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Unexpectedly wide rf-induced synchrotron sideband depolarizing resonances
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Using an rf solenoid magnet, we studied the depolarization of a stored 104.1 MeV vertically polarized
proton beam. The two primary rf depolarizing resonances were properly centered around the protons’ circu-
lation frequencyf c , at f c(32ns) and f c(ns21), wherens is the spin tune; moreover, each resonance was
roughly consistent with the expected width of about 720 Hz. Each primary rf resonance had two synchrotron
sideband resonances at the expected frequencies. The twons21 sidebands were deep dips while the two 3
2ns sidebands were very shallow; this was not expected. Moreover, all four sideband resonances were
unexpectedly wider than the two primary resonances.@S1063-651X~98!12309-7#

PACS number~s!: 29.27.Bd, 29.27.Hj, 41.75.Ak
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Accelerating polarized protons to high energy requi
overcoming many spin depolarizing resonances. Correc
each individual imperfection resonance and betatron-tu
jumping each intrinsic resonance successfully maintained
polarization at the zero gradient synchrotron~ZGS! @1#, Sat-
urne @2#, KEK @3#, and the alternate gradient synchrotr
~AGS! @4#. However, this technique is limited to fairly low
energies. Recent experiments@5–18# suggest that Siberian
snakes@19# should overcome all depolarization effects a
should allow polarized protons to be stored for many ho
in high-energy storage rings; rf magnets could then be u
to measure their spin precession frequency@9#, or to reverse
their spin direction@13#. Thus, it is quite important to stud
the detailed behavior of ‘‘rf-induced’’ depolarizing reso
nances.

In any ring, each proton’s spin precesses around the
tical fields of the ring’s dipole magnets. The spin tunens ,
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which is the number of spin precessions during each turn
proportional to the proton’s energy

ns5Gg, ~1!

whereg is the Lorentz energy factor andG51.792 847 is
the proton’s anomalous magnetic moment. This vertical s
precession can be perturbed by any horizontal magn
fields in the ring. If this perturbation frequency is synchr
nized with the spin precession frequency, then the beam
be depolarized. If the spin tune is an integer, then the rin
horizontal imperfection fields can interact coherently w
the proton’s spin and cause an imperfection depolariz
resonance. Protons also encounter the horizontal fields in
ring’s quadrupoles at the vertical betatron oscillation f
quency; these fields can cause intrinsic depolarizing re
nances. A horizontal rf field from either a solenoid or a d
pole can cause ‘‘rf-induced’’ depolarizing resonances, wh
can be used to measure the spin tune of a stored polar
beam@9# or to flip its spin direction@13#.

An rf magnet can depolarize the beam when its freque
is

f r5 f c~k6ns!1m fsync, ~2!

where f c is the proton’s circulation frequency,k andm are
integers, andf sync is the bunched beam’s synchrotron osc
lation frequency. The primary rf resonances occur wh
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4974 PRE 58C. M. CHU et al.
m50, while the ‘‘synchrotron sideband’’ rf resonances occ
when m561. These rf sideband resonances had been
served@9# and were properly narrower than their prima
resonance. However, we recently observed two primar
resonances with unexpectedly wide and different synch
tron sidebands.

The experimental apparatus shown in Fig. 1, including
IUCF Cooler Ring, the polarimeter, and the rf solenoid, ha
been discussed before@5–17#. We operated the rf solenoi
near 1.5 MHz at a voltage amplitude of 6 kV, which corr
sponds to an*B dl of about 1.331023 T m. At 104.1 MeV,
the resulting rf depolarizing resonance strengthe, which is
the rf-induced spin precession per radian around the r
was about 3.531024. Note that the rf solenoid also gene
ates rf electric fields; however, its*E dl is only about 10%
of the rf acceleration cavity’s*E dl.

At 104.1 MeV, the first-order spin tuneGg is equal to
1.9918. This proximity to 2 causes two closely spaced
resonances centered around the Cooler Ring’s circula
frequency off c51.504 90 MHz at frequencies of

f 32ns
5 f c~32ns!,

~3!
f ns215 f c~ns21!.

Due to the type-3 snake, caused by the Cooler Ring’s e
tron cooling system@8,20,21#, the spin tune was increase
from its Gg value of 1.9918 by about 0.003. Thisns shift
moved each resonance about 4.5 kHz closer tof c .

The 104.1 MeV vertically polarized proton beam was fi
accumulated and cooled while bunched at the 1.504 90 M
first harmonic. The acceleration cavity was then turned
allowing the bunch structure to ‘‘smear out’’ longitudinally
Then, a second rf acceleration cavity, operating at 1.5
rebunched the beam at the sixth harmonic frequency
9 029 469660 Hz. The rf solenoid was next turned on

FIG. 1. Location of the rf solenoid and polarimeter in the IUC
Cooler Ring. The Siberian snake was not used.
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some fixed frequency; then the polarization was measu
during about 16 runs with alternating spin states to red
the systematic error. In each run, the polarization was m
sured for about 20 sec during each 30 sec long flattop;
total statistical error was about 2.5% from the 16 runs
each data point.

We searched for the rf resonances by measuring the
tical polarization while varying the rf solenoid’s frequenc
from 1.490 to 1.520 MHz; the vertical polarization is plotte
against the solenoid’s frequency in Fig. 2. Note the two p
mary rf resonances located near 1.497 and 1.513 MHz; e
is about 8 kHz from the measured circulation frequency
1 504 900610 Hz, and each has a pair of synchrotron sid
band resonances. All four rf synchrotron sideband re
nances are surprisingly wide; this is especially clear for
two wide and deep lower-frequency sidebands in Fig. 2~b!.

Also note that the upper and lower primary resonan
each have a second pair of very narrow sideband resona
that are located partway up each slope. These narrow
near f r6 f * were apparently caused by a very weak h

FIG. 2. The measured vertical proton polarization at 104.1 M
is plotted against the rf solenoid frequency. The beam circula
frequency wasf c51.5049 MHz and the rf solenoid voltage was
kV. ~a! shows the 32ns resonance with its center at 1.513 03 MH
~b! shows thens21 resonance with its center at 1.496 77 MHz. T
curves contain Lorentzian fits to the primary resonances and hig
order Lorentzian fits to the sidebands. The horizontal parts of
curves both have the same small slope to best fit the data. All s
resonance frequencies are indicated by the upper arrows. The
narrow resonances, indicated by the lower arrows, are probably
to additional weak rf beam structure withf * 51080 Hz.
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monic of the acceleration frequency and were later found
f * 561080 Hz in the Cooler Ring’s measured rf spectru
which is shown in Fig. 3. The frequenciesf r6 f * are indi-
cated by the lower arrows in Fig. 2.

The higher frequencyf c(32ns) resonance region is
shown in Fig. 2~a!. The primary rf resonance’s central fre
quency of f 32ns

51 513 030611 Hz is indicated by an ar

row labeledf r ; its width is 722620 Hz FWHM. This fre-
quency corresponds to a spin tune ofns51.994 59
60.000 01. SinceGg51.9918 at 104.1 MeV, thisns value
implies that the Cooler Ring’s type-3 snake@20,21# increased
the spin tune by about 0.0028. The expected frequencie

FIG. 3. The rf spectrum of the Cooler Ring measured with
spectrum analyzer. The central peak corresponds to the sixth
monic of the circulation frequency. Note that, in addition to t
primary synchrotron sidebands atf sync563940 Hz, there are weak
sidebands atf * 561080 Hz caused by a weak first harmonic
the acceleration cavity.

TABLE I. Parameters and fits for the depolarizing resonan
data shown in Figs. 2, 4, and 5.

Energy Vrf Resonance Frequency Width Min
~MeV! ~kV! ~Hz! ~Hz! Pol.

32ns 1 513 030611 722620 0%
104.1 6 32ns1nsync 1 516 090613 940690 61%
Fig. 2~a! 32ns2nsync 1 509 970613 13306130 56%

ns21 1 496 770611 753627 0%
104.1 6 ns211nsync 1 499 830613 1330630 6%
Fig. 2~b! ns212nsync 1 493 710613 1150620 5%

ns21 1 800 230615 240615 0%
139 3 ns211nsync 1 803 520620 1070690 50%
Fig. 4~a! ns212nsync

ns21 1 800 233613 460610 0%
139 6 ns211nsync 1 803 525615 1080616 20%
Fig. 4~b! ns212nsync 1 796 990615 1060615 26%

ns21 1 497 149610 1020690 0%
104.1 14.5a ns211nsync 1 498 950612 280650 12%
Fig. 5 ns212nsync 1 495 261612 280650 12%

aThe data in Fig. 5 were taken with a different rf solenoid.
at
,

of

the synchrotron sidebands,f 32ns
6 f sync, are also indicated

by arrows in Fig. 2~a!; the synchrotron frequency was me
sured using the Cooler Ring’s spectrum analyzer to
f sync53.9460.01 kHz. Note that these frequencies cor
spond to the outer limit of each sideband resonance. B
sidebands are much shallower than the main resonance
sidebands’ widths have large uncertainties, as indicated
Table I.

The lower frequency f c(ns21) resonance region is
shown in Fig. 2~b!. The primary rf resonance’s central fre
quency of f ns2151 496 770611 Hz is indicated by an ar
row labeledf r ; its width is 753627 Hz FWHM. This fre-
quency corresponds tons51.994 5960.000 01, which
agreesexactlywith the spin tune obtained just above for th
32ns resonance. The expected synchrotron sidebands’ p
tions are also indicated by arrows. Note that these sync
tron sideband resonances are more than 1 kHz wide.
positions and widths of all three resonances are listed
Table I.

We earlier observed similar wide synchrotron sideban
while studying only thef c(ns21) resonance at 139 MeV
these previously unpublished data are shown in Fig. 4.
experimental procedure was similar to the 104.1 MeV p
cedure, except that the 139 MeV beam was bunched on
ninth harmonic with the acceleration cavity at 1.2 kV; th
made the synchrotron frequency 4.1 kHz. Figure 4~a! shows
139 MeV data with the rf solenoid voltage amplitude at

ar-

FIG. 4. The measured vertical proton polarization at 139 MeV
plotted against the rf solenoid frequency at values above the b
circulation frequency of 1.6973 MHz@22#. The rf solenoid was se
at 3 kV for ~a! and at 6 kV for~b!. The curves contain Lorentzian
fits to the primary resonances and higher-order Lorentzian fits to
sidebands. The resonance frequencies are indicated by the arr
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kV, while Fig. 4~b! shows similar data with the rf solenoi
at 6 kV. The resonance frequenciesf ns21 and

f ns216 f sync are indicated by arrows and listed in Table

The primary rf resonance had a FWHM of 460610 Hz at 6
kV, while its synchrotron sidebands were both about 1 k
wide. Note that thef ns211 f sync sideband was equally wid
at 3 and 6 kV, but it was much deeper at 6 kV@22#.

FIG. 5. The measured@23,24# vertical proton polarization a
104.1 MeV is plotted against the rf solenoid frequency; the Coo
Ring operated using single turn injection@25#. The curve contains a
Lorentzian fit to the primary resonance and higher-order Lorentz
fits to the sidebands. The resonance frequencies are indicated b
arrows.
z

During the early operation of the Cooler Ring, our gro
found much narrower synchrotron sideband resonances
104.1 MeV data on thens21 resonance, which are shown
Fig. 5, only appeared in an internal report@23# and a thesis
@24#. The sideband resonances in these 1991 data had w
of about 280650 Hz FWHM; these widths were about fou
times narrower than the recent data in Figs. 2 and 4, as li
in Table I. One possible reason for this difference is that
1991 data were taken with single turn injection, while t
later data in Figs. 2 and 4 were taken using multiturn inje
tion with rf stacking @25#. Perhaps this stacking injectio
caused the broadening of the sideband resonances; note
at high intensity the Cooler Ring was found to have a la
synchrotron frequency spread@26#.

In summary, we found that thef c(ns21) rf depolarizing
resonance has very wide and deep synchrotron sideb
resonances, while the nearbyf c(32ns) resonance’s side
bands are certainly shallow and also seem very wide. We
not yet understand why these two equally strong primary
resonances should have such different synchrotron sideb
or why these sidebands are much wider than with single t
injection; we plan to study this further. Understanding t
behavior of such sideband depolarizing resonances is q
important since their primary rf resonances may be neede
flip the spin of stored high-energy polarized proton beam
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