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Calibration of the polarization of a beam of arbitrary energy in a storage ring
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With a storage ring synchrotron, two additional methods have become possible to establish polarization
standards at arbitrary energies, making use of the ease with which the energy of the stored beam can be
changed. Both methods yield the analyzing power of a reaction at one energy in relation to the known
analyzing power at a different energy. One method involves ramping of the energy of a polarized beam up and
down; the other requires a polarized target. The two methods have been demonstrated in an experiment with
the Indiana Cooler, and their relative consistency has been establi§i€63-651X97)14706-1

PACS numbsgfs): 29.20.Dh, 29.27.Hj, 29.25.Pj, 13.75.Cs

I. INTRODUCTION Ay(T’) can be established at energy from the measured
productQA,(T’).

In a nuclear physics measurement with polarized projec- A comparison of the two methods is practical only if
tiles one needs to know the absolute polarization of thdveam and target particles are identical. This is the case for
beam. The beam polarization is usually determined from théhe measurements reported in this paper which have been
scattering asymmetry in a suitable nuclear reaction for whictobtained during a study of spin-dependpiptelastic scatter-
the analyzing power is known. An example of such a polaring from 200 to 450 MeM3,4]. In Sec. Il technical details
ization “standard” is the precisely known analyzing power related to the manipulation of the stored beam are presented.
in pp elastic scattering a#,,=8.64° and 183.1 MeV inci- The experimental setup and the nature of the available data
dent energy1]. This standard has been derived by compar-are described in Sec. Ill. Section IV contains an evaluation of
ing with 'C(p,p)*°C scattering at an angle and energythe measured beam and target polarizations and a compari-
where the analyzing power reaches exactly ufy Cali-  son of the two methods, followed by a discussion and sum-
bration standards are few and exist at selected energies onfpary in Sec. V.

It is therefore of interest to be able to extend their use to
arbitrary new energies.

The beam energy in a synchrotron can be easily varied.
Assuming that a polarization standard is available at one A storage ring may function as a synchrotron accelerator
energy,To, a new standard can be established at a differenf the strength of the lattice magnets increases with time as
energy,T’, in one of two ways. the stored beam energy is raised, through interaction with a

In method A, the beam is polarized, and the standard igadio-frequency cavity. The Indiana University Cyclotron
used do calibrate the beam polarizatioTgt The energy of  Facility IUCF) Cooler has a relatively small momentum ac-
the stored beam is then increasedTtoby synchrotron ac- ceptance of-0.2%, so the ring dipoles must match the radio
celeration. If care is taken to avoid the effect of depolarizingfrequency to a level of better than 19 during energy
resonances, the beam polarization should be conserved in tehanges. During the course of the experiment described here,
process. If so, the beam polarizatid®, is still known at  the down-ramping capability has become available at IUCF
T’, and an analyzing power standag(T') can be estab- for the first time. Deceleration is possible, in principle, by
lished at energyl” from the measured produBtA,(T'). In  time-reversing the acceleration process, however additional
order to test that the beam polarization did not change duringffort is needed to take into account such effects as the hys-
acceleration, thesamebeam isdecelerated back tdfy, to  teresis of the ring magnets which differs between up and
remeasure its polarization by comparison with the originaldown ramps. Some power supplies had to be modified to

1. ACCELERATION AND DECELERATION

standard. cope with the energy stored in the magnets, and significant
In method B, the roles of beam and target are reverseadhanges to the control software of the IUCF Cooler were

The target is now polarized, and its polarizati@h, is cali-  required.

brated in terms of the known analyzing pow&gy(T,). Ac- Polarized beams from the Indiana cyclotrons are kick-

celerating the beam does not affect the target polarizétisn injected[5] into the Cooler ring at a 6.3 Hz rate. The beam is
we will show latej and a new analyzing power standard then debunched to reduce the momentum spread, decelerated
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from the depolarization resonance and exact control of tunes
is no longer necessary. The measurement of the tune is
a b c d |a achieved by exciting a small-amplitude betatron oscillation
within the machine acceptance. The horizontal and vertical
beam positions are measured on a turn-by-turn basis, and a
—— T fast Fourier transform is performed at a rate of 10 Hz, yield-
ing a real-time measurement of the coherent betatron frac-
tional tune[6].

& 8 8

(; | Ill. EXPERIMENTAL DETAILS

-

A. Apparatus

The data reported here have been obtained during a mea-
surement of spin-correlation parameterpimelastic scatter-
ing from 200 to 450 MeM4]. Apart from a few modifica-
tions, the apparatus is the same as that used in a previous
measurement gbp elastic scattering at the fixed energy of
time (5) 197.8 MeV[3]. Forward-going protons are detected by a set
of wire chambers and scintillator arrays, while the associated
FIG. 1. Beam current versus cycle time during an acceleration-reco_II protons are observed in coincidence by an array of
deceleration cycle. Shown are the following phases: injectipn ~ S€miconductor detectors, mounted close to the target. The
data taking at 197.4 Meb), at 399.1 MeV(c), and, again, at 197.4 detection ofpp coincidences provides a clean signature for
MeV (d). pp scattering[an estimate of the background yiel@8.2
+0.2% [3]]. From the measured direction of the forward

: _ proton, the scattering anglesand ¢ are determined. Data
0
about 0.2% in momentum to the vicinity of the stack and_ . accepted within a range¢=*18° in four azimuthal

cooled to add to the accumulated beam. The process Ca octi o o o o
) rections¢ (45°, 135°, 225°, 315° Thus, for eachy angle
transfer about 30% of the cyclotron beam current per kICkbin and e(abch choice of beam and target poIarizatior? direc-

Ttht:saa 1r,LrLAntcy(;Iottr)on tc%re;\jr:iansull:t)s r||rr]1 aigr:]]rovxéithnrattﬁ of tion, four yields are measured. From the observed yields,
stored current of about 100, - 2unng njection, the 5,4 ization asymmetries are extracted by the “diagonal

beam manipulations require most of the momentum aperture, l thod"[3]
the dispersion at the target c&dbe below must be less caing method 15 ; ;
SO The polarized internal hydrogen target consists of a thin-

than about 0.5 m to avoid a degradation of the Injection  ajied storage cell into which a beam of polarized atoms is

efficiency. o : ' ; i
. . i injected[7,8]. A guide field, generated by coils outside the
Given a nominal field ramp rate of 0.5 to 1 Tm/s, the vacuum chamber, determines the target polarization direction

accel_erat_ion lasts typically 1 to 3.5' Th_e rf cavity used _for hich can be either sideways, vertical or along the beam
stacking is also used for acceleration, with the voltage rausea/irection When the current in, the guide field coils is re-

from about 15 10 150 V while the ramp s in progress. Durlngversed, the sign of the target polarization changes within
deceleration, the beam momentum is reduced at the same ot 50 ms

rate as for acceleration. The lower energy may be chosen to The beam polarization is vertical. The injected polariza-

maich the injection energy, so that the remaining beam i'Iilon is chosen to point either up or down. In addition, the

retained for further accumulation. sign of the polarization of the stored beam can be changed

Each of the steps in the acceleration-deceleration cycl?a idly by crossing an artificial depolarizing resonance, in-
(see Fig. 1 may be judged from the standpoint of the Sur'due:edybyya Iongitugdinal, f magneti?: fie[@,lg]. '

V|v||nfcijzfrfi1cgor}rofnb(rene}miCﬂrrerrr;(itrans;mclisaorifi\nan?ngif\/it()jeaT Thus, there are 12 possible combinations of beam and
polarization. Transmissions measured auring ua Up’[a\rget polarizatior{*‘spin states”). Data are accumulated for

and down-ramps may exceed 98%, while beam survivals These spin combinations in a sequence in which the target
excess of 90% have been observed for the full cycle. In othe olarization changes every 2 s, and the beam polarization

words, beam losses due to ramping are comparable to tho ;
due to the lifetime during the data acquisition periods. Bout every 15 min.
The beam polarization survival during an acceleration-
deceleration cycle is sensitive to the choice of the initial
betatron tune. This is because at the injection energy of 200 The direction of the forward protons is known from wire
MeV, the tunev, is closest to matching the condition for the chamber information. The events that satisfy the conditions
intrinsic depolarization resonance that satisfi€gy=7  for pp elastic scattering are sorted into 1° bins of the labo-
— vy, WhereG=1.793 is the anomalous magnetic momentratory scattering anglé which ranges from 8° to 43°. From
of the proton. If the fractional part of the tune is separatedhe observed yields, accumulated in 12 different spin states,
from the resonant tune by more than 0.03 the injected beampolarization asymmetries are extracted by the “diagonal
stays polarized. It is then sufficient to ensure that the ringscaling method” which is described in detail in R¢8].
tunes do not change rapidly as acceleration starts or decelhis results in the asymmetrieBA,(6;), Q,A,(¢), and
eration ends. Elsewhere in the ramp cycle the beam is faQ,A,(6;), whereA,(#6,) is the analyzing power for thigh 6

Beam Current (UA)

8

B. Data analysis



7608 R. E. POLLOCKzet al. 55

bin (note, that the analyzing power is the same for polarizedf 250, 280, 295, 310, 350, 400, and 450 MeV. The six lower

beam or polarized targetandP, Q,, andQ, are the mag- energies were measured during a single running period,
nitudes of the beam polarization and the horizontal and verwhile data at 450 MeV were the subject of a separate run,
tical target polarizations, respectively. It is knold] that  €arlier by about a month. As mentioned before, data were
the magnitude of the target polarization does not depend ofccumulated before the energy raffPRE" ), at the higher

the direction of the guide field. Thus, the information for the€nergyT’ (“HE™ ), and after the down ramyPOST").

two target orientations is combined into a target asymmetry 1he results presented here are deduced from ratios be-
QA,(6;). Data acquired with longitudinal target polarization tween angular distributions of the beam and target asymme-

are not used in the context of this paper. tries p;=PA,(6;), andg;=QA(6;). We define the rati¢
={a;||3;} between two distributionsw;,3; (with errors

C. Structure of an experimental cycle 5gti ,,5,61) .to be the numbeg that minimizes the function
x°(&'), given by
An internal-target experiment typically consists of repeti-
tions of a set of manipulations, called a “cycle.” In the ) S (=€)
present case, a cycle is organized as folldgse Fig. 1 X (5,):2 Sa ! 2 @)
, - =1 Sai+(£'6B)
First, protons from a polarized ion source are accelerated in
the cyclotron toT,=197.4 MeV and accumulated in the The uncertaintyd¢ is determined by applying the Gauss law
Cooler ring(see Sec. )l When the filling process is com- for error propagation.
pleted, after a few seconds of cooling, the beam of polarized For the following, we introduce the abbreviation
atoms is admitted to the target cell, and data taking is en{p{"||q!<} for the ratio betweem;=PA,(6;) measured during
abled. During the data period which follows, the target po-data periodm, and 0i=QA,(6,) measured during data pe-
larization changes direction and sigm 2 s intervals, for a riod k. For example{p/~5/q""8 is the ratio between the
full “subcycle” of 12 s duration. After two such subcycles, beam and target asymmetries, both measured before the en-
the beam energy is ramped ®, and the subcycles are ergy ramp. Since the analyzing powers in the elements of the
resumed for the measurement at the higher energy. After fwo distributions are the same, it is easy to see that the ex-
subcycles aT’, the beam is decelerated back to the injectionperimental{p " q""8 equals the ratio of beam and target
energyT,, where another 3 subcycles of data are taken. TolarizationP”R%QPRE independent of the analyzing power
identify the three data taking periods, we choose the homeruf the reaction.
clature “PRE” and “POST"” for the two measurements at
Ty, before and after the two energy ramps, and “HE” for
the measurement at the higher enefigy The next cycle is
started with beam injection, adding to the beam which is still  We have mentioned that the target polarization can be
stored. At the beginning of each cycle, the sign of the polarassumed to be constant over a full cycle, i.e., the same at
ization of the injected beam, as well as that of the bean¥To and atT’. In fact, the target polarization was constant

B. Target polarization

remaining in the ring, is reversed. during the whole run which lasted about one week. Since the
valuesafa' of the analyzing power at the injection energy are
D. Polarization standard known (see Sec. Il D, we can determine the target polariza-

In thi ¢ K f the fact th tthtion before and after the two ramps from the ratios
N IS Measurement we maxe use of the fact Ma MeqPrREach and{qPOTaf}. The average target polarization

absolute analyzing power is known at the injection energy, Jpre A rost ! ” L POST . (PRE .
To=197.8 MeV for 6,,, from 4° to 17° from a previous ex- (Q™5Q™™) and the differenc® Q"™ measured in

periment3]. In that experiment, we made use of the analyz—thls way are shown in Fig. 2 as a function of run number, or

ing power standard ipp scattering 1] mentioned in Sec. | time during the run. Since the calculated weighted average
- L i POST_ APRET; o ; .
For the following, we define a secondary standm‘iﬂ‘j " for the differenceQ Q. Linsetin Fig. 2b)] is consis

B . tent with zero, we us®@"RE=QHE=QPOST The weighted
=Ay(6;,197.8 MeV) to be the values of the analyzing poweraverage for the target polarization over all runs below 450

in 1° bins for the above angular range as obtained in thg, .\, including both, the “PRE” and the “POST” mea-
pr_evious experimer[@]. The absqlute normali_zation uncer- surer,nent, is given ir,1 the inset in Fig(a2 The analogous
tainty of these analyzing powers1s1.3%. Details about the treatment of the separate 450 MeV data set leads to a target

derivation of the normalization can be found in R&¥]. The N _
0.4 MeV difference in bombarding energy between the pre_polanzatlon 0fQ(450 MeV)=0.730=0.0.013.

vious and the present experiment is ignored. C. Beam polarization loss during acceleration or deceleration

IV. MEASUREMENTS The relative change of the beam polarization during

acceleration, P"§/PPRE can be deduced from the

measured asymmetries by forming the double
During the week of running time which yielded the ratio {p}5|q™€}/{p/Rqq""E which equals P"E/Q"E)/

present data, the spin correlation coefficiefis, A,,, and  (P"RFQPRE (because the analyzing powers cahaehich

A,, in pp scattering were measured at seven different enerin turn equalsPH%/PPRE (becauseQ"E=QPRH. The same

gies. Effectively, this means that the ring operators usegrocedure is used to deduB&°STPHE, the relative change

seven different setups for the up and the down ramp of theluring the down ramp. Note, that this method does not re-

ring magnet currents, corresponding to the final energies quire the knowledge of the analyzing power of the reaction.

A. Definitions
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e energy is also the one closest to the intrinsic depolarization

1.2 T LA B LR LR UL ]

A B PEE resonancésee Sec. )l The weighted averages over the data
208 | P S N SR E at all T' (excluding the 450 MeV datun are €,
Eoe b } LA ! - 3 =(PHE/PPRE =0.988-0.009, and e,=(PPOSTP"E)
Vo Bt e ] =0.972+0.009. From Fig. 3 it can be seen that a significant

030 405080 70 8080 100 10 beam polarization loss is observed only for the down ramp.

IIIIIII — The corresponding values far; and e, at 450 MeV are

g O°E b ' 091240009 E represented by the open symbol in Fig. 3. It should be
é?”'zz Y, . S IR S [ pointed out that for the present analysis we have assumed a
L9 A RN 'T+ Ly U Gaussian probability distribution for all quantities which,
N T strictly speaking, is not quite true because during a ramp

20 3 40 5 8O 70 8 9 100 110 polarization can be lost but never gained.

RUN NUMBER

Based on these findings we conclude that the beam polar-
FIG. 2. (a) Average of the target polarizatiog¥ RE before, and |z_at|on Char;gggurlng thReE up and dowrl ramps combined, is

QPOST after the two energy ramps as a function of run number. Theéd'Ven by _P - 61'7‘2P , where e;€,=(0.960+0.012).

measurements extend over a period of about a week. The inséthis relation is applicable for all of the data, except th.ose at

numbers are the weighted averages over all measurements, and theO MeV where the values far; ande, determined at just

respectivex? per degree of freedomb) Shows the difference that energy were used.

QPOSLQPRE jllustrating that the target polarization is constant

throughout the cycle. Only the statistical errors are shown. D. Beam polarization

We do not expect the beam polarization in the ring to be
constant for the whole experiment. This is in part because of
slow changes in the performance of the ion source that sup-
plies the polarized beam, and in part because the beam po-
larization somewhat depends on the number of cycles for
which the beam has been accumuldi#d]. Thus, the beam
polarization must be determined for each eneFgyndividu-
ally. Using the same method as described in Sec. IV B, the
beam polarization was deduced from the average of the ra-
tios ;{p} “ila’} and{p°*Taf*}/e,. Values between 0.52

]
and 0.63 were found foP(T").

For this study, data at a given accelerated energyare
analyzed together, resulting in a single datum pein Fig.

3. A ratio of less than one indicates polarization loss. With
the exception of the 450 MeV poitibpen symbol in Fig. B
which was from a different running period, the polarization
loss data for all energieg’ are consistent with each other.
This can be explained by noting that magnet ramps to differ
ent energie§’ are all similar near the injection energy; this

1.10

250 MeV
4280 MeV

A 295 MeV An analyzing reaction at a new ener@y can become a
:g;gm new standard because it is possible to calibrate the beam
» 400 MeV polarization(method A, or the target polarizatiofmethod
©450 MeV B) at that energy.
The target polarization has been found to be constant dur-
______________________ ] ing a full cycle, as well as during the whole risee Sec.
IV B). For the beam polarization we have found that the loss
during acceleration is close to zero, (£.2.9)%. Moreover,
we have deduced a value for the polarization loss between
the “PRE” and “POST"” measurements at the calibration
energyT,. However, the beam polarization changes over the
course of the experiment, and thus only the runs at a given
T’ can be used to determine the beam polarization at that
T’. Consequently, the statistical error Bf'E is larger than
for QME which is based on a larger set of data.

The data acquired in this experiment allow a comparison
pHE , p PRE of the methods A and B. To this aim, consider for a moment
the ratio of the asymmetry distributiofig "=1q"~E (see Sec.

FIG. 3. Ratio of the beam polarization before and after each of Y A)- In this ratio the target polarlzatlc,Q cancels, leaving
the two energy ramps, for the up raniporizontal axis, and the ~the ratio of the analyzing power$A,(T", 6)I1Ay(To,61)}.
down ramp(vertical axi$. Only the statistical errors are shown. The Even though the twa\, distributions are for different ener-
data are grouped with respect to the enefdyafter acceleration 9di€s and, in general, do not have the same shape, this ratio is
(see inset A ratio of less than one indicates polarization loss. TheStill defined and is given entirely by the properties of the
measurements show a significant polarization loss only for théeaction atT, andT’.
down ramp. Data with solid symbols have all been acquired during In the following, we deduce this ratio from the data using
the same running period. either the polarized beam or the polarized target. This

E. Establishing a new polarization standard

L e

PPOST/ = H.E.

0.90
0.90

o T | e o e T
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0 110
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lish the polarization of the beaior the targetat some en-
ergy T,. After the energy change, the absolute polarization
of the beam(or the targetis still known, making possible
the absolute measurement of an analyzing reaction. The two
methods have the following limitations.

Method A only works if the beam polarization during the
ramp to a new energy and back does not change appreciably.
If there is a loss of polarization, it is not knovenpriori if it
is incurred before or after the measurement at the new en-
ergy; the difference in this case must be treated as an uncer-

130 1 j :iggm:z tainty. In the example presented in this paper, no significant
4295 MeV beam polarization loss was found during acceleration. In
"I" 0310 MeV general, for large energy changes where depolarizing reso-
:%gm nances must be crossed, it is difficult to keep polarization
bl + 0450 MeV losses negligible. However, it has been shown by a measure-
ment at SATURNE 1[12] that, even in this case, the method
is useful to determine the beam polarization at the higher
110 . . ' : energy, since the polarization lost when crossing resonances
1.10 120 130 140 150 160

can be made the same for acceleration and deceleration.
Method B requires the technical effort of an internal po-

larized target. Moreover, it is only applicable to establishing
FIG. 4. The distribution ratioRyeamandRigeas defined in Eq.  the analyzing power of reactions that either involve a polar-

(2) for the seven beam energi@$ (see insatcovered in this ex- ized target, or for which it is technically and kinematically

periment. Each of the two numbers is expected to yield the analyzfeasible to reverse the roles of beam and target.

ing power distribution ratidA,(T’,6;))1A,(To,6;)}, given entirely

by the properties of the reaction B andT'. Thus, the equality of

Rpeam @nd Riqger demonstrates the consistency of the calibration

methods A and B. Only the statistical errors are shown.

R Target

B. Systematic errors

Method A involves a measurement of the beam polariza-
tion at the injection energy, before and after the excursion

amounts to a consistency check of the two methods A and 5O the higher energy. It is of course necessary that the beam
Here, we combine the data at the injection energy by takinGnergies for the two measurements are the_same. Moreover,
the bin-by-bin average of the asymmetry distributions fromt€ absolute beam energy has to be known in order to match
both, the “PRE” and the “POST” phase. Thus, we evaluate the energy of the calibration standard. The beam energy in

the following statistically independent distribution ratios: ~ OUr case is determined from the beam-bunching rf frequency
and the known ring circumference. The circumference has

been calibrated using the accurately known threshold energy
of pion production reactiongll]. Consistent values for the
J ring circumference have been deduced from data taken at

1
Riarg= (a3 (aPRE+oPOST),

Rbeamz(i piHEIIE ( piPRE+ i piPOST 2 different times, indicating that it is difficult to change the
€1 2 €1€2 length of the closed orbit. Typically, the uncertainty of the
) absolute beam energy is a few hundred keV. This figure
In the evaluation oRpeay, Use has been made of the mea-peeds to be compared with the energy dependence of the
sured(small beam depolarizations; ande,, incurred dur- pp analyzing power near 200 MeV of about 0.5% per MeV.
ing the energy ramps. Figure 4 shows the result of this study The measured asymmetries in the three data taking phases
for the seven different energié§, demonstrating that the (“PRE,” “HE,” and “POST” ) can be caused in part by
methods A and B are indeed consistent. _ instrumental asymmetries. The latter can arise, for instance,

For the special case of this experiment, information fromfrom a transverse displacement or a change of angle of the
both methods(A and B) will be combined to establish & peam on the target. In the experiment described here, beam
polarization standard at the new energlesThe result will  position and angle are actually measured with an accuracy of
take the form of analyzing powers and spin correlation coef-- .1 mm and 0.05°, respectively. Beam shifts of the order
ficients for pp elastic scattering at seven energies betweerf 1 mm have been observed between the “PRE” and “HE”
250 and 450 MeV. These data will be the subject of a forth4nq “pOST” phases. However, in the analysis of the data,
coming paper. allowance is made for these shifts. A Monte Carlo simulation
is used to demonstrate that the remaining effect of beam
shifts, including those that are correlated to the target guide
field, on the measured asymmetries is negligifite more
detail, see Ref(3]).

We have discussed two methods to export a polarization Method A assumes that the direction of the beam polar-
standard from one energy to another. Method A makes use afation atT, and atT’ is the samg(in this case: vertical
a polarized beam, while method B requires a polarized tarNonvertical fields in the ring lattice could, in principle, cause
get. In both methods a polarization standard is used to estakhe stable direction of the stored polarization to deviate from

V. DISCUSSION AND CONCLUSIONS

A. Export of the polarization standard
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vertical. It is then likely that this deviation is different at the especially important if the beam loss during the cycle is
two energies. However, the undesired transverse and longsmall (which is the case for the relatively thin polarized tar-
tudinal components of the beam polarization are actuallyget which is used in this stuglyThe gain from the decelera-
measured in this experimefitia the knowledge of the spin tion is the ratio of the time-averaged luminosities for the two
correlation coefficients and found to be consistent with cases when the be_am is either kept or discarded at the end of
zero. Since, for instance, a change of a nonvertical compahe cycle. The gain depends on many factors, such as the
nent of aboutA P, = 0.1 would imply only a change of beam lifetime, the fill rate, and the beam loss during the
1% in the vertical component, this systematic error is negli€nergy ramps. In the present experiment, gain factors of be-
gible. tween 3 and 6 have been observed.
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