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Abstract

At the conclusion of polarized proton commis-
sioning in February 1986, protons with an average
polarization of 45%, momentum of 21.7 GeV/e, and in-
tensity of 2 x 1010 protons per pulse, were extracted
to an external polarimeter at the Brookhaven AGS. T.n
order to maintain this polarization, five intrinsic
and nearly forty imperfection depolarizing resonances
had to be corrected. An apparent interaction between
imperfection and intrinsic resonances occurring at
very nearly the same energy was observed and the
correction of imperfection resonances using "beat"
magnetic harmonies discovered in the previous AGS
commissioning run was further confirmed.

This paper reports on phenomena encountered in
accelerating polarized protcna beyrnd the 16.5 GeV/e
at U0% polarization achieved In the first AGS con-
missioning run of June 1984,l up to 21.7 GeV/c at 45%
polarization in February of 1986. The accelerator
configuration remained basically unchanged (Fig, 1),
as did the schemes for maintaining polarization; both
subjects are well covered in Ref. 1 and will not be
repeated here. Some general motivation will be given
for the phenomena reported.
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are well known2 and indeed the project to accelerate
polarized protons at the Brookhaven ACS3*1* was
developed against a reasonable model for these ob-
stacles, namely the depolarizing resonances. These
resonances occur whenever the spin precession fre-
quency of the proton is nearly equal to a frequency
present in the transverse magnetic fields the parti-
cle experiences as it circles the ring. The focusing
fields seen by off-axis particles and essential to
transverse stability result in resonances referred to
as "intrinsic," and the fields due to the fact that
the machine Is not perfect magnetically result in
"imperfection" resonances. The resonance conditions
are given by GY = KP ft 0v and by Gy = K for the in-
trinsic and imperfection resonances respectively;
where G s (g=2)/2 « 1.79, g = the anomalous magnetic
moment of the proton, K is any integer, P is the ring
periodicity (12 at the AGS), and Qv is the vertical
betatron tune (̂  8.75 at the AGS), In order to ac-
celerate from injection (Y = 1.2) to an extraction
momentum of 22 GeV/e (Y = 23,5), six intrinsic and
nearly 40 imperfection resonances were crossed.
While the depolarization strength of the intrinsic
resonances are calculable (given the lattice and the
beats emittance), the strengths of the imperfection
resonances depend both on the lattice and on the
errors in the positioning of the 240 main ring mag-
nets, and are neither known a priori nor will they
remain constant over long periods of time.

The intrinsic resonances are "corrected" by
shifting the resonance condition rapidly, moving the
vertical tune of the AGS using 10 ferrlte quadrupoles
having rise times of a few sictoseeonds and fall
times of a few mllleseconds, A large tune shift
keeps the protons far from resonance except during
rhe jnmp. Onu price paid for this is that the beam
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Pig. 1 - AGS facility, polarized proton con-
figuration.

The fundamental obstacles to maintaining polar-
ization while accelerating particles in a synchrotron

*Mork performed under the auspices of the U.S.
Department of Energy.

must also cross many of the normal transverse reso-
nance lines. This will cause some increase in trans-
verse emittance which, if especially severe, can
cause beam loss, but more relevantly results in a
strengthening of the intrinsic resonances occurring
later in the acceleration cycle due to the emittance
growth. The fast quadrupoles also enlarge the stop
band at 0 v

 B 8.5 and the nonadiabatlc nature of the
jump coupled with the fact that the equilibrium orbit
is not perfectly centered in the quads provides an-
other source for emittance growth.

To allow some control over the trajectory to be
followed by the beam in tune space in the vicinity of
an intrinsic resonance, strings of "slow" quadrupoles
(rise times of order 10 milliseconds) can be powered
according to a variable function. These were origi-
nally set to drive the tunes in opposition to the
motion caused by the fast quads, allowing a doubling
of the maximum shift for a given maximum excursion in
tune space. The final programs were the result of
tuning the slow quad currents to minimize the emit-
tance growth (using an ionizatlon profile monitor5 to
measure beam size). The resulting tune space motion
deviated substantially from the expected pattern and
is shown in Fig. 2. The emittance growth was sub-
stantial (Pig. 3); nevertheless, this was the best
solution of those tested. The emittance plotted is
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derived from beam size measurements, without taking
into consideration changes in the Twiss parameters
due to the slow quads. The horizontal plane showed
similar growth and in particular showed growth at
points where the vertical emittance apparently
shrinks. Except at GY » 36-v, which is mentioned
below, there was' no significant polarization loss at
the intrinsic resonances after correction; the
strengths were in reasonable agreement with the
calculation.

SLOW SHIFT -
FAST SHIFT -

In the earlier AGS commissioning,1'6 strong
effects were observed near GY » (12*3 - Q ), namely
using K - 9 at GY » 27 and K * 8 at GY « 28. The
present tuning measured depolarizing responses near
(12 + Qv) namely K = 9 at GY - 21» and more interest-
ingly, for K far away from the tune, beating against
the very strong AGS 60th harmonic periodicity at GY «*
(37, 38, 40, and 41) using K * (23, 22, 20, and 19)
respectively. For this range of harmonics, the ef-
fectiveness of the beat correction was comparable to
that of the natural harmonic. It should be noted
that since the tune enters into the effectiveness of
the beating (for K near Qv)» the imperfection reso-
nance corrections are tune dependent.
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Fig. 3 - Vertical eraittance growth due to intrinsic
resonance corrections.

The other phenomenon to be reported involves an
apparent interaction between the intrinsic resonance
at GY s 36 - 0, and the imperfection resonance at GY
- 27. The c<itt«n of th«»« two t«.«««».!.» « • •» M



Fig. 2 - Tune shifts at intrinsic resonances.

Essentially every Imperfection resonance was
strong enough to require a correction using the 96
dipole array. A flavor of this work is given by Fig.
4, where the magnitude of the current required for
each resonance is plotted. The maximum current of
which the system is capable corresponds to approxi-
mately 110 counts on the figure, so the high energy
resonances were just barely correctable. As de-
scribed in Ref. 6, a given imperfection resonance GY
« N» which is conventionally corrected using a mag-
netic harmonic proportional to sin(N9 + $), (e the
tuning angle around the ring, $ the phase of the
imperfection)» is also augmented by and correctable
using magnetic hatmonics having N replaced by another
integer K, satisfying N =« (P*M ± K) with P the ma-
chine periodicity and M any integer. The effective-
ness of the resulting "beat" interaction depends both
on how close K is to the vertical tune Q , and on the
details of the lattice, Since it is the equilibrium
orbit distortion at the Kth harmonic (proportional to
(Qv - K

2!" 1) that beats against the machine period-
icity to produce the effect.

very nearly the same energy and tine. The correc-
tions used for either overlap the other (slow quad
tune shifting pulse and the dipole correcting pulse).
Therefore one expects to iterate tuning somewhat to
maximize surviving polarization. Such tuning could
not eliminate a 20% loss of polarization in this
region of the acceleration cycle. It was found,
however, that by reducing the vertical tune, essen-
tially to 8.5, and thereby increasing the spacing
between these two resonances slightly, the loss of
polarization was significantly reduced, perhaps by
25Z.

Finally a few comments are made updating the
techniques used to measure the polarization and tun-
ing strategies. The Internal polarimeter was used to
simultaneously measure polarization over many inter-
vals throughout the acceleration cycle. With this
technique it was possible to rapidly confirm that
corrections made throughout the cycle, and in partic-
ular early in the cycle, had not drifted greatly.
The measurement was made without flat tops on the
ring magnet power supply cycle*

For the accurate polarization measurements nec-
essary for tuning, the external polarimeter proved to
be nore reliable and in the long run quicker than the



internal polarimeter once the cycle had been cor-
rected up to momenta where extraction was available.
This was true despite the care necessary to avoid
extracting on a resonance, and the retuning of the
extraction beam line and external polarimeter as the
momentum was stepped along from resonance to
resonance.

10 ;<*5; t.nvf

10 14 18 22 26 30 34 38

IMPERFECTION RESONANCES

DISCLAIMER

This rrport was prepared i s in account of waft sponson*! by an agency ef the United Slales
GoWHiment. Neither the United Slates Government nor any agency thereof, nor any of their
employees, nukes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, of usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein lo any specific commercial product, process, ur service by itade name, trademark,
manufacturer, of otherwise does not necessarily eeftsli'.ute ef imply ils endorsement, recorri-
mendiitiofl, of faV6rin| by the United States Goveffimefit at 9iiy ageiity thereof. The views
and opinions of authors expressed herein do not netessariSy sUte or reflect those of the
United Stales doternment or any afeney therear

Fig. 4 - Maximum dipole current required to correct
imperfection resonances.

The work described above reflects the dedicated
efforts of nany colleagues over several years at
Brookhaven, Argonne, and the Universities of Michigan
Rlee and Yale.
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