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Novel approa
h for spin-
ipping a stored polarized beam �Ya.S. Derbenev and V.A. AnferovPhysi
s Department, University of Mi
higan, Ann Arbor, MI48109-1120August 15, 2001Abstra
tThe traditional method of spin-
ipping a stored polarized beam is based on slowly
rossing an rf indu
ed depolarizing resonan
e. This paper dis
usses a novel approa
hwhere the polarization reversal is a
hieved by trapping the beam polarization into a stablespin-
ipping motion on top of the rf indu
ed resonan
e at a half-revolution frequen
y.1 Introdu
tionDeveloping the spin-
ipping te
hnique is important for high energy spin experiments sin
efrequent reversals of the beam polarization 
an signi�
antly redu
e systemati
 errors in anexperiment's spin asymmetry measurements. To spin-
ip a stored polarized beam, one 
anslowly ramp the frequen
y of an rf magnet (either solenoid or dipole) through the rf-indu
eddepolarizing resonan
e. This te
hnique was su

essfully used to spin-
ip a polarized protonbeam stored in the IUCF Cooler Ring with and without Siberian Snake [1℄. While slowresonan
e 
rossing rate is required to a
hieve good spin-
ip eÆ
ien
y, it also in
reases the timeof ea
h spin-
ip. Moreover, it makes the spin motion sensitive to weak syn
hrotron sideband orhigher-order depolarizing resonan
es that may o

ur in the vi
inity of the rf indu
ed resonan
e.In this paper we dis
uss another possible way of spin-
ipping the beam polarization byrearranging the stable spin motion in su
h a way, that the polarization dire
tion alternates onevery parti
le turn around the ring without any depolarization.2 Stable spin motion at an RF indu
ed resonan
eIn a 
ir
ular a

elerator or a storage ring with no Siberian Snakes, the spin ve
tor of ea
hparti
le pre
esses around the verti
al magneti
 �eld of the ring's dipole magnets. For a parti
lemoving along the 
losed orbit, the spin tune �s, whi
h is the number of spin pre
essions duringone turn around the ring, is proportional to the beam energy�s = G
; (1)where 
 is the Lorentz energy fa
tor and G = (g � 2)=2 is parti
le's gyromagneti
 anomaly.While for protons G = 1:79285, it is mu
h smaller for ele
trons (G = 0:00116) and deuterons(G = �0:1426).This verti
al spin pre
ession 
an be perturbed by any horizontal rf magneti
 �eld, wheneverits frequen
y is in resonan
e with the spin motionfRF = f
ir
(k � �s); (2)�Supported by a resear
h grant from the US Department of Energy1



where f
ir
 is the beam 
ir
ulation frequen
y and k is an integer. Near the rf indu
ed reso-nan
e, the spin pre
ession be
omes unstable, whi
h 
ould lead to depolarization of a verti
allypolarized beam. However, the same rf magneti
 �eld establishes a new stable spin dire
tionin the horizontal plane. To show this, let us 
onsider the spin motion in the presen
e of an rfspin perturbation " � e�i!� , where " is resonan
e strength and we assume that the perturbationfrequen
y ! = fRF =f
ir
�k is 
lose to the resonan
e 
ondition of Eq.(2). The equation of spinmotion 
an be written for the spinor wave fun
tion  in the following form [2℄,d d� = � i2  G
 " � e�i!�"� � ei!� �G
 ! �  ; (3)where � is the azimuthal parti
le 
oordinate in the ring. In these notations, the diagonal termsin Eq.(3) represent spin rotation around the verti
al axis, while the o� diagonal terms 
orre-spond to horizontal spin perturbation. Transforming the above equation into the resonan
erotating frame,  = e�i!��3=2 � �, the equation of spin motion be
omesd�d� = � i2  G
 � ! ""� ! �G
 ! � � (4)Note that exa
tly on top of the rf indu
ed resonan
e G
�! = 0, and the spin pre
esses aroundthe spin perturbing �eld ", whi
h rotates with frequen
y ! = fRF =f
ir
 � k in the laboratoryframe. Thus, the dire
tion along the rotating spin perturbation ve
tor be
omes stable for thespin motion in the presen
e of an rf perturbation. Next, we 
onsider how the existen
e of su
ha rotating horizontal stable spin dire
tion 
an be used for spin-
ipping.3 Spin-
ipping at sele
ted energies in the absen
e of SiberiansnakesAs we saw in the previous se
tion, an external rf magneti
 �eld, when at resonan
e with thespin pre
ession, 
reates a horizontal stable spin dire
tion whi
h rotates around the ring withangular frequen
y w� = (fRF =f
ir
 � k) � = G
�: (5)When G
 is equal to a half-integer number, the horizontal spin would rotate by exa
tly 180degrees in one turn around the ring. Thus, the spin would 
ip its dire
tion after every turn.This opens a possibility to organize the spin motion in su
h a way that spin would arriveat the experimental se
tion with longitudinal polarization, whose sign alternates on everyturn. A pra
ti
al solution would require installing an rf solenoid at the experimental straightse
tion and mat
hing the inje
ted beam polarization with the longitudinal dire
tion at theexperimental se
tion. One 
an also use radial rf dipole �eld to 
reate a spin-
ipping motionof a horizontal spin. The stable spin dire
tion would be radial near the rf dipole, while in adi�erent straight se
tion it will be rotated towards the longitudinal dire
tion by angle� = G
�bend (6)where �bend is the orbit bend between the rf dipole and the point of interest. Note that thespin tune G
 should be half-integer for both the rf solenoid and rf dipole indu
ed spin-
ipping.There are several e�e
ts that 
ould potentially perturb the spin motion driven by the rfmagnet. With an energy o�set or spread present in the beam, parti
les will have their spin2
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Resonance Strength / Spin tune shiftFigure 1: The average stable polarization magnitude during the spin-
ipping pro
ess is plotted againstthe "=��s ratio. The solid 
urve is derived analyti
ally from the spin transformation over two turnsaround the ring. The dashed 
urve is stable polarization predi
ted by Eq.(8).pre
ession frequen
y slightly shifted from the rf resonan
e. An o�set from the rf resonan
ewould tilt the stable spin dire
tion out of the horizontal plane by an angle �,� = tan�1 ���s" � ; (7)where ��s = G�
 is the spin tune shift due to the energy o�set. The tilt in the stable spindire
tion would in turn redu
e the equilibrium horizontal beam polarization P by a fa
tor of�PP = 1� 
os2 � ' ���s" �2 (8)Thus, in order to maintain 
ontrol over the spin motion (�P=P < 0:1), the rf indu
ed resonan
eshould dominate over the energy spread," � 3 ���s : (9)For example, to over
ome a spin tune shift of 0.001 the strength of the rf indu
ed resonan
eshould be about 0.003. The average stable polarization magnitude during the spin-
ippingpro
ess is plotted against the "=��s ratio in Fig. 1.Similarly, the rf indu
ed resonan
e should dominate over higher-order horizontal spin per-turbations, whi
h would also tend to perturb the stable spin dire
tion. It is also important tonote that, in the spin-
ipping method des
ribed here, the rf solenoid would operate at exa
tlyone half of the beam 
ir
ulation frequen
y. Therefore, one parti
ular part of the beam wouldalways pass the rf magnet when its �eld is very 
lose to zero, and thus, would not have stabilityof the horizontal spin. To avoid this problem, one 
ould 
reate a gap in the stored beam while3



syn
hronizing the rf �eld with the remaining beam bun
hes. Another solution 
ould be touse a high frequen
y rf-magnet (or a spe
ial rf-
avity) syn
hronized with every bun
h in thebeam. This 
ould be done when there is an odd number of bun
hes in the ring; the rf magnetwould then be operating at the frequen
y fRF = h2f
ir
, where h is the harmoni
 number (oddinteger) of the main rf 
avities.4 Spin-
ipping in the presen
e of Siberian snakesIn the presen
e of a full Siberian snake [3℄ in the ring, the spin tune be
omes half-integer andenergy independent. With a proper 
hoi
e of the betatron tunes, a set of Siberian snakes 
anover
ome all dangerous depolarizing resonan
es in the ring [4℄. Nevertheless, an rf magneti
�eld in resonan
e with the half-integer spin tune 
an depolarize the beam even in the presen
eof a Siberian snake. These resonan
es are often 
alled "snake" depolarizing resonan
es [5℄.Similarly to the 
ase with no snake in the ring, su
h an rf indu
ed "snake" resonan
e 
an
reate a rotating stable spin dire
tion. Sin
e the spin tune is half-integer in the presen
e of aSiberian snake, this rotating stable spin dire
tion would be 
ipped after every turn around thering.To 
reate su
h a stable spin-
ipping mode of the spin motion, the rf magneti
 �eld has to beorthogonal to the unperturbed spin. With a single snake in the ring and no spin perturbationpresent, the stable spin dire
tion is horizontal and 
oin
ides with the snake axis in the straightse
tion opposite to the snake lo
ation. Therefore, an rf dipole with verti
al �eld operatingat 0:5f
ir
 would make verti
al dire
tion stable for the spin motion, while the polarizationdire
tion would 
ip after every turn around the ring.With an even number of snakes in the ring, the unperturbed stable spin dire
tion is verti
al.Ideally, one 
ould use longitudinal rf �eld near the intera
tion region to 
reate the longitudinalspin stable and 
ipping every turn around the ring. However, solenoids be
ome impra
ti
al athigh energies sin
e their spin rotation angle linearly de
reases with the beam momentum. Anenergy independent spin rotation in a dipole makes dipole magnets more attra
tive for spinmanipulation at high energies. An rf dipole with radial �eld 
ould 
reate stable spin-
ippingof the beam that has radial polarization near the rf dipole lo
ation, while at the experimentalstraight se
tion polarization would be longitudinal.The stability of the 
ontinuous spin-
ipping motion 
ould be lost when the spin-tune movesout of the indu
ed rf resonan
e. Su
h a spin tune shift 
ould be 
aused by a small error in thesnake 
urrent or by to some high-order spin perturbation. As in the 
ase with no Siberian snakein the ring, the strength of the rf indu
ed resonan
e determines the tolerable spin tune shift fromthe half-integer value (as indi
ated in Eq.(8)). The e�e
t of the high-order spin perturbation
ould be redu
ed by a proper 
hoi
e of the betatron tunes. Therefore, an adequate strength ofthe rf magnet (to a
hieve " ' 10�3) and the snake 
urrent pre
ision at the level of 10�4 wouldprovide stability of the spin-
ipping motion.In pra
ti
e, an rf dipole �eld of 0.1 T 
ould be obtained [6℄ in the frequen
y range near 20kHz, whi
h 
orresponds to a half of the 
ir
ulation frequen
y in most high energy rings. Thespin perturbation strength by a 1-meter-long rf dipole of this type would be," = Ge2�m
2 Z Bdl � 0:01 (for protons) : (10)Su
h an rf dipole would 
ertainly have adequate strength to 
ontrol the spin motion.4
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illations ex
ited by the rf dipole are shown in the phase spa
e rotating with the rffrequen
y. The amplitude of the ex
ited beam os
illations, X0, is determined by the rf ki
k amplitudeand the rf frequen
y separation from the betatron tune Æ = �x � fRFf
ir
 + k. This stable mode of theex
ited beam os
illations is a
hieved when rf dipole is turned on adiabati
ally.5 Spin manipulation of a polarized deuteron beamThe te
hnique dis
ussed for spin-
ipping seems espe
ially attra
tive for polarized deuteronbeams. The 
onventional spin manipulation methods be
ome diÆ
ult due to deuteron's smallanomalous magneti
 moment. A full Siberian snake would only be pra
ti
al at low energies,where solenoidal magnets 
ould provide the required spin rotation (a 200 MeV deuteron beamwould require a solenoid with 11 Tm �eld integral). Similarly, the e�e
t of the rf magneti
�eld on spin will be rather small, whi
h limits appli
ability of the 
onventional spin-
ippingte
hnique. In 
ontrast, the method presented here uses the a

elerator latti
e to 
ip thespin while the rf �eld keeps the spin motion stable. This feature be
omes an advantage forparti
les with small anomalous magneti
 moment in the energy region where G
 < 10. In the
ase of deuteron beam, stable spin-
ipping motion 
ould be organized at the beam energies
orresponding to half-integer G
 valuesT [GeV℄ = 4:7 + 13:156 � n (11)where n is an integer. A strong rf �eld 
ould also 
reate stability for the non-
ipping longi-tudinal polarization dire
tion when G
 is an integer. In this 
ase, rf �eld should be strongenough to dominate over the imperfe
tion �elds in the a

elerator. Note that there are no su
h�rst-order spin perturbations near a half-integer G
, and the required rf �eld 
ould be mu
hweaker.The dire
t e�e
t of the rf magneti
 �eld on the deuteron's spin is rather small. However,an rf-dipole also ex
ite beam os
illations, and the spin is mainly driven by the quasi-resonanta

umulation of the spin ki
ks from all quadrupoles of the a

elerator latti
e. To estimate theampli�
ation of the spin perturbation due to the ex
ited beam os
illations, we �rst 
al
ulate thebeam os
illation amplitude using the approa
h dis
ussed in [7℄. Considering the beam motionin the phase spa
e 
oordinates (x; x0�x), it is 
onvienient to transform to the rf rotating frame5



where the beam ki
k by the rf dipole is 
onstant. After the rf dipole's ki
k, the parti
le's phasespa
e ve
tor would rotate by an angle,2�Æ = 2���x � fRFf
ir
 + k� ; (12)where �x is the horizontal betatron frequen
y and k is an integer. When the rf dipole is turnedon adiabati
ally, the ex
ited beam os
illations rea
h a stable mode whi
h is shown in Fig. 2.The beam os
illation amplitude, X0, for this stable mode is given by2�Æ �X0 = �0x0 = �012 Z BRFd`B� ; (13)where �0 is the value of the horizontal beta-fun
tion near the rf dipole. The resulting beamos
illations around the ring 
an be written asx(s) = X0s�x(s)�0 
os (�RF �) ; (14)where �RF = k+fRF =f
ir
 is the rf harmoni
 
losest to the betatron tune (i.e. �RF � �x). Thestrength of the indu
ed spin perturbation is given by the spin ki
k a

umulated in the latti
equadrupoles over one turn around the ring"b = G
2� I g(s)x(s) ei�s�ds; (15)where g(s) = �By=�xB� is normalized strength of the quadrupoles around the ring and �s is thespin tune. Eq.(15) should be 
ompared with the strength of the spin perturbation by the dire
te�e
t of the rf magneti
 �eld, whi
h is given by"0 = G
4� Z BRFd`B� : (16)In both 
ases, the e�e
t of transverse magneti
 �elds is proportional to the anomalous magneti
moment [8℄. Substituting Eq. (14) into Eq. (15) one would qui
kly obtain"b = "0p�04�Æ I g(s)q�x(s)ei(�s��RF )�ds: (17)When the spin tune is 
lose to the frequen
y of the indu
ed beam os
illations, j�s� �RF j � 1,one 
an negle
t the exponent in the integral. The remaining integral resembles de�nition ofthe 
hromati
ity fun
tion �x = �14� H g(s)�x(s) ' ��x. Therefore, the strength of the indu
edspin perturbation 
an be estimated as"b ' "0 �xÆ p�0hp�xi : (18)This estimate 
orresponds to the maximum ampli�
ation of the spin perturbation whi
h o

ursin the vi
inity of the strong intrinsi
 depolarizing resonan
es �s ' �x, where the spin ki
ksfrom all latti
e quadrupoles are syn
hronized with the spin pre
ession. Farther away fromthese regions, the e�e
t of the indu
ed beam os
illations on spin is redu
ed by the exponentin the Eq. (17); in that 
ase, smaller Æ would enhan
e the ex
ited beam os
illation amplitudeas well as the indu
ed spin perturbation. 6



Finally, we would like to 
omment that a

eleration of polarized deuterons seems possible inmodern high energy rings [9℄. While full Siberian snakes do not seem pra
ti
al for high energydeuterons, their depolarizing resonan
es are 25 times weaker and 25 times farther apart thanfor protons. Therefore, one 
ould use individual resonan
e 
orre
tion te
hniques developedfor proton beam at the AGS ring (Brookhaven Natl. Lab.). A partial Siberian snake 
ouldover
ome all imperfe
tion depolarizing resonan
es [10℄. Su
h a partial snake 
ould be realizedeither using a solenoid magnet or a set of 
orre
tion dipoles distributed around the ring to
reate a 
ontrolled 
losed orbit perturbation. Note that, in an ideal 
ase, reversing the axis ofthe partial snake 
ould 
ip the longitudinal polarization of the beam stored near an integer G
.However, without additional 
orre
tion of the natural imperfe
tion resonan
e this spin-
ippingmethod remains impra
ti
al due to inevitable polarization losses. The intrinsi
 depolarizingresonan
es 
ould be handled by an rf dipole whi
h indu
es 
oherent beam os
illations andmakes intrinsi
 resonan
es strong enough to spin-
ip [11℄. An rf spin perturbation 
ould alsobe used as a spin rotator for polarized deuterons. For example, to bring initial verti
al beampolarization to the longitudinal dire
tion, a horizontal rf dipole �eld 
ould be applied for atime period whi
h 
orresponds to the required �=2 spin rotation.6 SummaryIn summary, we found that an external rf magneti
 �eld 
an be used to 
reate a stable modeof the spin motion, where the polarization dire
tion 
ips after every turn around the ring.Su
h stable spin-
ipping spin motion 
an be realized whenever the spin tune is equal to a halfinteger value; this is always true in the rings equipped with Siberian snakes, while rings withoutSiberian snakes also rea
h half-integer spin tune at 
ertain energies. The applied rf magneti
�eld should be orthogonal to the unperturbed stable spin dire
tion, and should operate atexa
tly one half of the 
ir
ulation frequen
y. Provided that the rf �eld is syn
hronized withthe 
ir
ulating beam and is strong enough to dominate over possible spin tune spread, thisspin-
ipping motion is stable. It was also noted earlier [12℄, that the rf stabilization of the spinmotion against the spin tune spread is an interesting possibility for a
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