0) ~I—j’- é) and does not de-
pend on d but only on the action variables J. Therefore
this rotation angle is the same for all particles on one
invariant torus and thus does not change during particle
motion. This spin precession rate I/(j) is a characteristic of
the torus and allows the degree of coherence between spin
and orbital motion to be quantified. In particular we expect
coherent excitations of spin motion when the amplitude-
dependent spin tune v(J) is in resonance with the orbital
tunes as in Eq. (8). Other angles which might be alterna-
tively proposed [34,35] do not correlate with resonance
effects [36—39].

To guarantee the convergence of the Fourier series of
¢(Z), we require the orbit tunes to be strongly incommen-
surable with 1 ([32], Sec. 1.5), which implies that they are
strongly non—orbit-resonant, defined as follows using the

distance to the nearest integer [. ..], and the 1-norm |k|, =
Zfzzl |kn|

Strongly non-orbit-resonant.—The particle motion is
said to be strongly non—orbit-resonant if C, r € R exist
with (k- Q) = c|1€|;rd for all nonzero vectors k with
integer components.

This strong incommensurability is a common require-
ment in perturbation theories, and it is known that for r >
dim(k) — 1 [here dim(k) = 3], the set of O for which there
is no such C has Lebesgue measure 0 ([29], Appendix 4,
[40,41]). In mathematical settings, the infinitely many
inequalities above are called ‘“‘Diophantine conditions”
and may often be reduced to finitely many conditions by
so-called ultraviolet cutoff techniques (see [29], Secs. 7.2,
7.4).

The denominator 1 — ¢?>7%C then decreases accord-
ing to a power law: |1 — ¢27F'0| = 2|sin(wk - Q)| = 4(k -
0) = 4C|l€|,”d. We further require that the spin-rotation
angle 27717j(<i)) have an analytic extension and therefore

that its Fourier coefficients fall off exponentially with |&|,
[29], Appendix 1.1, so as to counterbalance the denomi-
nator and lead to a convergent Fourier series. Alternatively
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one could require sufficient differentiability of ﬁj((i)),
which would lead to a sufficiently strong power law falloff
for the ¢ ;(k) [29], Appendix 1.2.

The coordinate vectors ii; and ii, for this special choice
of ¢(Z) are referred to as i, and ii,. The exponent reduces
to v(J) = 75(0) + i O and the spin rotation of Eq. (49)
simplifies to

§ ;= ei2mg, (54)
The goal of constructing a spin rotation depending only on
orbital actions but not on the angle variables @ has now

been achieved. The function »(J) is called the amplitude-
dependent spin tune. It is not unique, since one can add an
integer j, and a linear combination j . Q of the orbit tunes
by choosing different integers for j in Eq. (83). It is
interesting to note that for action variables J where the
integer components of j can be chosen so that

»(J) + - 0 = 0modl, (55)
one can eliminate the spin rotation completely. These are
the resonances described in Eq. (8). Several of the subse-
quent statements will be restricted to cases where this

resonance condition is not satisfied. Furthermore, when
—7i(Z) is chosen as the 7 axis for defining the spin tune
on a torus, the spin tune v also changes sign and —v +
Jo t+ j é could alternatively be chosen as the spin tune.
This leads to the following conclusion:

Existence of I/(j)i Given that an 7 axis exists, that the
system is strongly non—orbit-resonant, and that the above-
mentioned analytic extension of the spin-rotation angle
27rv exists, then a coordinate system (i, it5, 71) can be
specified which defines an amplitude-dependent spin tune
v(J). This choice is not unique, since v + j, + i O can
also be chosen as the spin tune.

Usually the integers are chosen so that the limit for small
amplitudes is equal to the closed-orbit spin tune v, which
is Gy for an unperturbed flat ring without solenoids, spin
rotators, or snakes.

It is worth noting that for the single resonance model
(SRM) of spin motion the 7 axis can be computed and »(J)
exists even on orbit resonances.

To analyze the uniqueness of the 7 axis, the periodicity
condition (7) is written in the coordinate system (i, iy, /1),

N cos2Qmv) —sin2mwv) 0
AM3) = [ sin@mv) cosQmy) 0 |-i(@), (56)
0 0 1

with the obvious solution 7(Z) = (0,0, 1)” for all Z. If
another 7 axis 71,(Z) exists, then 7, — 7i(7i * 7i,) is nonzero
at least at one phase-space point and on all iterations of this
point which can be reached during particle motion. This
difference vector at these phase-space points is normalized
and written as cos(a(2))i; + sin(a(2))ii,, or as €. In
orbital action-angle variables, the function « j(CfJ) =

a, j(cf)) +7- ® hasa 27r-periodic contribution and a linear
contribution, and in complex notation, the periodicity con-
dition (56) reads as

eiaj(&)+277'é) — ei(27rl/(.7)+aj(li))). (57)

This requires that all Fourier coefficients of « j(&)) vanish
except &,5(0). The resulting equation v(J) = j+ 0 modl
shows that the periodicity condition (57) for 7i,(Z) can only
be satisfied when a spin-orbit resonance occurs. Otherwise
the ISF is unique. This is summarized as follows:
Uniqueness of n(Z)—no spin-orbit resonance—If an ii
axis and basis vectors i, il, exist and the spin-rotation
angle in one turn is not a linear combination of orbit phase
advances modulo 277, then the 7 axis is unique up to a sign.
If the orbital tunes are rational, one can also formulate
some statements about the uniqueness of the 7 axis. Given
that the phase-space motion can be described by action-
angle variables and that the orbital tunes on an invariant
torus in the Poincaré section at azimuth 6, are rational
numbers Q; = %’ where the smallest possible integer

denominators are used, let N be the smallest common
multiple of these denominators. Then MV (?) is the identity
map, whereas M"(Z) is not the identity map for any n < N,
and the following conclusions can be drawn:

Uniqueness of ii(Z)—rational tunes.—If for some N €
N, the N-turn spin transport matrix on an invariant torus is
not the identity matrix but the N-turn orbital transport map
is the identity, then an 7 axis exists on this invariant torus
and is unique up to a sign.

To show this, the spin transport matrix R y(Z) for N turns
around the ring starting at 6, is used. Since it is not the
identity matrix, it describes a rotation around a vector
éx(Z) which is unique up to a sign. After N turns, the
phase-space transport map is the identity map and the
periodicity condition (7) for an 7 axis 7iy(Z) of the
N-turn spin-orbit system becomes 7iy(Z) = Ry (2)iiy(Z).
The rotation vector éy(Z) is therefore the 7 axis 7iy(Z),
unique up to a sign. The rotation vector &y(M(Z)) of
Ry (M () is given by =R(?)éy(Z) since

R y(M@)R(Z)éy(2) = R(MY ()R y(2)éy(3)
= R(2)éy(2), (58)

where the fact that M () is the identity map was used. The
rotation vectors are unique up to a sign and éy(Z) satisfies
the periodicity condition (7) of an 72 axis up to a possible
sign change,

En(M(2) = R()éy(3). (59)

Since M"(?) is the identity map, a particle with initial
phase-space point Z; can only reach the N phase-space
points Z(3;) = {Z|M"(Z,),n € {1, ..., N}} which will be
called the trajectory through Z;. Given that the sign for
éx(Z;) has been chosen, the sign of the rotation vectors on
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the trajectory through Z; is chosen so that the + sign in
Eq. (59) is obtained. This equation is then the periodicity
condition (7) for éy(Z) and shows that 7i(Z) = éy(Z) is an
ISF which is unique up to a sign for each trajectory.
Assuming sufficient smoothness of Ry(Z), the rotation
vector €y(Z) also varies smoothly over phase space and
the signs on each trajectory are chosen so that 71(Z) = éx(Z)
is a smooth function on the invariant torus.

Even though it is straightforward to find an 7 axis for
such a system with rational orbital tunes, it is important to
note that an amplitude-dependent spin tune cannot in gen-
eral be computed for this 7 axis, since the dependence of
the spin-rotation angle 279 j((i) on ® can only be elimi-
nated in Eq. (§3) when there is no resonance for the orbital
tunes. The phase-dependent rotation angle has been com-
puted analytically for some systems with rational tunes in
[42,43].

Nonuniqueness of i(Z).—If for some N € N, the N-turn
spin transport matrix on the invariant torus and also the
N-turn orbital transport map are identity maps, then an 7
axis exists but is not unique.

In such a system all orbital tunes are rational and for
each tune Q s the smallest possible denominator is denoted

here by m;. Let the angle variables Cf)o = 0 correspond to
the point Z, in phase space at some azimuth 6,,. There is a
number k of turns after which a particle, starting at Z,
reaches the phase-space point 7; with angle variables ®; =

. We introduce the set of phase-space points P; =
{ZICP efoz

covered by the sets P,

27) for all j} and note that the entire torus is
= {Z1®; — nQ; €10, fn—’l’] for all j}
which are obtained by transporting the phase-space points
of P n times through the one-turn transport map M. At the
fixed azimuth 6y, the trajectory Z(Z;) through a point Z;
contains N points, each of which is located in one of
the P,,.

Consider a spin field £(Z) which is arbitrarily chosen for
all Z € P,. For all points M"(Z) € P, 4, it is chosen to
satisfy f(M"(3)) = R"(?)f(Z) forn € {1,..., N — 1}. This
defines the spin field on the entire torus.

According to this definition, the periodicity condition
f(M(2) = RG)F(3) is satisfied for all 7 € P, with n €
{1, ..., N — 1}. But due to the assumption that MY and RV
are identity maps, it is also satisfied for P, and thus for all

’ m;

of the torus. Therefore f(Z) is an ISF, and since it was
chosen arbitrarily for a set of points on the torus, it is not
unique.

IV. THE ADIABATIC SPIN INVARIANT ON PHASE-
SPACE TRAJECTORIES

A. The equation of spin motion on general orbits

As a first step for finding an adiabatic invariant of spin
motion on phase-space trajectories we bring the equation
of spin motion into an appropriate form.

In general the ISF on the Poincaré section at 6, changes
when parameters such as the beam energy or quadrupole
settings are changed. In other words, if the variable 7
describes one of these parameters, then 7(Z, 7) changes
when 7 varies from the initial setting 7; = 0. Of course it
is assumed that an 77 axis exists for every value this
parameter might take. A beam which is polarized along
the ISF with initial polarization [(7i(Z, 0))| will remain
polarized closely parallel to 7(Z, 7) while 7 is changed,
provided the change is slow enough and no very strong
resonance effects diminish the polarization. For example,
when the beam is accelerated slowly, the beam polarization
may be low while P};,, = |{7)| is small, but when the spins
follow the slow change of 7i(Z, 7) with energy parameter 7,
the beam may have high polarization later, once the energy
has reached a value where P, is large.

We will prove in this section that spins follow slow
changes of the invariant spin field by showing that the
product Jg = S - 7i(?) is an adiabatic invariant. On the
closed orbit, the ISF 7(Z) is parallel to the one-turn rotation

vector #iy. The angle between io(6) and the spin S(6) of a
particle traveling on the closed orbit changes little when

the system changes slowly, and therefore also s3(6) =
5’(0) - fip(#) was shown to be an adiabatic invariant. This

proof will now be generalized to show that Jg = S - /i(Z, )
changes little along a particle trajectory while the spin
motion § and the phase-space motion 7 are subject to
equations of motion which change slowly with the parame-
ter 7 = €0,

d - = >
LiebGon S5=0G6nDx5 (60

do do

For Hamiltonian motion
0"(J,7)J + eH (6, ®,J, 7),
have the form

generated by H,, =
these equations of motion

S=AW0,D,7 1S5  J=—sHe6,d ] 1) o
. )
P = (J, )+ eH, 0, D,J, 1), 7 =g,

with Hy; = -4 H, H;; = - H and A = —AT.

We assume that action-angle variables J, @ and an ISF
i(Z, T) exist for each 7 € [0, 1] at some azimuth 6,. Since
the 7 axis is a spin field, it is propagated around the ring
like S in Eq. (60). Note that therefore S - 7 is invariant as

long as 7 does not change. If 7 changes with 6, then Sis
still a solution of Eq. (60), but i(Z(#), 7(#)) is not. Even
though S - i is not an invariant, we will show that it is an
adiabatic invariant.

We also assume that a coordinate system (i, iy, 71)
exists at 0 for each 7 € [0, 1]. To obtain a 27-periodic
coordinate system, we propagate i, and i, by
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dilezzi = (Q — vil) X iy, (62)
This lets spins rotate uniformly around 7 during one turn,
after which their rotation is described by Eq. (56). This
leads to an amplitude-dependent spin tune »(J, 7) which in
general depends on 7. These are nontrivial assumptions,
since during the analysis of the existence of »(J) in Sec. III,
the existence of i, and ii, was only guaranteed when the
system is strongly non—orbit-resonant, even though there
are simple models like the SRM where »(J) exists for orbit
resonances. We also take into account that the tunes
Q(j, 7) of phase-space motion depend on the action vari-
ables and on the parameter 7 which slowly changes the
system.

Using the phase-space-dependent 27-periodic coordi-
nate system, the spin of a particle with phase-space
coordinate 7 at azimuth 6 is described by S = sy +
S2122 +J Sﬁ‘

To make use of this new coordinate system, we assume
for ¢ = 0 (which includes 7 fixed) the existence of a
uniform invariant frame field

U6, D;J, 7) = (i), i, i3) (63)

with the properties:

P1. ii; is an invariant spin field 7z (ISF)

P2. U has an SO(3) matrix representation 27 periodic in
0 and all the orbital phases ®;.

P3. For &= 0, § = A(G, é(jo, 7')0 + (-I))(), .70, TO)§
which has a principal solution matrix
R(0: D, Jo, 79) = U0, O(Jo, 70)0 + Do, Jo, 7o)
x exp (v(Jo. 7)JOYUT (0, By, T, 79)
(64)

which is analogous to Eq. (19).
P4. The basic relation analogous to Eq. (20) is

D, U+ 0'(J, 7)D,U = A8, D, J, 7)U — »(J, 7)UJ.
(65)

Here 52 is the gradient operator with respect to the depen-
dence of U(6, &)j 7) on d.

This is discussed in detail in [6]. Note that the ISF is 27
periodic and satisfies Dii5(6, D) + 0" D,ii5(6, D) =
A0, D)iis.

Again we use the transformation S+ §via

S=Uw)3s  w=( o7 1), (66)

§ = Uw)i + Uw)i, (67)

U=D,U+d B,U+J DU+ D,Us
=D,U+ Q0"D,U + &(H'D,U — HLD;U + D,U)
= AU — vUJ + ¢(H'D,U — HYD,U + D,U).
(68)

Now it follows from Egs. (61) and (68) that

(AU-2U))5+e(HD,U—-HLD;U+D,U)s+Us=AUS.
(69)

But now U'(w)U(w) =1 and so as before, between
Egs. (26) and (27), we have

UT(HID,U - HSD,U + D,U)

0 -3 M2
=1 m 0O -n | (70)
M2 m 0

This again means that the periodic unit vectors depend on
7, and, when 7 is changed, their variation with 7 can only
be a rotation around some vector 7(Z, 6, 7),

aTﬁ: ?]Xﬁ, 87.1/_!)1 = '?]Xﬁ], 87.1:)!2: ?]xﬁz
(71
With the following notation,
AW = (1,12 m3)", L) =(m,m)", §=(s1,50)"
(72)
as before in Eq. (30) we have
V= (U, 1) = ens (w5 + e, {w)Js,
Js=el' Wy, J=—eHa(w),
Ci> = O(J, 7) + eH,(w), F=es. (73)

The transformation j — X via
0

5= eplls [[ @@, 50 — emGu@ e’ & 74
0

gives as in Eq. (33)

¥ = eexp(—J )l (w)Js,

Js = el Whexpap)i,  J = —sHe(w),
d=v(J, ) — ens(6, 7),

® = O, 7) + e, (w),

(75)

T =g,
6=1
The perturbations to the motion of the action and angle

variables are due to the variation of the equation of phase-
space motion (60) with the parameter 7.
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B. Averaging for n-frequency systems

Equations (75) are in a standard form for the method of
averaging. The average over the angle variable ® of the
perturbation to J vanishes for Hamiltonian systems, since
there (8&)H(5, D, J, 7))¢ = 0, where the fact is used that
the derivative of a periodic function has zero mean. The
average over the phase ¢ of the perturbation to Js also
vanishes. For accelerators, with 6-dimensional phase
space, this system of ordinary differential equations there-
fore has 7 slowly changing variables (Jg, 7, and the 5
components of ¥ and j) and 5 rapidly changing variables
(¢, 0, and the 3 components of <i)), for small . The system
is in the standard form of n frequency (or ‘“‘multiphase’)
averaging theorems ([29], Chap. 6, [32], Sec. 1.9), which
permit the crossing of resonances between all fast varia-
bles. Here we use theorem 2 of [29], Sec. 6.1 which is
attributed to [44].

Theorem.—Consider a system of the form

d- =

d_ﬁl = sf(d), I, ¢e), (76)
LG =)+ eg(d. 1 e) (77)
do T

where [ belongs to a regular compact subset of Euclidean
R™ and J) € R". Each function on the right-hand side is
real valued, C! in I and &, periodic with period 27 in all
¢ ;, and each possesses an analytic extension for ¢; € C,
3{¢;} < o with o > 0. The associated averaged system is

1 27 >

W 0 f(¢! I’ O)d¢)
(78)

d—;_ £ —1->:
%I_Sf(i)y f(l_)

with 1(0) = 1(0). Let the following nondegeneracy condi-
tion (called Arnold’s condition) be satisfied: Assuming the
frequency Vn(i) # 0 (with no loss of generality, since in
every region at least one frequency will be nonzero), then
the map I ),..., V,l,,(f))/vn(i) has maximal rank,
equal to n — 1. Then for every continuous function p(g)
with C|\/e = p(g) = C», Cy, C, € R*, the set of allowed
initial conditions V is partitioned as V = V'[g, p(g)] X
U V"[e, p(e)] for sufficiently small & such that

Sup geqo,1/ol1(0) — 1(0)] < p(e) (79)

for (1(0), (E(O)) € V/; i.e., for initial conditions in V’, the
separation between the exact solution and the solution of
the averaged system is less than p(g). Moreover, the mea-
sure of V"[g, p(e)] is smaller than C\/e/p(e) for some
C eR*.

We point out that there is a slight error in the proof of
this theorem in [44] [because the equality in Eq. (17) of
that paper does not hold in general]; however, this is easily
repaired, as is done between Eqgs. (4.9) and (4.13) of [45].

When the frequencies are in resonance, the slow
variables I can accumulate large changes and the solu-
tion of the averaged system may not approximate the
original system very well. In the above theorem,
Arnold’s condition ensures that no slow variable I; can
change at a resonance without moving the system out of
this resonance. Arnold’s condition also has important geo-
metric consequences: requiring the reduced frequency map
I (w),...,v,_,()/v,(I) to be of maximal rank
means that preimages (in /-space) of sets in reduced fre-
quency space are nicely structured; in particular, preimages
of resonances among the frequencies are not ‘“too large.”
This is made more precise by the so-called preimage
theorem (see for example [46], Sec. 4).

C. Adiabatic invariance of spin motion via
multiphase averaging

We now apply the averaging theorem for n-frequency
systems to Eq. (75) for spin-orbit motion. The frequency
of the variable 6 is 1 and can therefore be used as v, of
Arnold’s condition. The four frequencies (0, 1), v(J, 7))
depend on four of the five slow variables and we
assume that the rank is 4 so that the Jacobian matrix
of the four frequencies has nonvanishing determinant,
det (é(j,T)(Q, v)) # 0.

Choosing p(g) = &'/* one finds, for Hamiltonian sys-
tems where J = J(0) since <6§)H(0~, o, J, )¢ = 0, that
the set of initial conditions for which Supyeqg /a]lj () —
J(0)| = £!/4 has measure smaller than Ce!/4. The variation
of the action variables J for @ € [0, 1/&] therefore tends to
0 with &, except for initial conditions from a set with
measure that also tends to O with . The action variables
are therefore adiabatic invariants as defined in Sec. I, which
is a well known fact.

In addition we find with {(exp(J,#)), = 0 that the set of
initial conditions for which Sup,cpg1/:11/5(0) — J5(0)| =
/4 has measure smaller than Ce!/4. Therefore Jg = S -
71(Z) is an adiabatic invariant as defined in Sec. I.

It should be noted that, as announced in Sec. I, there is
no need to show that Jg is an action variable of a
Hamiltonian to establish it as an adiabatic invariant. We
establish it as such by an analysis of the equations of spin-
orbit motion, which is independent of the existence of a
Hamiltonian for spin-orbit motion.

V. SUMMARY AND CONCLUSION

In our investigations of spin-orbit motion, we have used
mathematical techniques to rigorously demonstrate the
existence of adiabatic invariants, first for the simple case
of motion on the closed orbit (Sec. II), then for the more
complex case of motion on general orbits (Sec. IV). The
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last case entails a discussion of the amplitude-dependent
spin tune v and the 7 axis (Sec. III).

For convenience, we provide here a summary of our
main results on invariance, highlighting the relevant
mathematical restrictions and their physical meanings.

First, consider spin-orbit motion on the closed orbit of a
particle accelerator. In order to study the case where the
spin motion (including the spin tune) depends on a slowly
varying parameter 7, we transform the spin-orbit equations
of motion into a standard form for a two-frequency aver-
aging principle. In order to apply the averaging principle,
we need to assume that the 7-dependent spin tune spends
only brief time intervals near resonance. Mathematically,
this is “condition A” of Sec. I B, and, as we explain at the
end of that section, this weak assumption corresponds to
reasonable physical conditions in an accelerator where
particles are slowly brought to operating energies. We
therefore apply the two-frequency averaging theorem (be-
ginning of Sec. II B), and conclude that s5(6), the projec-
tion of a particle’s spin on the spin-rotation axis 7, is an
adiabatic invariant. This is expressed more precisely in
Eq. (44) and the remarks that follow.

Consider now the more general situation in a particle
accelerator where the spin-orbit dynamics depends on a
slowly varying parameter 7, with the property that for fixed
7, the orbital dynamics is integrable and an invariant spin
field exists. We assume the existence of a uniform invariant
frame field U(6, ®; J, 7) = (i1, ity, il3) satisfying the prop-
erties P1-P4 following Eq. (63). Mathematical proof of the
existence of this frame field is a difficult and as-yet-
unresolved issue, however numerical experiments indicate
that real machines have such fields to good approximation.
Assuming its existence, we use this frame field to trans-
form the equations of motion into a standard form for
multiphase averaging. Under relatively mild yet explicit
assumptions, the multiphase averaging theorem of
Sec. IV B applies to the transformed equations. Most im-
portant is the assumption that the motion is strongly non—-
orbit-resonant [following Eq. (53)], which means
physically that the orbit tunes remain away from low-order
resonances. It then follows from the theorem that Jg =
S - 7i(Z) is an adiabatic invariant of spin-orbit motion. To
reiterate, this means that for all but a small set of “‘excep-
tional” initial conditions, Jg remains close to its initial
value on a time scale of O(1/e). As € — 0, both the
measure of the exceptional set and the nearness to the
initial value also vanish, while the length of the time scale
of nearness grows unboundedly.

We believe that an understanding of the issues discussed
in this paper will be important in the design and operation
of particle accelerators with polarized beams, both present
and future, and, as mentioned at the end of the introduction,
we are continuing this work by investigating a more direct
approach to the existence of adiabatic invariants for spin-
orbit motion.
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