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Spin-orbit traking simulations and spin resonanestrengths for deuterons in COSY.Desmond Barber.Deutshes Elektronen{Synhrotron, DESY, Hamburg, GermanyUniversity of Liverpool, UKCokroft Institute, Daresbury, UK.1 Deember 2008
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The purpose of siene is not to lead us to everlasting wisdom,but to plae a limit on everlasting error.{ Bertolt Breht
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Claims of unexpeted behaviour of proton and deuteronspins at the COSY ring

Unexpeted enhanements and redutions of rf spin resonane strengthsM. A. Leonova et al.Phys. Rev. ST Ael. Beams 9, 051001 (2006)Reply to Comment on \Spin manipulation of 1.94 GeV/ polarized protons stored in the COSYooler synhrotron "V. S. Morozov et al.Phys. Rev. ST Ael. Beams 8, 099002 (2005)Unexpeted redution of rf spin resonane strength for stored deuteron beamsA. D. Krish et al.Phys. Rev. ST Ael. Beams 10, 071001 (2007)Beam request 180.2 for PAC-36, Deember 2008:Still the suggestion that the measured values of the resonane strengths of deuteron beams inCOSY might mean that the deuterons in COSY are exhibiting some unspei�ed marosopiquantum behaviour.
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November 2006: Advie

Report for PAC-32 on Proposal 170 by the SPIN�COSY CollaborationD. P. BarberNovember 2006!
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Notation

� ^x is horizontal (radial in a at ring).� ^y is vertial� ^s = ^x� ^y (longitudinal in a at ring).� ~S is the rest-frame, single-partile spin expetation value.The \spin" ! { lassial equation of motion.For spin-1/2 normalise to unit length.� s is the distane around the ring of irumferene C.� � = 2�s=C: use a generalised angle instead of a distane.� Angular frequeny of irulation: ! = d�=dt = 2��=C.� y0 = dy=ds .� �(s) is loal bending radius.
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NMR and ESR { a reminderA spin in sample in a (say) vertial magneti \holding" �eld ~BH , preesses around the �eld atangular frequeny j
H j = eg2mBHd~Sdt = eg2m ~S � ~BH � ~
H � ~S ~S � ~BH = onstantAdd a horizontal rf magneti �eld (from a mirowave generator) and view that as twoounter-rotating onstant �elds.~Brf = 2 brf os(!rf t) ^s = brf fos(!rf t) ^s+ sin(!rf t) ^xg+ brf fos(!rf t) ^s� sin(!rf t) ^xg� Choose the omponent rotating in the same sense as the spin in ~BH .� Transform into the oordinate system where that omponent is onstant = brf .� In that frame the angular frequeny of preession around the vertial is
H � !rf so that the e�etive vertial �eld is 
H�!rf
H ~BH .� At resonane j
H � !rf j = 0 , the total magneti �eld in that frame is horizontal = brf andan initially vertial spin tumbles from up to down and bak, preessing around the horizontal.� Close to this resonane the other omponent is normally rotating at high frequeny\bakwards" in this frame and its e�et usually averages away.
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ont.....� By varying !rf from far below resonane to far above at a rate << j
H j the total �eld ~Btottilts from (say) up to down and the spin, whih ontinues to preess around the �eld, ipsfrom up to down.At very high san rate, the spins get left behind =) no ip. See Froissart-Stora formula later.� Can do it in QM: just a two-level system, absorbing/emitting photons{ in fat have used the rotating wave approximation familiar in radiation emission andabsorption alulations in atomi and nulear physis, e.g., in soures of polarised protons ordeuterons!Also: general two-level, non-spin, systems are often handled using Pauli matries.Connetion to Froissart-Stora formula.� A huge literature on the theory and approximations. Nothing mysterious!� Can also get ip by varying the main �eld ~BH !� brf =) resonane strength!
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Spin motion of moving partiles { the T-BMT equationd~Sdt = ~
� ~SUse a = g�22 (= G) : G 6= g !!~
 = � em �(a + 1) ~B � a2�21 +  ( ^� � ~B) ^� � � �a+ 11 + � ( ^� � ~E)� :~
 = � em �(a + 1) ~B? + g2 ~B== � � �a+ 11 + � ( ^� � ~E)� :Several equivalent forms. Very easy to get it wrong!Now alulate w.r.t. the design orbit whih itself rotates (preesses) with ~
CO = � em ~Bguide.~
 = � em �(a + 1) ~B � ~Bguide � a2�21 +  ( ^� � ~B) ^� � � �a+ 11 + � ( ^� � ~E)� :=) In a at ring the number of spin preessions per turn around the ring on the design orbit is�0 � a = G!�0 is alled the spin tune on the design orbit,{ the generalisation of j
H j = eg2mBH .In transverse �elds: Æ�spin = (a + 1) Æ�traj
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Storage rings { ipping with a loal rf radial �eldGenerate a loal rf radial magneti �eld ~Brfd with a dipole fed from an AC soure.With �eld length L << C the partile is usually not in the rf �eld!Assume that the speed � (and the momentum p = m�) is �xed. De�ne Qrf = !rf=!.Approximate the �eld ~Brfd seen by a partile with a modulated Dira omb:~Brfd(�) = R os(Qrf� + �) k=+1Xk=�1 Æ(� � 2�k) ^x = R 12� n=+1Xn=�1 osf(n+Qrf)� + �g ^x ; R = 2�C Bmaxrfd LA triky singular expression replaing the loal kiks but a desription in whih the partile ise�etively ontinually immersed in a superposition of smoothly osillating �elds.d~Sdt = ~
� ~S =) d~Sd� = ~O � ~S ; ~O = 1! ~
The ~O for the rf dipole is: ~Orfd(�) = � em! h(a + 1) ~Brfd(�)i

~Orfd(�) = (a + 1)�y 12� n=+1Xn=�1 osf(n+Qrf)� + �g ^xwhere �y is the maximum trajetory kik angle from the rf dipole.
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The resonane strength of the rf dipoleAs with NMR/ESR deompose the rf perturbation into ounter-rotating vetors.Then selet the harmoni lose to resonane with the spin preession in the vertial dipole �elds!More onvenient to reformulate in omplex form:12� osf(n+Qrf)� + �g = 14� �e+if(n+Qrf )�+�g + e�if(n+Qrf )�+�g�Write ~Orfd(�) = Ox^x+Os^sand make a spetral deomposition:Ox � iOs =X� ��e�i��Then trivial to �sh out the resonane strengths ��:j�rfd� j = (a + 1)�y4� !!{ the same for all harmonis. Note the 1=4� !!Or evaluate:�� = limN!1 12�N Z 2�N0 (Ox � iOs)ei��d� at resonane �0 = n+QrfIn this piture, the pairs of ounter-rotating �elds are represented by the pairs: e+i�� and e�i��.
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The Froissart-Stora formula

When sweeping through Qrf + n = �0 with Sinitialy = 1:S�naly = 2 exp(��j�j22� )� 1where � = dQrfd�The F-S formula also gives the �nal time-averaged polarisation ~P �nal{ whih is vertial in a ringlike COSY. For narrow sweeps, need modi�ed version by A.W. Chao.To obtain an unknown j�j (e.g., for �tot, below), measure the dependene of P �naly =P initialy on �.Unexpeted?

The quantity ~S � ^n is an adiabati invariant, where ^n is the vetor of the ISF at eah point inphase spae.The Froissart-Stora formula quanti�es the degree of invariane of ~S � ^n when tunes or otherparameters are hanged.
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Testing the piture and the formula for �rfd

Only inlude the vertial dipole �elds and ignore the y0 terms (explained later):� Do the Fourier transform with a traking simulation { later� Chek the dependene of S�naly on �.� Chek the geometry of the Invariant Spin Field (ISF).TRIVIALThe ISF is partiularly useful for testing the limits/validity of this, the onventionalmathematial model.
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The ontribution from the quadrupoles et.Rf dipoles add an inhomogeneous term to the equations of orbital motion. Solve using standardtext-book methods =) y = yorig + yindued + yforedSpetral analysis:yorig and yindued are free betatron osillations ontaining just Qyyfored is a superposition of free betatron osillations overing all the harmonis n+Qrf !So yfored in the �elds in the rest of the ring an ontribute to the resonane strength!yfored diverges as Qrf =) Qy beause of small denominators.So the total resonane strength �tot an show marked dependene on Qy for �xed Qrf !!In general need �� = limN!1 12�N Z 2�N0 (Ox � iOs)ei�~�d� ~� = Z ds�||||||||||||||||||||||||||||||||||-For a rf solenoid (rfs): the inhomogeneous term in the orbit equations from a rf solenoid produes nosigni�ant exitation of orbital motion exept extremely lose to resonane with orbital motion.For �rfs: ^x =) ^s , �y =) �s = eBmaxrfs L=p and 1 + a =) 1 + a.With no signi�ant exitation of orbital motion, measured �tot agrees with �rfs. OBVIOUS!
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Components of ~O due to yfored~O = � em! �(a + 1) ~B? + g2 ~B== � � �a+ 11 + � ( ^� � ~E)� :Paraxial approximation: linearise as, for example, in E. Courant + R. Ruth BNL-51270 (1980 !!!).� Ox / (1 + a)y00: radial �elds in quadrupoles and the rf dipole.� Os / a(1� 1 )y0� : vertial �elds in dipoles { inludes projetion of ~Bdip along the. trajetory.� Os / (1 + a)y( 1� )0: url ~B = 0 indues a Bs at the ends of the dipoles.. Spin rotation angle / �(1 + a)y�( 1� ) after integration through the fringe. treating it as having zero length.aproton � 1:79285:::, adeuteron � �0:14298:::To get �tot:get the Fourier transform for the whole fored solution { whih inludes the e�et of the rfdipole, or -ombine the real and imaginary parts of �rfd and �ring
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The SLIM/SLICK formalismLinearised orbital and spin motion for �rst order analytial estimates of radiative depolarisationin eletron storage rings, e.g., HERA, eRHIC, ELIC, ENC�FAIR, SuperB, LHeC.....Attah an orthonormal oordinate system ^n0(s); ^m0(s); ^l0(s) to the losed orbit.^n0(s); ^m0(s); ^l0(s) obey the T-BMT equation on the losed orbit.^n0(s) is the 1-turn periodi solution { \the stable spin diretion".~S � ^n0(s) + � ^m0(s) + �^l0(s)�; �: 2 small spin tilt angles | have subtrated out the big rotations!

^M8�8 = 0� M6�6 06�2G2�6 D2�2 1Aating on ~u = (x; x0; y; y0; l; Æ) and �; �G2�6 represents the linearised solution of the T-BMT equation for �; � .This is the SLIM formalism: originally A.W. Chao 1981 { working at DESY.Theory and odes developed further by H. Mais and G. Ripken, D. Barber.D. Barber: also a thik-lens version, SLICK and with Monte-Carlo extensions, SLICKTRACK.
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‘big photon noise’
spin−orbit tracking

Orbit excitation

also beam−beam

‘big photon noise’

6x6 covariance matrix

Choose

‘‘Main’’

8x8 damped 6x6 damped

misalignments

‘big photon noise’

orbit tracking 
linearised M−C

and control files
Read optic/layout

non−linear M−C

3−D spin
with

orbit tracking 

6x6 damped
linearised M−C

with

Also: acceleration and spin flipOld + New
(done)

== = = old (SLICK) (in progress)
New

as in analytical (D−K)

−−> equil. 6x6 cov. mat.
as in analyticalττ τ
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8x8 covariance mat.
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Correct the C.O.

6x6 formalism

Final C.O.

linearised optic
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wrt C.O.
eigenvectors
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The structure of SLICKTRACK

tunes

also beam−beam

‘big photon noise’
orbit tracking 
linearised M−C

6x6 damped

−−> eq
−−> Pdep−−>eq

−−> Pdep

‘‘Main’’

3−D spin
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Using G2�6 to get �tot; �rfd etSee for example:G.H. Ho�staetter, \High Energy Polarised Proton Beams: a Modern View", Springer Trat inModern Physis, Vol 218 (2006).Flyer distributed at SPIN-2006 (Kyoto).M. Vogt, PhD Thesis, University of Hamburg, Germany, DESY-THESIS-2000-054 (2000):http://www-library.desy.de/preparh/desy/thesis/desy-thesis-00-054.pdfHard opies distributed isotropially by airmail inluding Ann Arbor in 2000.D.P. Barber and G. Ripken in \Handbook of Aelerator Physis and Engineering", Eds: A.W.Chao and M. Tigner, World Sienti�, 3rd edition (2006).Just need the 1-turn G2�6 for the homogeneous problem.Extend to long term traking and averaging to get the Fourier integral with the(inhomogeneous) rf dipole ontribution.Any ring geometry, any misalignment, any linear oupling.Full 6-D orbital motion!
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Getting � by traking:inluding the (inhomogeneous) rf dipole with the matrix G2�6
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Diagnostis! Diagnostis! Diagnostis!

Swith spin-orbit oupling o�/on to see what does what.

For example:Chek that �rfd omes out orretly.Study ontributions from y00; y0; y.Getting the relative signs right.
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Reapitulation

� Spins lined up with the periodi solution ^n0(�) of the T-BMT equation on the losed orbitare perturbed by ~O ring+rfd(�)� Write (Ox � iOs) ring+rfd (~�) =X� ��e�i�~�� and evaluate �� = limN!1 12�N Z 2�N0 (Ox � iOs) ring+rfdei�~�d� for � = �0by spin-orbit traking using simple spin kiks for the rf dipole and the G2�6 matrix for thering.
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The scaling factors E = ε/εrfd of the resonance strength in COSY for protons at 2.1 GeV/c

Etot 

Ey’’,y’ (rfd+ring)

EyK’  

2 * ES@C data

2 * ES@C    fit 

The values for Ey00 (rfd + ring) on�rm earlier preliminary results (2006!) from A. Lehrah.The values for Ey00;y0(rfd + ring) are on�rmed by M. Vogt with the ode SPRINT.
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The scaling factors E = ε/εrfd of the resonance strength in COSY for deuterons at 1.85 GeV/c
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EyK’  

Etot 

ES@C/Etot
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A.M Kondratenko and S.R. Mane: for deuterons at small , Ey00;y0 (rfd + ring) should be small.In fat the ontributions from the rf dipole and the y00; y0 terms from the ring substantially anel!The entry and exit terms of the longitudinal end �elds of the dipoles almost anel leaving the smalldi�erene of muh larger numbers whih may be poorly known. But this small di�erene is dominant.Note: y an be many millimeters near orbital resonane (Qy = 3:8).
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ConlusionsFor protons: absolutely nothing unexpeted!For deuterons: absolutely nothing unexpeted for the basi magnitudes.Comparison probably limited by lak of knowledge of thegeometry of the dipole fringe �elds.That there is a large di�erene between the proton anddeuteron enhanements is predited by standard theory.The relative sizes of the Ey00;y0(rfd + ring) and EyK0 ontributionsare exhanged for proton , deuteron.Just do the alulations!!!!!

At this level it's a student's warm-up problem.Why would anyone want to ip spins in a way guaranteed to kill the luminosity?
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No need for speial \natural" oordinate systems

No need to modify the T-BMT equation, e.g., a + 1 =) a in the rf dipole.

No need to modify the Lorentz fore equation.

No need to invoke quantum mehanial behaviour for deuteronswhih \might be relevant for quantum omputing".
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See also the already-published works:

Deuteron spin-ip resonane widths and the spin response funtionS. R. ManePhys. Rev. ST Ael. Beams 10, 111001 (2007)Comment on \Unexpeted redution of rf spin resonane strength for stored deuteron beams"S. R. ManePhys. Rev. ST Ael. Beams 11, 069001 (2008)Analysis of data for stored polarized beams using a spin ipperYu. M. Shatunov and S. R. ManePhys. Rev. ST Ael. Beams 11, 094002 (2008)Calulation of spin resonane strength at COSY aeleratorA. M. Kondratenko, M. A. Kondratenko and Yu. N. FilatovPhysis of Partiles and Nulei Letters 5(6) (2008)(Pis'ma v Zhurnal Fizike Elementarnykh Chastits i Atomnogo Yadra 6(148), 902 (2008))


