Squids, Snakes, and Polarimeters: A New Technique forMeasuring the Magnetic Moments of Polarized BeamsP.R. Cameron, A.U. Luccio, T.J. Shea, and N. TsoupasBrookhaven National Laboratory, Upton, NY 11973 USAD. A. GoldbergLawrence Berkeley Laboratory, Berkeley, CA USAAbstractEffective polarimetry at high energies in hadron and lepton synchrotrons has been along standing and difficult problem. In synchrotrons with polarized beams it ispossible to cause the direction of the polarization vector of a given bunch to alternateat a frequency which is some subharmonic of the rotation frequency. This can resultin the presence of lines in the beam spectrum which are due only to the magneticmoment of the beam, and which are well removed from the various lines due to thecharge of the beam. The magnitude of these lines can be calculated from firstprinciples. They are many orders of magnitude weaker than the Schottky signals.Measurement of the magnitude of one of these lines would be an absolutemeasurement of beam polarization. For measuring magnetic field, theSuperconducting Quantum Interference Device, or squid, is about five orders ofmagnitude more sensitive than any other transducer. Using a squid, such ameasurement might be accomplished with the proper combination of shielding,pickup loop design, and filtering. The resulting instrument would be fast, non-destructive, and comparatively cheap. In addition, techniques developed in thecreation of such an instrument could be used to measure the Schottky spectrum inunprecedented detail. We present specifics of a polarimeter design for RHIC, andbriefly discuss the possibility of using this technique to measure polarization at highenergy electron machines like LEP and HERA.INTRODUCTIONThe idea of making a direct magnetic measurement of beam polarization hasbeen under consideration for many years. (1,2,3) Given the sensitivity of thesquid, the amount of magnetic flux present due to the aligned dipole moments inthe polarized beam in RHIC is sufficient to permit a quick and accuratemeasurement of beam polarization. In the case of charged particle beams, thesemagnetic dipoles are inextricably bound to electric monopoles, whose currentgenerates magnetic fields which, depending upon the specifics of a givenmeasurement configuration, are ten to fifteen orders of magnitude larger than thosedue to the magnetic dipoles. It is possible to take advantage of the difference indirection between the beam current field and the field due to beam polarization todesign a pickup loop which couples primarily to the beam polarization.Elimination of the beam current field via loop orientation is limited by positionstability of the beam, and also by the effect of statistical fluctuations (Schottky noise) within the beam. As will be explicitly shown in the pickup loop section,the best one might reasonably hope for is to improve the ratio of the signal to thisbackground to about -160dB. Historically, this overwhelming background hasrendered impossible the task of measuring the beam magnetic moment. However,with the increasing sophistication of hardware and techniques used to accelerateand manipulate polarized beam, it now appears possible to separate the signal dueto the magnetic moment from the signal due to the charge. This separation mustbe accomplished in the frequency domain, and is possible because the charge is amonopole whose field has the same sign from turn to turn in the accelerator,whereas the moment is a dipole whose field direction might alternate from turn toturn, thus generating lines in the beam spectrum where none exist due to charge.THE BEAM SPECTRUMConsider RHIC to be uniformly filled with sixty bunches of equal intensity.The spectrum would then be a comb of lines spaced by the bunching frequency,which in this case is about 4.7 MHz. The envelope of the lines is determined bythe Fourier transform of the longitudinal bunch profile. To accomplish ourmeasurement we must utilize the dipole nature of the magnetic moment to createlines in the beam spectrum where none exist due to the beam current. We mightbegin by alternating the direction of the beam polarization from bunch to bunch,creating lines in the spectrum at half the bunching frequency, every 2.35 MHz.With a uniformly filled RHIC, there would be no lines present due to beam currentat odd multiples of 2.35 MHz. Unfortunately, it is not possible to have auniformly filled RHIC. There is not only intensity variation from bunch to bunch,but also the 4 bunch abort gap required by kicker rise time. As a result, signals willappear at all harmonics of the 78 KHz revolution frequency, and not just thosecorresponding to multiples of the 4.7 MHz bunching frequency. One cannotreasonably expect these lines to be down in magnitude from the lines at thebunching frequency by more than about 40 dB. Our lines at odd multiples of 2.35MHz will lie directly under these rotation harmonics. Alternating polarizationdirection from bunch to bunch results in a modest improvement in signal tobackground, from about -160dB to perhaps -130dB. To gain any furtherimprovement requires that we examine the effect of devices like snakes and spinflippers. THE SPECTRUM WITH SNAKES AND SPIN FLIPPERSIn order that the polarization signal be observable, it must be made to appearat a frequency whose fundamental periodicity is different from that of therevolution frequency. One way to accomplish this is by alternating the polarization direction from turn to turn. In a machine with one or more full snakes,there is a stable spin direction which is independent of energy. (4) When thepolarization points in the stable spin direction, its direction does not change fromturn to turn, and the polarization signal has the periodicity of the revolutionfrequency and cannot produce lines in the beam spectrum which can be used tomeasure beam polarization. In RHIC the stable spin direction is the y (vertical)direction. Horizontal magnetic field in the x(radial) direction will rotate thepolarization vector toward the horizontal plane, producing a component which isinitially in the z (beam) direction, and which will then precess about the vertical.Because RHIC has a fractional spin tune of one half, the direction of thiscomponent will reverse from turn to turn, and the effect of the horizontal field willcancel from turn to turn. However, if the direction of the magnetic field is reversedfrom turn to turn, the effect of these kicks on the polarization direction is thencumulative. In this manner it is possible to flip the spin. (5) To measurepolarization it is not necessary to fully flip the spin. We need only perturb thebeam slightly to produce a horizontal polarization component, measure thepolarization, then rotate it back to the vertical.An ingenious method has been proposed for such a spin flipper in RHIC. (6)It rests upon the fact that the spin tune and the betatron tune are not harmonicallyrelated, so that it is possible to kick the beam to flip the spin, and simultaneouslykick the beam to undo the betatron oscillations resulting from previous spin flipkicks. It requires only a single fast kicker, able to deflect a single beam bunchvertically by an angle d, and which can be placed at any available section in theaccelerator. This deflection results in rotation of the polarization direction aboutthe x-axis by an angle

ygd= G

(1)where G = 1.793 is the magnetic anomaly of the proton. If the kicker operates at afrequency fflip = nsfr where ns is the fractionalspin tune andf r is the revolutionfrequency, then the resonance condition is satisfied andthe spin directionof eachparticle inthe beambunch willberotated about the x-axisby the angley everytime the beam bunch passes the kicker. In RHIC we have ns =1/2 and fr= 7 8 K H z , so that fflip=39KHz. Bunchdeflectionwith such afrequency willresult inlargebetatron oscillations. In order to minimizethese oscillations, andthe resultingemittancegrowth, another deflectionpulse with a�proper� frequency, amplitudeand phase canbesuperposed on the spin flip pulse. As anexample,let the s p i n kickdeflectionbed=1mrad, the fractional betatron tune of the accelerator benb=0.6, the betatron function at the locationof the deflectorbeb=25m, and thefrequency and amplitude of the superposed pulse be nk=2nb-ns and2d. Figure 1shows the result of simultaneous spin flipping and correction.

-40 0 40 displacement (�m)

40 30 20 10 0 turn number spin rotating kick betatron correction kick resultant kick

FIGURE 1.BeamDisplacementduetoSpinFlippingandCorrectionOnly that component

the polarization which rotated away fromt h e stable spin direction is subject to the depolarization which results fromthe effect spin tune spread overmany turns. atypical polarization measurementt h e beam might be kicked until the component normalto the spin direction a value of 10% of the total polarization. Becausethe components addvectorially,the component remaining in the stable spin direction would have avalue the total polarization, so that eveninthe unlikely worst case decoherence the perturbed component the polarization, the total beampolarization would be only minimally affected. Suppose that the beam kicked outlined aboveto produce ahorizontalcomponent. This component willinitially beparallelto the beam,whereaspolarization in the transverse x direction is required to makethe measurement.A s the beam proceeds through the main dipoles the longitudinal component precessesabout the y axis.

locatethe kickersat o�clockinthe RHIC ring,andt h e pickup loops at o�clockand o�clock,the precession kickers and pickups will be given by eq. 1, with= p/3.

The condition whichthis component lies precisely in the x direction is G

= 3(2n-1)/2. For

= 266 thisgives n = 160. While it is not necessary to have the normal component precisely inthe x direction to measure polarization, it is clear that this condition atfrequent intervals in the RHIC energy range.THE PICKUP LOOPThe field due to the

fallswith distance more than the fielddue to the charge. To maximize both the magnitude of the signal and the signal-to-background ratio, it is desirable to bring the loop as close possible to the beam.A possible loop configuration is shown in Fig. 2. The beam direction is along the axis, which is drawn foreshortened in this figure. The ends of the loop are bent outof the y-z plane to provide 10

of clearance for the beam. The loop configuredto provide maximal coupling to magnetic field due to magnetic moment in the x direction, and minimal coupling to field due to beam

Theflux due to magnetic moment which might be captured by the loop if all thepolarization were kicked into the x direction can be found by integrating the potential over the perimeter. (7)

F=^{� � � � � � � �}_{+ �( ) +( )} � m p m g s

s g 0 2 2 2 2 32 0 2 4

4 10

64 10 p p b l y

y z n n n P

x z dz / /

For

= =

P = g = 266, sy

= mm, x = z =m,bunch spacing

m, F0 = 2x10-15T-m , andthe number loops n= t o impedance match to the 2H input inductance of thethe flux captured perturn is about F = 0.01 F

As will be discussed in more detail in the squid section,typical squid flux noise levels are between 10

and 10

field lines due to magnetic moment field lines due to beam current

X

Y

Z

The to the zero the loop perfectly The captured by the loop the result F

b l p b

y z

z n n n q

x dydz

y y

=

� � � � �

� + � ( ) �- �+ -^� m p bg s^{s d} s d0 22 10 10 2 2 4 64 10( )

/

/ where q is the charge of the proton. For a displacement

the

, the about down the weakest to about +140

It appear at orbit distortions, at the betatron

Another

Schottky within the The captured by the loop as a result of statistical fluctuations in position is

F b lbpy z n n n qx dydz y y y y = � � � � � � + �( )

� -� +

- �mp bgs s s s s 0 2 2 101022

4 64 10( ) / /

the to about , to first this

independent position. The about down by the the +130

It appear The

this itmost instrumentation, the

applied to the loop, proportional to the appears the loop, at the the applied The comprises loop interrupted two byapplied to the of the loop, flows the loop to resist penetration the into the superconductor, into the loop. the must tunnel to thethe phase the Cooper pair thetries to appear each junction. This voltage is of opposite at the thea bias current is applied across the junctions, it will add to the current thesubtract the the other. The thethethenThe DC response of the squid is important application; it permits upper of frequency response is set by the self resonant frequency of the loop, is typically in the range of 10 to 100 GHz. In most squid applications the typically a

KHz,the limit to about 5 MHz, and further to

MHz predicted.

theimportantly, an extremely low noise floor. operated the mode, the upper limit of the approximately 100 this upper corresponds to the any

Thethesits better

100 dB below that level, at about 10

to 10

. Typical transfer

beam

m_p filter

squid bias current

amp pickup loop

FIGURE 3. Block Diagram the it the the pickup loop into The prevents the betatron into the loop. The output is coupled back into the squid, the loop. As loop bandwidth. It It to the pickup loop shown at This cost, temperature the Johnson to this correspond to about 10 , that it

to temperature pickup.

the simplest this pickup by temperature At the closest cryostat would be positioned immediately adjacent to the The cryostat. It to the the quality between the pickup and the cryostat. The pickup to the position with by

As previously

shows up AM subharmonics. Suppose that we look at the AM

KHz

MHz fifth superconducting bandpass with Q

MHz, the 3 passband about Hz at the lines 25 KHz away attenuated by about

RHIC. this the the output the so that the applied to the 0.63 of the flux at the filter input total polarization into the horizontal this about

-Move the loop in while servoing beam and loop position to null output;-move the loop out. The the two the plus with zero chromaticity, the Schottky spectrum at yields than at the at multiples the the Schottky the betatron than those at the rotation The synchrotron by that the terms zero only at MHz. As result, the only by the

Schottky spectrum the tune amplitude-dependent tune spread, which is the width the betatron satellite. Non-zero chromaticity both shifts the so that many satellites are present at low frequencies. (11, 12) This contrasts the betatron primarily by the the Schottky the measurement of the chromaticity. Moreover, the obtained using the squid, with proper attenuation and perhaps a different might hope to probe this Schottky spectrum in unprecedented detail.

it possible to apply the presented by the that the spin tune The the

At the the to transverse size, so that both the opened RHIC by fast polarization the spin flippers it was assumed that the spin tune was precisely known, and that spin flip was properly phased to the spin tune. The spin flip produce depolarization. this not the polarization only component polarization rotated into the horizontal then only to the it spin possible solution to sweep the the This the spin tune, so that the sweep spans shape, so the

Another proposed solution spin flip output the spin flip to This that the spin flip phased to the spin tune, result the It that this the that spin flip short to the to depolarization. (3, 13) The spin then flipped slowly, say

spin studies. The strength by the that the tune shift due to the kicker must be greater than the spin tune spread.There is a good possibility that the polarization at RHIC.

precedent squids at this sensitivity, the the possibility the background. A next step would be to explore the spectrum RHIC, perhaps with a squid-based Schottky detector at the AGS.

The authors acknowledge helpful discussions with many people, M.M.

Connolly, M.A. M.A.

H. A.D. Lambertson, R. Lin, V.R. Mane, F.G. Mariam, W.W. MacKay, R.A. Phelps, A.G.Ratti, T.

Ryan, G.A. Stillman, M.J. Syphers, S. Tepikian, J. Wei,...1. Cameron, P.R., unpublished notes, 1983.

Symposium (AIP Bloomington, IN, 1994) pp. 264-272.

Kondratenko, A.M., �On the Possibility to Obtain Part.

Caussyn, B. D. et al, �Spin Flipping a Stored Polarized Proton (21), Nov 21, 1994, pp. 2857.

Roser, T., private communication, February, 1996.

Relativity

J., Theory Electronics (Kluwer, The Netherlands, 1993) pp. 123-180.

D., Matz, H., H., �A MHz bandwidth with positive

April

�Spectral Analysis

Chattopadhyay, Fluctuations 14. Peters, A. et al, �A Current Comparator

Nondestructive Intensity Measurements�, the Fourth Conference, EPAC, May, 1994, pp.290-292.