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Spin Flipping through an Intrinsic Depolarizing Resonance by Strengthening It
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We recently accelerated a polarized proton beam from 95 to 380 MeV through both the
Gvy = 2 imperfection depolarizing resonance and the = 7 — », intrinsic depolarizing resonance.
The imperfection resonance flipped the spin, while the intrinsic resonance initially caused partial
depolarization. We then pulsed a vertical kicker magnet for about 500 ns to increase the beam’s vertical
betatron amplitude; this made the intrinsic resonance much stronger. By varying the strength and start
time of the kicker, we observed a sharp spin flip due to the now very strong intrinsic depolarizing
resonance. [S0031-9007(96)01002-2]

PACS numbers: 41.75.Ak, 29.27.Bd, 29.27.Hj

To accelerate a polarized proton beam to high energy, vy =Gy, @
one must overcome many spin depolarizing resonances.
The imperfection resonance correction technique and theherey is the Lorentz energy factor ar@d = 1.792847
betatron tune jump method were used successfully tés the proton’s anomalous magnetic moment. This ver-
maintain the polarization at the ZGS [1], Saturne [2], KEK tical spin precession can be perturbed by any horizontal
[3], and the AGS [4]. Recent experiments [5—16] suggesiagnetic fields in the accelerator. The ring’s imperfec-
that the Siberian snake technique [17] should overcom#on fields can interact coherently with the proton’s spin
all depolarization effects even at very high energy. How-and cause beam depolarization when the spin tune is equal
ever, below about 10 GeV a Siberian snake could strongl§o an integer; this is called an imperfection depolarizing
perturb the beam orbit; thus the individual resonance corkesonance.
rection technique might still be needed in a low energy The intrinsic depolarizing resonances are caused by the
accelerator. Individually overcoming the intrinsic reso-vertical betatron oscillations in a ring. The horizontal
nances has been especially difficult because this requirditelds in the ring’s quadrupoles can depolarize the beam
many expensive devices and much beam time. Saturnghen the spin tune is related to the vertical betatron tune
spin flipped through their two intrinsic resonances, appar¥y by
ently by slowing the crossing rate at each resonance [2];
the ZGS [1], KEK [3], and AGS [4] jumped through their vy =Gy =n+ kvy, 2
intrinsic resonance by quickly changing the vertical beta-
tron tune using pulsed quadrupoles [1,3,4]. Each of th&heren and k are integers. The beam polarizatiéh
twelve 1.6us pulsed quadrupoles at the AGS required after passing through an isolated depolarizing resonance
Costly 22 MW pu|Sed power supply' moreover, acce|erat.0f Strengthe, IS given by the Froissart-Stora formula [18]
ing polarized protons to 22 GeV required seven weeks of )
beam tuning [4]. P =Pj(2e P — 1), 3)

We recently performed an experiment in the IUCF ) o o
Cooler Ring studying an alternate method of overcomingVhere?; is the injected beam polarization; the resonance
an intrinsic depolarizing resonance: Increasing the verti¢r0Ssing speed is assumed to be constant

cal betatron oscillations with a kicker magnet might make dy G
the intrinsic depolarizing resonance strong enough to flip «= 2mf’ (4)
the spin. ‘

In a circular accelerator or a storage ring, each proton’svheref. is the circulation frequency. The Froissart-Stora
spin precesses around the vertical magnetic fields of thequation predicts full spin flip for either a large resonance
ring’s dipole magnets. The spin tung, which is the strength or a slow passage through the resonance [18].
number of spin precessions during one proton revolution, The strength of an intrinsic depolarizing resonance
is proportional to the proton’s energy depends on the vertical betatron oscillation amplitude;
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thus protons with a large vertical amplitude will spin flip 0.1 preree T T e rrrTT T T T 3
when crossing the resonance, while protons with a smal E
vertical amplitude may see little spin rotation. This makes Er >~
full spin flip very difficult when crossing an intrinsic i E\\
depolarizing resonance. The situation could change whe : RS i E
large coherent betatron oscillations are excited; eacl -o0.1 ‘i ]
proton in the beam should then have a large vertica : ~ ;
betatron oscillation; the beam’s polarization should then
flip when crossing an intrinsic resonance.
Our goal was to increase the strength of e = : N
7 — v, intrinsic depolarizing resonance by pulsing a fast _g3 E ‘i\
vertical kicker magnet just before crossing the resonance
The ferrite kicker was 20 cm long with about a 100 ns 3
rise time and typically a 20 G field; it is normally used to 4704;24;44;64;84E;04l;24é4486
measure the vertical betatron tune, which is typically 4.8. v '
The other experimental apparatus and the Cooler Ring'e y
operation with polarized protons were discussed earlier [5£IG. 1. The measured vertical polarization at 380 MeV is
15]. In this experiment, a 95 MeV vertically polarized plotted against the vertical betatron tumg. The horizontal
proton beam was injected and accumulated for 30 s. Aftelpetatron tunev, was about 3.785. The dashed line is a linear
the beam was cooled. it was accelerated to 380 Me\f/t suggesting emittance growth during acceleration.
during a 1.7 s energy ramp; then the beam polarization
was measured. The acceleration from 95 to 380 Me\start. The kicker pulse length was about 500 ns, which
changed the spin tune from about 1.914 to 2.518; thereforgs a typical proton revolution period in the Cooler Ring.
both theGy = 2 imperfection depolarizing resonance and The horizontal betatron tune was set at about= 3.77,
the Gy = 7 — v, intrinsic depolarizing resonance were which is about 0.03 from the fractional vertical betatron
crossed. The slow acceleration rate in the Cooler Ringune. The vertical beam polarization was then measured
caused a full spin flip during acceleration through theat 380 MeV; it is plotted against the kicker strength in
strong imperfection depolarizing resonance [12]; howeverFig. 2. The polarization was negative for a small kicker
the weaker intrinsic depolarizing resonance caused partigtrength and became positive for a large kicker strength.
depolarization during the acceleration. This suggests that increasing the vertical betatron ampli-
With the present electron cooling hardware, the velocittude made th&y = 7 — v, intrinsic depolarizing reso-
of the cooling electrons is not well matched with the pro-nance much stronger; thus double spin flip occurred while
ton beam’s velocity during the acceleration. This causegassing sequentially through the imperfection and intrin-
some complex cooling and beam emittance dynamics dusic depolarizing resonances. Probably the kicker changed
ing acceleration. Therefore we turned off the electron gun
during acceleration, while keeping the electron cooling
optics unchanged. Then there was no electron cooling %6 AR AR T T T
to damp the coherent betatron oscillations caused by the E 8- E
kicker magnet. 04 E
We then observed a polarization change due to the en- 7
ergy growth of the vertical betatron oscillations by mea- 0.2 E
suring the 380 MeV beam polarization while varying the PV -’
vertical betatron tunev, at a fixed horizontal betatron 0 E E
tune v, of about 3.785. The measured vertical polar- e .=4.80 E
ization P, is plotted againstv, in Fig. 1. The energy ‘°'2§ //’ (A
of theGy =7 — v, intrinsic depolarizing resonance de- : 8%
pended on the value of,; at a largerr, the resonance —04E~
was crossed at a lower energy, while at a lowgrthe E
resonance was crossed at a higher energy. The data show F— ol o oq od YY)
that the intrinsic resonance caused only partial depolar- f Bdl1[T-mm]
ization atv, = 4.84, while at », = 4.70 the beam was _ o _
completely depolarized. Note that tfiey = 2 imperfec- FIG. 2. The measured vertical polarization at 380 MeV is

. - : ; ; plotted against the strength of the vertical kicker magnet in
tion depolarizing resonance either fully or partially fllppedTmm_ The beam was kicked at 0.84 s, while the betatron

the spin earlier in the a(;celerator cycle [12]. tunes werev, = 4.80 and v, = 3.77; the dashed curve is a fit
We then set the vertical tune at = 4.80 and pulsed py Eq. (3) usinge = 6.2 X 1075 + 2.4 X 10~* [ BdI[T mm]

the vertical beam kicker at 0.84 s after the acceleratiomnda = 2.7 x 1078,
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the phase space distribution, which was initially maxi-nance. When we made the intrinsic depolarizing resonance
mum at the center, to an annular distribution with moststronger by increasing the vertical betatron amplitude with
protons having a large vertical betatron amplitude. Wea vertical kicker, we also observed a second spin flip during
did not directly measure the beam emittance; howevercceleration through this intrinsic resonance. This method
a 0.45 Tmm transverse kick should give an annular ringmight be used to overcome the intrinsic depolarizing reso-
with an average normalized emittance magnitude of aboutances when accelerating polarized protons in a medium
0.657 mmmr, while the estimated normalized emittanceenergy ring such as the Brookhaven AGS [19], the Fer-
was abouD.257 mm mr before the kick. milab Booster [20], the DESY Il synchrotron [21], or the
We then fixed the kicker's strength @45 Tmm and proposed 20 GeV LISS [22].
varied its start time during the acceleration cycle. The We would like to thank J. M. Cameron and the entire
measured polarization is plotted against the kicker timdndiana University Cyclotron Facility staff for the suc-
in Fig. 3. When the vertical betatron amplitude wascessful operation of the Cooler Ring. We are grateful to
kicked before the calculated resonance time of 0.845 dA. W. Chao, E.D. Courant, T.J.P. Ellison, S. Hiramatsu,
then the measured polarization was about 40%. Wheh. Z. Khiari, H.-O. Meyer, M. G. Minty, C. Ohmori, R. E.
the amplitude was kicked after this resonance timePollock, T. Roser, H. Sato, T. Toyama, and U. Wien-
the polarization was about-40%. The data clearly ands for their help with earlier parts of this experiment.
indicate that the resonance was crossed between 0.84 amHis research was supported by grants from the U.S.
0.86 s; this certainly agrees with the 0.845 s predictiorDepartment of Energy and the U.S. National Science
of Eg. (2), which is indicated by the arrow. (Note Foundation.
that the high polarization point of 0.50 in Fig. 3 was
taken from the Fig. 2 curve aftB dl = 0.45 Tmm. The
possible wiggling behavior could be an indication of some
unknown accelerator physics effect; however, its position
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above the nearby points in Fig. 3 probably suggests that
some unknown parameter was varying and changing the
polarization. Note also that the polarizationzgt= 4.80

in Fig. 1 is about—0.20, while it is about —0.40 at

the samef/Bdl = 0 in Fig. 2. This is probably because
the Cooler Ring was retuned between the two curves to
improve its stability during the Fig. 2 run.)
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"Present address: Fermilab, Batavia, IL 60510.

*Also at Moscow State University, Moscow, Russia RU-
117234.

[1] T. Khoeet al., Part. Accel.6, 213 (1975).
[2] J.L. Laclareet al., J. Phys. (Paris), Collog6, C2-499

(1985); P.A. Chamouareét al., J. Phys. (Paris), Collog.
51, C6-569 (1990); (private communication).

In summary, we accelerated a polarized proton beamys) . satoet al., Nucl. Instrum. Methods Phys. Res., Sect. A

from 95 to 380 MeV through both th&y = 2 imper-

272, 617 (1988).

fection depolarizing resonance, which always flipped the [4] F.Zz. Khiari et al., Phys. Rev. D89, 45 (1989).
spin, and theGy = 7 — v, intrinsic depolarizing reso- [5] A.D. Krisch et al., Phys. Rev. Lett63, 1137 (1989).
[6] J.E. Goodwinet al., Phys. Rev. Lett64, 2779 (1990).
7 [7] J.E. Goodwin, Ph.D. thesis, Indiana University, 1990.
3 @ ] [8] M.G. Minty et al., Phys. Rev. D44, R1361 (1991).
- -8 — _ ___ E [9] V.A. Anferov et al., Phys. Rev. A46, R7383 (1992).
3 (] i [10] R. Baiodet al., Phys. Rev. Lett70, 2557 (1993).
[11] R.A. Phelpset al., Phys. Rev. Lett72, 1479 (1994).
[12] B.B. Blinov et al., Phys. Rev. Lett73, 1621 (1994).
[13] D.D. Caussyret al., Phys. Rev. Lett73, 2857 (1994).
[14] C. Ohmoriet al.,Phys. Rev. Lett75, 1931 (1995).
[15] L.V. Alexeevaet al., Phys. Rev. Lett76, 2714 (1996).
[16] H. Huanget al., Phys. Rev. Lett73, 2982 (1994).
[17] Ya.S. Derbenev and A.M. Kondratenko, Part. Accl.
115 (1978).
E [18] M. Froissart and R. Stora, Nucl. Instrum. Methots297
A (1960).
d [19] M. Beddo et al., “RHIC Spin Proposal,” Brookhaven
National Laboratory, 1992 (unpublished).
[20] SPIN Collaboration, University of Michigan Report

. o . No. UM HE 92-05, 1992 (unpublished); University of
FIG. 3. The measured vertical polarization at 380 MeV is o -
plotted against the time of the vertical beam kick. The kicker___ Michigan Report No. UM HE 95-09, 1995 (unpublished).
magnet strength wa45 T mm. The betatron tunes were fixed [21] D.P. Barber, in Proceedings of the Workshop on Spin
at v, = 4.80 and », = 3.77. The arrow shows the predicted Physics at HERA, Zeuthen, 1995 (Report No. DESY 95-

0.6
0.4

0.2 E

Py

0

|
!
|
|
|
|
: ' E
-02 § 3
: \ 3
\

-04 F

time (sec)

position of theGy = 7 — v, resonance. The dashed line is a
hand-drawn curve to guide the eye.

200), p. 76.

[22] P. Schwandt, Bull. Am. Phys. Soé1, 1018 (1996).

1765



