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3 INSTABILITIES IN THE SNS*

M. Blaskiewiczt, BNL, Upton, NY

Abstract

The 2MW Spallation Neutron Source (SNS) will have a
D.C. beam current of 40 A at extraction, making it one of

the worlds most intense accelerators. Coherent instabilities

are a major concern and efforts to predict beam behavior
are described.

1 INTRODUCTION

For 2 MW operation the SNS will accumulate 2 x 1.014,
1 GeV protons over 1 ms via charge exchange injection.

The machine circumference is 220 m with a transition en-
ergy of -yt = 4.9 and betatron tunes around 5.8[ l]. The
baseline design calls for natural chromaticities - –1, but
chromatic control is likely in the final design. The machine
impedance below 200 MHz has been characterized[2], and
measurements of the extraction kicker impedance are in
progress.

2 LONGITUDINAL INSTABILITIES

Two methods have been used to characterize longitudinal
stability in the SNS. First assume a coasting beqm with a
rectangular energy distribution and do first order perturb-
ation theory on the Vlasov equation with

1 = 10 + 11 exp(in(f? –ti~t) – X?t).

The dispersion relation is given by,
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where q = –O. 193 is the frequency slip factor, E. =
-(mc2, q is the proton charge, and ti = Iql max(E –
Eo)/.E# % 1 x 10-3. With 10 = 40A the terms on

the right had side are equal for 211/n = i6.50f2. The space
charge impedance is 21I/n = i 1.50Q and dominates the
magnitude of the impedance. Taking the square root of
eq( 1) and assuming the
the first yields

17n(f2) =

When all objects other

second term is small compared to
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than the extraction kicker are in-
cluded in the impedance budget the growth rate of the most
unstable mode below 700 MHz is <2/ins, which is be-
nign. Near the cutoff frequency for transverse magnetic

microwave propagation x 1 GHz, codes such as ABCI [6]
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predict strong, narrow, resonant impedances. These will be r

considered in the future.
Instabilities of the sort predicted by eq (1) and (2) me

rare or nonexistent below transition. The reason can be
inferred from a simple bunched beam model. Assume a
“brick wall” barrier bucket rf system. The bunch has length

~ (radians) and peak current 10. The particles undergo per-

fect reflection at the edges of the bunch and the impedance
is given by Z = R – iLJL. Use the machine azimuth O as
the time-like variable. Let r = tiot – 8 and v = d~/ciO
be the dynamical variables. Assume the unperturbed phase
space density is given by

for O < T < ~ and \vi < ~, and zero otherwise. This ne-
glects the effect of R on the unperturbed distribution. As-

sume a solution to the Vlasov equation of the form

W(r, v,e) =Vo(r, u)+e– wq(m).
The perturbation satisfies

where

!If~(T, v) = Yf+(7)($(tJ– i) + w_(T)J(v + u) (3)
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The equations for W+(r) and V_ (r) are first order with
constant coefficients. To solve these equations let U-i V =

K(R – iLU’OL), S(T) = Q+(r) + W_(T), and D(r) =
V+(7) – V- (7). Then

dD
--jQs+fi — = 0,

d~
(5)

For perfect reflection at r = O and ~ = Tb the bound,ary
conditions are D(0) = D(Tb) = O,so

Equations (5) and (6) give
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accelerator and the beam energy. The magnitude and sign

of the beam polarization, however, depends on the beam

polarization at injection and the history of the acceleration
process.

The spin tune and stable spin direction calculations ap-
ply only to a time-independent static situation or if param-

eters are changed adiabatically. Far from the resonance the

stable spin direction coincides with the main vertical mag-
netic field. Close to the resonance, the stable spin direction

is perturbed away from the vertical direction by the reso-
nance driving fields. When a polarized beam is accelerated
through an isolated resonance at arbitrary speed, the final

polarization can be calculated analytically [2] and is given
by

Pf/P~ = 2e ‘:J2 – 1,
-—

where Pi and Pf are the polarizations before and after the

resonance crossing, respectively, and Q is the change of the

spin tune per radian of the orbit angle. When the beam is
slowly (a << It 12) accelerated through the resonance, the
spin vector will adiabatically follow the stable spin direc-
tion resulting in spin flip as is indicated in Fig. 1. However,
for a faster acceleration rate partial depolarization or partial

spin flip will occur.

Traditionally, the intrinsic reson~ces are overcome by
using a betatron tune jump, which effectively makes ~
large, and the imperfection resonances are overcome with
the harmonic corrections of the vertical orbit to reduce the
resonance strength c [3]. Both of these methods aim at

making the resonance crossing non-adiabatic. l%ey re-
quire very accurate adjustments at every resonance cross-
ing which can become very difficult and time consuming.

Over the last ten years new techniques to cross both im-
perfection and intrinsic resonances adiabatically have been
developed. The correction dipoles used to correct the im-
perfection resonance strength to zero were replaced by a lo-
calized spin rotator or ‘partial Siberian snake’ which makes
all the imperfection resonance strengths large and causes
complete adiabatic spin flip at every imperfection reso-
nance [5]. The tune jump quadruples were recently re-

placed at the AGS by a single rf dipole magnet which in-
creased the strength of the intrinsic resonances by driving
large coherent betatron oscillations.

At higher energies a ‘full Siberian snake’ [4], which is

a 180° spin rotator of the spin about a horizontal axis, will
keep the stable spin direction unperturbed at all times as
long as the spin rotation from the Siberian snake is much
larger than the spin rotation due to the resonance driving
fields. Therefore the beam polarization is preserved dur-

ing acceleration. An alternative way to describe the effect

of the Siberian snake comes from the observation that the

spin tune with the snake is a half-integer and energy inde-
pendent. Therefore, neither imperfection nor intrinsic res-
onance conditions can ever be met as long as the betatron
tune is different from a half-integer.

A local spin rotator can be constructed by using either a
solenoid at lower energies or at high energy by a sequence
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Figure 2: Layout of the AGS accelerator complex show-

ing the location of the partial Siberian snake, the vertical rf

dipole, and the AGS internal pohirimeter

of interleaved horizontal and vertical dipole magnets pro-
ducing only a local orbit distortion. Since the orbit distor-
tion is inversely proportiomd to the momentum of the par-
ticle, such a dipole snake is particularly effective for high-
energy accelerators, e.g. energies above about 30 GeV.

2 RECENT RIESULTS FROM AGS, IUCF
AND COSY

Polarized proton beam experiments at the AGS have
demonstrated the feasibility of polarized proton accelera-
tion using a 570 partial Siberian snake. Fig. 2 shows a lay-
out of the AGS accelerator complex highlighting the neces-
sary hardware for polarized beam acceleration in the AGS.
It was shown that a 5% snake is sufficient to avoid depo-
larization from imperfection resonances without using the
harmonic correction method up to the required RHIC trans-
fer energy of about 25 GeV. Fig. 3 shows the evolution of
the beam polarization as the beam energy and therefore Gy
is increased [6]. As predicted the polarization reverses Its
sign whenever G-y is equal to an integer. At this relatively

low energy polarization is preserved even without snake but
is partially lost at energies close to integer values of G-y.

More recently a newel scheme of overcoming strong in-
trinsic resonances using a rf dipole magnet was success-

fully tested [8]. Full spin flip can be achieved with a strong
artificial rf spin resonance excited coherently for the whole

beam by driving large coherent vertical betatron oscilla-

tions. If the rf spin resonance location is chosen near the
intrinsic spin resonance, the spin motion will be dominated
by the rfresonance and the spin near the intrinsic resonance
will adiabatically y foil ow the spin closed orbit of the rf spin

resonance. With the rf dipole, a new dominant resonance
near the intrinsic resonance is introduced to flip the spin, in-
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F@re3: Themeasured vertical polarization as a function
of GT for a 10% snake is shown with and without a snake.
The solid line is the predicted energy dependence of the
polarization.

stead of enhancing the intrinsic resonance, as has been pro-
posed earlier [7], which would also enhance the strength
of the nearby coupling resonance. Fig. 4 shows the new
record proton beam polarization achieved during the last
AGS polarized beam experiment. The rf dipole was used
to completely flip the spin at the four strong intrinsic reso-
nances O+Vv, 12+vY, 36—v9, and 36.+vV. The lower curve

shown going through the data points was obtained from a
spin tracking calculation simulating the experimental con-
ditions. Most of the remaining polarization loss is caused

by the coupling resonances. A new AGS partial snake us-
ing a helical dipole magnet would eliminate all coupling

resonances. Spin tracking simulations of this condition are
depicted by the upper curve in Fig. 4.

During the last year the Cooler Synchrotrons (COSY) at

the Forschungszentrum in Juelich, Germany, has success-
fully accelerated polarized protons to 2.7 GeV/c [9]. With

the low acceleration rate used at COSY stable full spin flip
at the few imperfection resonances can easily be achieved
with small harmonic orbit distortions. The intrinsic reso-

nances were crossed with a pulsed quadruple using the
tune jump method.

The studies of polarized proton acceleration and storage
are also continuing at the IUCF Cooler. Most recently it
was shown that an artificial spin resonance can be used to
flip the spin of a store polarized beam even in the presence

of a full Siberian snake[ 10]. In this as in all other experi-
ments that use artificial spin resonances a simple oscillat-

ing field is used to drive the spin resonance. Even though
an oscillating field is in fact the sum of two counter ro-
tating fields, ordy one is generally in resonance with the
beam precession frequency. However, with a full Siberian
snake the spin tune is a half-integer and therefore the two
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Figure 4: vertical polarization versus G~ measured in the

AGS. The lower curve is the result of a spin tracking cal-
culation for the experimental conditions. The upper curve
simulates the use of a helical partial snake in the AGS.

counter-rotating fields are both in resonance and interfere
so that effectively only half of the beam around the ring
circumference sees a driving field. The IUCF experiment
showed successfully that it is possible to slightly reduce
the snake strength to avoid this degeneracy. A spin flip effi-
ciency of91 % was achieved. Tiis result is very encourag-
ing for polarized proton colliders such as RHIC where the
long storage times would make it necessary to reverse the

polarization of the stored beam frequently to reduce sys-
tematic errors[ 11]. The efficiency reachable at the IUCF
experiment is limited by the fact that both the snake and
the rf resonance driving field are solenoids which can cause
synchrotrons sideband spin resonances close to the main ar-
tificial spin resonance. This would not bean issue at a high
energy machine where transverse fields would be used for
snakes’ and for driving spin resonances.

3 PLANS FOR RHIC AND HEW

By using Siberian snakes the stage is set for the accel-
eration of polarized proton beams to much higher ener-
gies. With snakes all depolarizing resonances should be
avoided since the spin tune is a half-integer independent of
energy. However, if the spin dkturbance from small hon-
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Figure 5: The Brookhaven hadron facility complex, which
includes the AGS Booster, the AGS, and RHIC. The RHIC

spin project will install two snakes per ring with four
spin rotators per detector for achieving helicity-spin exper-
iments.

zontal fields is adding up sufficiently between the snakes
depolarization can still occur. This is most pronounced
when the spin rotation from all the focusing fields add up

coherently which is the case at the strongest intrinsic reso-
nances. A simplistic rule of thumb would then suggest that
as long as the total spin rotation of all the Siberian snakes
is much larger than the total spin rotation per turn caused
by the strongest spin resonance the polarization should be
preserved during acceleration. This rule holds for the AGS
partial Siberian snake with regard to the imperfection reso-
nances. It would also predict that for a beam with a normal-
ized 95?t0 emittance of 20 T mm mrad at least two snakes
are needed for RHIC and four snakes for HERA

Polarized protons from the AGS are injected into the two
RHIC rings to allow for up to ~ = 500 GeV collisions

with both beams polarized [12]. Fig. 5 shows the lay-out of
the Brookhaven accelerator complex highlighting the com-
ponents required for polarized beam acceleration.

Of particular interest is the design of the Siberian snakes
(two for each ring) and the spin rotators (four for each col-
lider experiment) for RHIC. Each snake or spin rotator con-
sists of four 2.4 m long, 4 T helical dipole magnet modules
each having a full 360 degree helical twist [13]. Using he-
lical magnets minimizes orbit excursions within the extend

Figure 6: Schematic picture of the superconducting helical

dipole shows the 16 helical current blocks and half of the

iron yoke

of the snake or spin rotator which is most important at in-
jection energy. Nevertheless the bore of the helical magnets

has to be 10 cm in diameter to accommodate the 3 cm or-
bit excursions. Superconducting helical dipoles have been

successfully tested at 13NL using thin cable placed into he-
lical grooves that have been milled into a thick-walled alu-
minum cylinder. A schematic picture of the helical dipole

magnet is shown in Fig. 6. The first full length magnet has
recently been successfully tested[ 14].

To verify that full polarization is preserved during ac-
celeration in RHIC an elaborate spin tracking program was
developed[ 15]. The acceleration through the energy region
of the strongest resonance was simulated in great detail in-
cluding a 1 mm rms nusalignment of the quadruples, and
sextuples as well as the corrector dipoles used to correct
the closed orbit. The result is shown in Fig. 7 for a beam
with a normalized 95(% emittance of 20 n mm mrad. The

upper and lower cur~e show the result for the full beam
and the particles at the edge of the beam, respectively. Al-
though there is a sigmficant decrease of the polarization at
the energy of the resonance at G~ = 5 x 81+ (vv – 12) =
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Figure 7: Result of spin tracking through the region of the
strongest resonance in RHIC. The closed orbit was cor-
rected with residuals of less than 0.2 mm.
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422.18, the polarization of the full beam is restored after
# accelerating completely through the resonance region. The

simulation also shows that there is significant polarization

loss at the edge of the beam. This fact highlights the need
for a polarimeter that can measure polarization profiles.

Measuring proton polarization at high energies has been
the focus of several workshops and experiments. The an-
alyzing power of only very few reactions has been mea-

sured at high energies and the magnitudes are typically

rather small. Polarization sensitive interaction with an ex-
ternal electromagnetic field is also much smaller than for
the much lighter electron for which Compton back scat-
tering is typically used for high energy polarization mea-
surement. Two methods are presently being considered
for RHIC. Inclusive pion production from both hydrogen
and carbon targets has been shown to have large analyz-
ing power. Magnetic spectrometers are being designed for
RHIC to allow for high rate data acquisition. The sec-
ond method is based on the relatively large, energy inde-
pendent analyzing power predicted for very small angle
elastic scattering where the magnetic interaction interferes
with the spin independent nuclear interaction 16]. Tests are

presently in progress to demonstrated the possibility of de-
tecting the recoil carbon nucleus from a ultra thin carbon
fiber. For both methods the carbon fiber target could be
scanned through the circulating beam to measure polariza-
tion profiles.

The HERA collider consists of a 30 GeV electron ring
and a 820 GeV proton ring. Electron beam polarization of
about 70 VO has been achieved and spin rotators are success-
fully being used to produce longitudinal polarization for the
HERMES fixed target experiment. Recently, there is inter-
est to examine the possibility to also polarize the HERA
proton beam [17]. With a top energy of 820 GeV the accel-

eration of polarized protons in HERA would need at least
four snakes. However the high energy will require very de-
tailed studies to determine the beam emittance and magnet
alignments that are required to successfully accelerate po-
larized protons. HERA faces art additional complication
from the vertical excursions that were included at the inter-
action regions with the electron beam. Additional snakes
are needed to make these excursions spin transparent.

4 CONCLUSIONS

With all the recent advances in the understanding of spin
dynamics and the development of techniques for spin ma-

nipulation, polarized beam operation could become more
of art integral part of future high energy accelerators. In
partictdar, polarized proton beam capabilities are being de-
veloped for RHIC It is anticipated that, for the expected

turn-on of RHIC late in 1999, one ring will be equipped
with two snakes and a pokrimeter which will allow for ini-

tial commissioning of polarized beam acceleration. The
remaining snakes and all the spin rotators for the two de-
tectors ST~ and PHENIX will be in place for the first
RHIC spin physics run starting after October 2000.
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