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Determination of analyzing powers for 189 MeV proton elastic scattering on '>C
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The analyzing power A, for proton elastic scattering on '’C has been precisely and absolutely deter-
mined at three scattering angles (6., =16.3°, 17.3°, and 18.3°) at an incident proton energy of 188.9
MeV. The technique employed requires statistically high quality polarization transfer measurements,
combined with the constraints imposed on polarization observables for reactions with the spin structure
7 +0— 5 +0. These results represent some of the most accurately known spin observables at inter-
mediate energies and serve as calibration points for secondary standards.

PACS number(s): 25.40.Cm, 24.70.+s

Reaction analyzing powers (and recently other spin ob-
servables as well) are frequently measured with statistical
errors that are significantly smaller than the correspond-
ing systematic uncertainties. These latter effects are often
due primarily to lack of precise knowledge of the incident
beam polarization, either in absolute terms or even in a
relative sense, i.e., from one measurement to the next.
Though recent progress in the development of in-beam
high-energy polarimetry [1] has made it possible to moni-
tor these relative fluctuations quite reliably, an absolute
determination of A, requires that the polarimeters used be
calibrated against a well-determined analyzing power
standard, few of which exist in the intermediate-energy
regime. Conventional double-scattering experiments
[2-4] provide such information in principle, though in
practice the method is subject to many sources of uncer-
tainty, both statistical and systematic.

We have employed another technique [5], previously
unused at intermediate energies, which relies on the quad-
ratic relationship that exists among three of the polariza-
tion observables in 5 +0— + +0 spin configuration reac-
tions [6], namely,

Ay2+DEL'+Dgs'=l. (1)

[In this case, because there can be only three independent
observables, it is also true that

P= iAy, DNN"= *1 s
)
Dss==*xDy;, Ds;'=+ Dys,

where the upper (lower) sign is applicable for transitions
between states of the same (opposite) parity.] A direct
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consequence of the quadratic nature of Eq. (1) is that by
working in kinematic regimes where A4, is known to ap-
proach * 1, one can then determine A, very accurately
through much less precise measurements of the in-plane
polarization transfer coefficients D;;+ and D.s, which
necessarily become small. In this context, it is useful to
rewrite Eq. (1) in the form

[4,1=(1—DZ — D). (3)

As an example, if both D;;' and D,g are independently
measured to be 0.05+0.02, then one would find
|4,] =0.995+0.0014, an order-of-magnitude reduction
in the statistical error.

Moreover, because one is using a null method, and
therefore searching for small, rather than large, asym-
metries, experimental sensitivity to many potential
sources of systematic error are also minimized as |Ay| ap-
proaches 1. Accurate knowledge of the beam polarization
is not needed to determine a zero crossing; uncertainties in
the effective analyzing power of the polarimeter used to
measure the scattered proton polarization become less im-
portant for the same reasons. Possible errors due to spin
dependence in the dead-time corrections and detector
responses also become negligible with this technique be-
cause the counting rates are essentially equal for all hor-
izontal (in the scattering plane) incident spin orientations.
[These types of error represent a significant concern for
more conventional double-scattering measurements car-
ried out at large values of A,, in which vertically (perpen-
dicular to the scattering plane) polarized beams are used.]
It is also important to note that a spin flip at the polarized
ion source results in an exact spin reversal of the in-plane
polarization components even for the scattered beam, a
symmetry which does not apply to the polarization com-
ponent perpendicular to the scattering plane. The polar-
imeter for the scattered particles therefore functions as a
true double-arm polarimeter, and standard analysis tech-
niques can be employed to eliminate sensitivity to all in-
strumental asymmetries to at least first order.

To make these measurements most useful as calibration
standards, we have chosen targets that are easy to obtain
and handle, and reactions with large cross sections in
angle ranges where A, is known to be close to £ 1. Pro-
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ton elastic scattering near 190 MeV on '*C satisfies all
these requirements. The use of lighter nuclei also results
in relatively slowly varying angular distributions that do
not impose severe restrictions on the angular resolution of
the detector system, and allows for clean separation of the
elastic peak of interest from those due to contaminant nu-
clei in the target material. The resolution constraints are
therefore very modest and no background subtraction is
required, thus removing most ambiguities in the extrac-
tion of peak yields.

In this paper we first describe briefly the experimental
procedures employed, then present and discuss our main
results, and address several issues related to systematic er-
ror concerns. A more detailed description of the equip-
ment, data acquisition and reduction techniques, and
methods of error analysis, plus the results of similar mea-
surements performed at other energies, will be provided in
a forthcoming paper.

The experiment was carried out at the Indiana Univer-
sity Cyclotron Facility with a 188.9 + 0.3 MeV polarized
proton beam. The beam energy was determined by clos-
ing down slits tightly around the beam just before and
after a calibrated 45° analysis magnet. The energy
spread of the beam was estimated to be less than 150 keV.
The proton beam was produced using a standard atomic
beam polarized ion source [7]. A low-energy polarimeter
[8], mounted between the injector and main stage cyclo-
trons, was used approximately once each day to monitor
the normal component of the beam polarization (0.78-
0.80) and to check for differences in the polarization mag-
nitudes between the “up” and “down” spin states (always

<0.01).

At various points throughout the experiment, vertically
polarized protons were required, and the beam could be
transported directly to the experimental area. To measure
the “in-plane” spin transfer observables D, and Dyg,
however, the polarization vector of the proton beam must
be rotated into the (horizontal) reaction plane at the
desired orientation (¢) with respect to the beam direction.
This was accomplished through the use of two supercon-
ducting solenoids, with magnetic fields parallel to the pro-
ton momentum, positioned upstream and downstream of
the 45° analysis magnet. At this beam energy, the preces-
sion of the proton’s spin (about the vertical axis) induced
by the intervening dipole (96.9°) is sufficiently close to
90° that one can orient the final proton polarization vector
to point in almost any direction desired through appropri-
ate adjustment of the two solenoid currents. High-energy
in-beam (transmission) p +d polarimeters [1] continuous-
ly monitored both the normal (vertical) and sideways po-
larization components of the beam. By locating a polar-
imeter immediately downstream of each solenoid, and
knowing the spin precession angle in each, complete infor-
mation on the proton polarization state can be obtained,
without any prior assumptions as to the polarization of the
beam extracted from the cyclotrons [9].

The elastically scattered protons were detected and
momentum analyzed with the K600 magnetic spectrome-
ter system [10] (a quadrupole-dipole-dipole configuration
with a horizontal bend plane), and their polarization mea-
sured in a polarimeter [focal plane polarimeter (FPP)]
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[9,11] located just beyond the focal plane detectors. The
unscattered beam was collected in a Faraday cup posi-
tioned within a shielded dump. Typical beam currents for
production running were between 5 and 10 nA. The tar-
gets consisted of isotopically enriched (~99.9%) '’C, and
were approximately 11 mg/cm? thick. During acquisition
of the spin transfer data, the acceptance of the spectrome-
ter was defined by a rounded slot 1.27 cm wide and 2.54
cm high milled through a piece of thick (~1.2 cm) brass
positioned perpendicular to the scattered flux and placed
71.3 cm from the center of the scattering chamber. This
corresponds to a subtended half-angle A0 of 0.51° and a
solid angle of 0.568 msr.

By matching the momentum dispersion of the incident
beam to that of the spectrometer, an energy resolution of
~55 keV (full width at half maximum) was maintained
on the focal plane throughout the run. This was more
than sufficient to separate the '*C elastic events from
those due to other reactions. At the angles studied, the
closest contaminant peak, from elastic scattering on '3C,
was typically 120 keV away and weaker by roughly 3 or-
ders of magnitude. It is also known [12] that at 200 MeV
the analyzing powers of '2C and '>C differ by less than
0.05 at these values of momentum transfer.

The efficiencies of the four FPP multiwire proportional
chambers were in excess of 99% at all times. The two
vertical drift chambers (VDC’s) used in the focal plane
require a significantly more complex algorithm for event
reconstruction, and yielded a total efficiency in the range
of 82-85%. The VDC efficiencies only rarely differed by
more than 1% for the two proton spin states. The com-
bined computer and electronic dead time was kept below
10% for all runs (8% was typical), and showed no sys-
tematic spin dependence for the in-plane polarization
data.

These data are the first in-plane polarization transfer
observables measured with the K600 spectrometer system,
and extensive calibration tests were integrated into the
data collection program. This ensured, for example, that
the effective analyzing power assumed for the focal plane
polarimeter was determined using the same beam energy,
spectrometer angle calibration, and analysis software used
for the actual measurements. Details on the techniques
and results of the calibration procedures will appear in a
later article, and will be presented only schematically
below.

The absolute scattering angle for the spectrometer was
determined by observing a kinematic crossing between
protons elastically scattered from '2C and protons inelast-
ically scattered from the first 2% state in ®*Ni at 1.45
MeV. At T, =200 MeV, this crossing occurs in the labo-
ratory frame at 6p=18.10°, and changes with beam ener-
gy as 860/8T, = —0.050°/MeV. These data, taken simul-
taneously using a composite target, determined the scat-
tering angle to *0.1°. The spectrometer was then rotat-
ed 36.2° (as measured by a digital encoder) to 6y,
= —18.1° (beam right) and the crossing confirmed to
within the same accuracy. This procedure therefore not
only determined the offset in the angle calibration, but
also checked the gain of our digital encoder.

To perform in-plane spin transfer measurements, one
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must know the horizontal polarization magnitude (Pg)
and orientation (¢) of the incident beam, the spin preces-
sion angle (@) of the scattered proton polarization about
the vertical axis within the spectrometer magnets, and the
effective analyzing power of the polarimeter (Agpp) for
sideways polarizations. The beam polarization parame-
ters can be determined from the high-energy polarimeters,
while a is obtained from the angular information provided
by the focal plane VDC’s. To determine 4Agpp, We note
[13] that for + +0— + +0 reactions the effect of the nu-
clear scattering is to decrease the magnitude of the in-
plane polarization by a factor (1 —A4?)'"? and to rotate
the polarization vector by an angle B, both of which are
independent of the incident direction ¢. Explicitly, one
expects

erpp =PoAppp(1 — A2) sin(p — @) , 4)

where eppp is the yield asymmetry between protons scat-
tered up and down in the FPP, and

P=06p—P—c. (5

One sees from Eq. (4) that by measuring eppp for
several values of ¢, at a scattering angle where 4, =0, a
value for Appp can be extracted directly. At 188.9 MeV,
A, was found to have a zero crossing near 6,, =24.85°.
The dependence of the measured FPP asymmetry (nor-
malized to Py) on ¢ at this energy and angle is illustrated
in Fig. 1, and indicates a value of Arpp=0.483 *0.010.
This is in excellent agreement with earlier determinations
of Agpp for the normal (vertical) polarization component
at this energy [14], Appp=0.471£0.006. The observed
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FIG. 1. Measured asymmetries (normalized against Po) for
vertical scattering in the focal plane polarimeter as a function of
the in-plane incident polarization angle ¢. The solid curve is the
result of a two-parameter sinusoidal fit [see Eq. (4)] for which
the reduced y? is indicated. At this scattering angle, |4,]
< 0.05, and the asymmetry amplitude == Agpp.
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energy dependence of Agpp (a very gradual and approxi-
mately linear falloff with decreasing energy) was also
similar for the sideways and normal polarization measure-
ments [14].

This same technique was then used to obtain precise
measurements of D;;r and D, s at 188.9 MeV, at angles
where optical model calculations [15] suggest that A4,
should approach +1, and hence D;;' and D, s become
small. If we recast Eq. (4) in terms of these observables,
we find

EFpp-PoAFpp[DLL'Sin(¢+a)+DLs'COS(¢+a)] . (6)

With Appp determined via the procedure outlined above,
we thus have a direct relationship between the measured
asymmetries and the spin observables of interest in terms
of the known quantities Po, ¢, and a for each run. Com-
plete sets of measurements, each involving three or more ¢
settings, were performed at 6),, =16.3°, 17.3°, and 18.3°
(0c.m. =17.9°, 19.0°, and 20.1°, respectively), which span
the region where A, achieves its maximum value at this
energy. The normalized asymmetries measured at one an-
gle, 6,pb=17.3°, are shown in Fig. 2.

Our final results obtained at these three angles for Dy,
and D.gs, and hence A4, via application of Eq. (3), are
presented in Fig. 3 and in Table I. In the figure, the
dashed circles indicate contours of A4, =0.98, 0.99, 0.995,
and 0.999 as one moves towards the origin. The solid lines
are meant only to guide the eye. The most interesting
case occurs at O,,=17.3° +0.3°, where we conclude
A, =0.9996323:380%. The quoted error includes both sta-
tistical uncertainties and our best estimates of various sys-
tematic error contributions, though, as will be shown
below, the statistical error dominates at this angle.

We have also taken data of similar quality at three an-
gles for T, = 200 and 180 MeV. Though the analysis will
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FIG. 2. Same as Fig. 1, but at a scattering angle where
A, is very close to 1. The asymmetry amplitude equals
Apep(1 —AD 2,



0.2 — T T T T CTEr T FSCoT T T T

DLS’

FIG. 3. Results of Dy and Dps measurements for p+'*C
elastic scattering at 188.9 MeV. The value of 6ub increases as
one moves down and to the right. The solid lines serve only to
guide the eye. The dashed circles indicate contours of A4, =0.98,
0.99, 0.995, and 0.999 as one moves towards the origin.

be more complicated (due to various technical problems
encountered during data acquisition), preliminary results
suggest that the 200-MeV points lie on a locus approxi-
mately parallel to that of the 189-MeV data but displaced
upward (as displayed in Fig. 3), while the 180-MeV locus
is displaced downward. These trends are in complete
agreement with our optical model predictions [15], based
on fits to p+'2C elastic scattering cross section and
analyzing power data between 7, =160 and 250 MeV.
Because the energy dependence is smooth, continuity ar-
guments [16] require that at an energy somewhat below
189 MeV the locus of Dy and D;g values will cross the
origin; at that energy (near 188 MeV) there will neces-
sarily be an angle (near 6., =18.9°) at which A, is iden-
tically equal to 1.

Determinations of absolute analyzing powers require
careful treatment of systematic errors, a subject we will
treat only briefly in this Rapid Communication. Many
potential sources of error have already been discussed in
the text.

We have assumed no systematic error in the subtraction
of background (negligible) or in peak sum extraction from
the K600 spectra. To the extent that the incident proton
beam can be characterized by |P1| =|p 1|, i.e., exact spin
reversal at the polarized ion source, then the FPP func-
tions as a double-arm polarimeter. The FPP vertical
scattering asymmetry is defined by

1/2
r—1 r= by @)
r+1’ DU,

(where D is the downward scattered FPP yield for pro-
tons leaving the ion source with spin “up,” etc.), and is
thus insensitive to all orders to purely spin-dependent
effects, such as electronic dead times, integrated charge,

E€Fpp =
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TABLE 1. Spin observables measured for p+ '’C elastic
scattering at 188.9 MeV. All angles have an uncertainty of
+0.3°.

Bhab Oc.m. Dy Dys Ay
16.3° 17.9° 0.096+0.015 —0.102+0.011 0.9901 *§3I$
17.3° 19.0° —0.007+0.013  0.026 +0.009 0.9996*83383
18.3° 20.1° —0.092+0.016 0.154+0.011 0.9837*838%9

and target thickness (due to spatial inhomogeneities in the
target foil correlated with a spin dependence in the beam
position). The asymmetry is also sensitive only in second
order to differences in the incident polarization magni-
tude, any offset in the calculated FPP scattering angle, or
any spin-independent inconsistency in the manner in
which up and down scattering yields are extracted. De-
tailed calibration studies [14] for the normal (vertical) po-
larization, however, have shown no evidence for any such
false asymmetries in this device. We estimate the contri-
bution of all these effects to A, to be less than 1x10 ~>.

Statistical uncertainties in the incident proton polariza-
tion parameters Po and ¢ have been propagated in the
usual way. Errors in Pg due to an absolute normalization
uncertainty in the high-energy polarimeters (~3%) have
negligible effect as D;;' and D, s’ go to zero, and contrib-
ute about 3x10 ™3 to the error in the 4, value at 17.3°.
The uncertainty in Agpp is comparable. As A, decreases
from unity, however, these normalization errors increase
and become the dominant source of systematic error.

From Egs. (4)-(6) one can see that errors in the angles
a, B, and 6y, will result in correlated errors in Dy’ and
D.s, but will have no effect on the value deduced for A4,.
Similarly, any systematic shift in ¢ (due, for example, to
incorrect bend angle information for a dipole magnet)
leaves A4, unchanged.

Errors in the quoted values of T, and 6,,, have no effect
on the measured value of A4, directly, but render the re-
sults less useful for calibration purposes. A potentially
very dangerous error would arise from small changes in
the angle of incidence of the proton beam on the target. If
the angle were the same for all ¢, this would result only in
a miscalculation of 6y,p; on the other hand, if the incident
beam angle were correlated with ¢ (due, for example, to
trajectory changes induced by the precession solenoids),
then the FPP asymmetries would have been measured at
slightly different scattering angles, and their information
cannot be combined. We are currently investigating
means of detecting and correcting for this problem, which
may have occurred during portions of our 180- and 200-
MeV data collection. At 189 MeV we saw no evidence for
this correlation, but assume an absolute angle uncertainty
of *£0.3° to account for possible beam wander between
the angle calibration tests and actual data acquisition.

In summary, we have employed horizontally polar-
ized proton beams and an efficient focal plane polarimeter
to determine absolute analyzing powers at intermediate
energies, with greatly reduced sensitivity to both statis-
tical limitations and systematic error contributions.
The most significant result was obtained at 7,=188.9
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+0.3 MeV and 61, =17.3%£0.3°, where we find A4,
=0.99963*3392). Our eventual goal for this work is to
map out a region in scattering angle and bombarding en-
ergy over which A, is known absolutely to within several
tenths of a percent. This information could then be used
to cross calibrate other devices, e.g., to compare the asym-
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metries observed in a polarimeter to those measured
simultaneously in a high resolution device.
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