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Abstract

Recent measurements of charge symmetry breaking in the np system at 477 MeV,

and of Aoonn for np elastic scattering at 220, 325 and 425 MeV also yield accurate analyzing

power data. These data allow the energy dependence of the analyzing power zero-crossing

angle, and the slope of the analyzing power at the zero-crossing to be determined. The incident

neutron energies span a region where the zero-crossing angle is strongly energy dependent (£„ <

250 MeV) to where it is almost independent of energy (£n > 350 MeV). The results are

compared to current phase shift analysis predictions, recently published LAMPF data, and the

predictions of the Bonn and Paris potentials.
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It is generally perceived that the phase shift analysis (PSA) solutions1"4 for the np

system are stable and accurate at incident laboratory energies below 500 MeV. In fact, a closer

investigation of observables predicted by these solutions shows that there is considerable

variation. Past experience has also shown that when precise new measurements are added to the

data sets, one or more of the phases change by several limes their estimated uncertainties. Some

of the discrepancies in the PSA solutions are due to differences in the data bases used, others

may be related to how theoretical constraints are introduced into the analyses. It is also clear that

there are inconsistent experimental results in the body of data available for the fits. Even among

relatively recent analyzing power measurements4-5 there is not total consistency, particularly for

results in the angle range which includes the zero-crossing for energies between 400 MeV and

500 MeV. This is discussed in some detail in Ref. 6. In this brief report, PSA predictions and

new LAMPF data6 are compared to recent analyzing power results obtained in two TRIUMF

experiments5'7. One experiment5 was a measurement of A,,,,,,,,, y4MM and A^,,,, at 220, 325 and

425 MeV. The indices denote the polarization component of the scattered, recoil, beam and

target particles respectively. The ii direction is the normal to the scattering plane. The other

experiment7 involved a measurement of the p(rT,n)p and P(n,n)p analyzing powers in a charge

symmetry breaking (CSB) measurement at 477 MeV.

The coordinate systems used are denoted by (x.y.r) and (x'.y'.z'). where y and y' are

vertically up, z and z' along the respective incident particle directions, and x and i' are

horizontal to the left. Each experiment involved two scatterings in the x-i plane, one to produce

the neutron beam, the second being the np scattering of interest. The apparatus used in both

experiments was similar and has been described in detail elsewhere.57 The neutron beam was

produced by quasi-elastic charge-exchange scattering of protons from a liquid deuterium (LD2)

target and was nearly mono-energetic. The energy spread of the primary peak increased slightly

with energy and was in the range 12-15 MeV FWHM. The neutron beam was scattered from a



polarizable frozen spin target (FST) and ihe scattered neutrons and protons were detected in

coincidence.

The energy, polarization and position of the primary proton beam were continuously

monitored throughout both experiments. The primary proton beam energy was stable within

±0.5 MeV during the CSB measurement and within ±1 MeV during the A^^ experiment. The

absolute errors in the beam energies are estimated to be ±2 MeV. The polarization vector of the

incident proion beam (0, Po, 0) was processed into the scattering plane (-/*„, 0, 0) to take

advantage of the large transverse polarization transfer coefficient r, in the D(p',/T)2p reaction at

9° in the laboratory. The resulting neutron beam polarization ( - r ,^ . oy • -r\fo)
 w a s

precessed to maximize the vertical component (0, Po [rf + rt \ ,-Hiy). The two spin precession

dipole magnets also precessed the smaller reaction-generated component of the neutron beam

polarization, Oy, into the longitudinal direction where it could not contribute to the measured

left-right asymmetries. Typical neutron beam polarizations were about 0.5. The position and

intensity profile of the neutron beam were frequently measured to monitor their stability. The

neutron beam had a uniform intensity profile over the active volume of the FST.

The polarizable frozen spin type proton target was situated about 12.6 m (slightly

different for the two experiments) from the LD2 target. In the CSB measurement the target

volume was a 40 mm diameter cylinder filled with SS ml of 1.4 mm diameter frozen butanol

beads in a 3He - 4He refrigerant mixture. For the A,,,,,,,, measurements the target chamber was

modified, having dimensions of 50 mm high by 20 mm by 35 mm oriented to minimize the

amount of target material traversed by the recoil protons. The target polarization v? ied between

0.5 and 0.9.

The scattered neutrons and recoil protons were detected in coincidence in two sets of



detectors situated symmetrically with respect to the neutron beam axis. Each neutron scintillator

array consisted of two banks of seven 1.05 m wide, 0.150 m high and 0.150 m thick scintillator

bars, one behind the other. The proton detection system had three components: a rime-of-flighi

(TOF) apparatus to determine the proton energy, four delay line chambers (DLC) used to

reconstruci the proton flight path, and in the CSB experiment a range counter assembly to stop

low energy protons and identify high energy background protons. In ihe A^^ measurement a

pair of counters was used in place of the range assembly.

The np elastic events were kinemaiically over-determined, allowing the quasifree

(n,np) background from the non-hydrogenous materials in the target to be reduced. Cuts on four

kinematic observables and the np vertex image resulted in a 1% background in the CSB

experiment. Backgrounds were slightly worse (typically 3%) for the Aoonn measurement.

Background estimates in the CSB measurement were based on data taken with graphite replacing

the butanol beads of the target. Understanding of the CSB data gave sufficient confidence in the

analysis procedures to make background corrections from the butanol data alone for the A^^

experiment. Background (n,np) events can affect determinations of both the zero-crossing angle

and the analyzing powers when a polarized neutron beam is used. For polarized target data, the

background only changes the size of the analyzing power.

The detailed measurements are summarized in separate publications5'7 and only the

data near the zero-crossing angles are presented here. The extracted zero-crossing angles, and

the slopes of the analyzing powers are shown in Table I(a). All results are for a weighted

combination of the beam polarized - target unpolarized, and beam unpolarized - target polarized

data in order to eliminate possible charge symmetry breaking effects. The slopes and zero-

crossing angles were extracted from the experimental points using a polynomial least squares fit

including up to cubic terms. All the fits were satisfactory and the parameters of interest were not



particularly sensitive to the power of the fit. The CSB data were well described by a linear fit

and that fit is quoted.

Zero-crossing angle and analyzing power slope results for the new LAMPF data are

given in Table I(b). The published values for the zero-crossing angles appear to be simple

interpolations using only a few data points. In order to provide values for the LAMPF data that

can be compared in a consistent manner to the present results, the same procedures applied for

the analysis of the TRIUMF data have been used.

For the 220, 325 and 425 MeV data (^a,™ measurement), the NMR determinations

of target polarization were cross-calibrated in a separate pp scattering experiment. The Aoono

data were scaled to the Aooon results before they were combined. Therefore all the scale

uncertainly arises from the assumed pp analyzing powers used in the calibration. Two

calibration measurements of equal precision were done, using 0.420 ± 0.006 (501 MeV) and

0.409 ± 0.006 (469 MeV) as the pp analyzing powers ai 24° laboratory angle.

At 477 MeV, the Aooon data have a 4% scale uncertainty in the NMR target

polarization measurements. The A^^ results were normalized using a pp analyzing power of

0.509 ± 0.010 at 497 MeV and 17° laboratory angle (primary beam polarization), and /ft = -

0.764 ± 0.013 (polarization transfer to the neutron beam before correction for the quasi-free

scattering). The Aooon and Aoono data have nearly equal statistical weight in the combined

results.

The systematic errors in the zero-crossing angles for the Aomn data are estimated to

be about 0.1° - 0.2° due lo background corrections and uncertainties in the fitting procedure.

Corrections for background were made on a point-bypoint basis. Since the background was



small, uncertainties in ihe corrections are much smaller than ihe overall statistical error.

Systematic uncertainty in the analyzing power slopes is approximately 4% with most of the

contribution from uncertainty in the target polarizations. No background correction was applied

for the 477 MeV data, where the effect is at most 1%, The magnitude of the analyzing power

slope will be slightly underestimated as the background has a lower general analyzing power

than elastic scattering. In the CSB experiment, the beam and target uncertainties contribute to a

scale error of ±4% in the slope. Systematic errors in the zero-crossing angle are estimated to be

0.2°. The effects of beam energy uncertainties are not included, but are not negligible at 220

MeV for the determination of 6O where an additional error of ±0.5° is possible. A 7% scale

error in the LAMPF analyzing power slopes is quoted in Ref. 6. No estimates for angle errors,

the effect of the wide energy bands, or possible energy scale uncertainties were given.

The TRIUMF results are compared to the Amdt and Saclay-Geneva PSA solutions,

and the Bonn10 and Paris11 potential model predictions in Table II. In Figs. 1 and 2, the

experimental results are compared to the LAMPF data and the Amdt and Saclay-Geneva PSA

predictions. Note that the SP88 solution of Amdt contains preliminary values for the ratio D,/R,

(Ref. 12) in the database, but none of the TRIUMF /*,„„„. A^,,, or *„,„„ data. The Saclay-

Geneva solution contains none of the recent TRIUMF data. The poor agreement between the

different PSA predictions is clear. The lack of consistency between the energy bands for the

Saclay-Geneva solutions indicates that there is not really enough good data to define the slopes

with very high accuracy. The systematic shift between the predictions of the two analyses for the

zero-crossing angle is puzzling. There appears to be some disagreement between the new

LAMPF results and the TRIUMF data near 400 MeV, while the 475 MeV data appear consistent

within errors. Unfortunately, at 375 MeV and 425 MeV, the LAMPF results have large errors

near the zero-crossing angle.



These results, while not in dramatic disagreement with present PSA predictions do

show, disquieting differences, particularly since the analyzing power is one of the simpler

parameters to measuii. and is frequently used as a reference or consistency check in

measurements of olhcr spin observables. From the figures, it is seen thai neither PSA is

consistently better than the other. There is a clear need for precise analyzing power

measurements throughout the entire intermediate energy range, and it is also evident that there is

a more general need to verify existing Ay data, where possible, because of inconsistencies like

those that exist around 400-500 MeV. Measurements are planned at TRJUMF to determine the

zero-crossing angle as a function of energy between 200 and 400 MeV with better precision and

small errors in the incident beam energy13. Such results will provide useful anchors for the PSA

solutions and should help remove systematic errors due to possible beam energy uncertainties in

earlier experiments.

We thank R. Machleidt for providing up-to-date predictions for the Bonn potential.

This work was supported in pan by the Natural Sciences and Engineering Research Council of

Canada.

Present addresses:
1( Pharma Department, Sandoz A.G., CH-4002, Basel, Switzerland.

3 Saskatoon Cancer Clinic, Saskatoon, Saskatchewan S7K 6Z2
3) Jet Propulsion Laboratory, Pasadena, California 91109.
4) Science World. Vancouver, British Columbia V6B 5E7.

5) Department of Physics, University of Victoria, Victoria, British Co lumbia V8W 2Y2.
6> DM R Group I n c . Edmonton, Alberta
7) Department of Technical Physics, Beijing Universi ty, Beijing, China
B> Institute for High Energy Physics, Academia Sinica, P.O. Box 9 1 8 , Beijing, China



References

1. R.A. Amdi, L.D. Roper, R.A. Bryan, R.B. Clark, B.J. VerWesi, and P. Signell, Phys. Rev.

D 28. 97 (1983); R.A. Arndt, Interactive Dial-In Program, SAID (from phase shift dial in

program, solution C200, C300, C400 and C500, spring, 1988).

2. R. Dubois, D. Axen. R. Keeler, M. Comyn, G.A. Ludgate, J.R. Richardson, N.M. Siewart,

A.S. Clough, D.V. Bugg, and J.A. Edgington, Nucl. Phys. A377, 554 (1982); D.V. Bugg,

private communications.

3. J. Bystricky, C. Lechanoine-Leluc and F. Lehar, J. Physique 48, 199 (1987); private

communication; and February 1987 solution contained in the SAID program.

4. D.V. Bugg, submitted to Phys. Rev. C; and references lo recent experiments therein.

5. R. Abegg, M. Ahmad, D. Bandyopadhyay, J. BirchaJl, K. Chanlziantoniou, C.A. Davis,

NE. Davison, P.P.J. Delheij, P.W. Green, L.G. Greeniaus, D C . Healey. C Lapointe. W.J

McDonald, C.A. Miller, G.A. Moss, S.A. Page, W.D. Ramsay. N.L. Rodning, G. Roy,

W.T.H. van Oers, G.D. Wail. J.W. Watson, and Y.Ye. submitted for publication to Phys

Rev. C ; and references therein.

6. C.R. Newsom, C.L. Hollas, R.D. Ransome, P.J. Riley, B.E. Bonner, J.G.J. Boissevain, J.J

Jarmer. M.W. McNaughton, J.E. Simmons. T.S. Bhatia. G. Glass, J.C. Hiebert, L.C.

Northcliffe, and W.B. Tippens, Phys. Rev. C 39,965 (1989).

7. R. Abegg, D. Bandyopadhyay, J. Birchall, E.B. Caims. G.H. Coombes, C.A. Davis,

NE. Davison. P.P.J. Delheij, P.W. Green, L.G. Greeniaus. H P . Gubler. DC. Kealey. C

Lapointe, W.P. Lee, W.J. McDonald, C.A. Miller, G.A. Moss, G.R. Planner, P R

Poffenberger. W.D. Ramsay. G. Roy. J. Soukup, J.P. Svenne. R.R. Tkachuk, W.T.H. van

Oers, G.D. Wait and Y.P. Zhang, Phys. Rev. D 39 (1989), in press.



8. R. Abegg, D. Bandyopadhyay, J. Birchall, E.B. Caims, G.H. Coombes, C.A. Davis,

N.E.Davison, P.P.J. Delheij, P.W. Green, L.G. Greeniaus, H.P. Gubler, D.C. Healey, C.

Lapoinie, W.P. Lee, W.J. McDonald, C.A. Miller, G.A. Moss, G.R. Planner, P.R.

Poffenberger, W.D. Ramsay, G. Roy, J. Soukup, J.P. Svenne, R.R. Tkachuk, W.T.H. van

Oers, G.D. Wan and Y.P. Zhang, Nucl. Instrum. Methods A2S4,469 (1987).

9. D.V. Bugg and C. Wilkin, Nucl. Phys. A467, 575 (1987); D.V. Bugg, private

communication.

10.. R Machleidi. K. Holinde and Ch. Elster, Phys. Rep. 149, 1 (1987); R. Machleidt, Adv.

Nucl. Phys. 19, 1 (1988). Comparison is made to Bonn potential model predictions for the

latter paper.

11 M. Lacombe, B Loiseau, J.M. Richard, R. Vinh Mau, J. Côté, P. Pires, and R. de Tourreil,

Phys Rev. C 21. K61 (1980).

12 R Abegg. D Bandyopadhyay, J. Birchall, C.A. Davis. N.E.Davison, P.W. Green, L.G.

Greeniaus, C Lapointe, C.A. Miller, G.A. Moss, S.A. Page, W.D. Ramsay, R.R. Tkachuk,

and W.T.H. van Oers, Phys. Rev. C38 , 2173 (1988).

1.1. TR1UMF experiment E498, C.A. Davis, spokesperson.



10

Table I

Summary of zero-crossing angles and analyzing power slopes. The LAMPF results are derived

from Ref. 6 using the same fitting cnteria as for the TRIUMF data. The errors are the statistical

uncertainties from the fits. The errors in parentheses are estimated systematic uncertainties in the

TRIUMF results. No systematic errors are available for the LAMPF results.

(a) TRIUMF results

Energy

(MeV)

220

325

425

477

Angle Range

70.97°- 104.31°

67.92°-91.14°

52.24° - 86.36°

60.00° - 80.00°

Zero-crossing

88 15°

73.67°

70.04°

69.74°

± 0.37°

±0.2T

±0.44°

1 ± 0.07°

Angle

(02°)

(0.2°)

(0.2°)

(0.2°)

Analyzing Powef Slope

-0.0122 + 0.0007(0.0004)

-0.0157 + 00007 (0.0004)

-0.0148 t 0 0009 (0.0004)

-0.0136 + 0.0002(0.0005)

2

4.37

3.01

3.58

29.7

(df)

(3)

(2)

(3)

(39)

Power

of Fit

3

3

3

1

(b) LAMPF results

Energy

(MeV)

375

425

475

525

575

625

675

725

775

Angle

57.6°

57.6°

57.2°

57.1°

57.1°

57.2°

57.3°

57.4°

57.9°

Range

-88.3°

- 88.4°

- 87.9°

- 87.4°

- 88.7°

- 88.3°

-94.1°

-94.1°

- 93.9°

Zero-crossing Angle

72.98° ± 0.72°

71.49° ±0.63°

70 06° ±0.61°

70.43° ± 0.76°

72.86° ± 0.69°

74.50° ±0.74°

74.85° ± 0.65°

75.15° ±0.45°

75.55° ±0.42°

Analyzing Powef Slope

-0.0176 + 0 0021

-0.0172 ±0.0014

-0.0144 ±0.0010

-0.0149 ±0.0014

-0.0139 ±0.0017

-0.0148 ± 0.0023

-0.0166 + 0.0017

-0.0192 ±00014

-0.0171 +00012

x2

3.40

1.30

1.42

173

9.79

5.30

1.90

4.54

5.56

(d-0

(3)

(3)

(3)

(3)

(1)

(1)

(4)

(4)

(4)

Power

of Fit

3

3

3

3

3

3

3

3

3



Table II

Comparison of experimental results with various predictions

11

(a) Zero-Crossing Angle

Experiment

Bonn potential*'

Paris Potential6'

Amdt (SP88)

Saclay-Geneva(SP87)

Experiment

Bonn potential*'

Paris Potential11'

Amdt (SP88)

Saclay-Geneva (SP87)

220 MeV

88.15° ±0.42°

83.55°

83.47°

87.03°

82.05°"

82.83°d>

(a)

220 MeV

-0.0122 ±0.0008

•0.0142

-0.0137

-0.0112

-O.OI42C>

-0.0148d>

325 MeV

73.67° ± 0.34°

73.86°

71.98°

74.25°

72.38°d>

Slope of 4 (6)

325 MeV

-0.0157 ±0.0008

•0.0142

-0.0143

4)0140

—

-0.0134d)

425 MeV

70.04° ± 0.48°

72.52°

—

71.38°

68.07°d>

69.06°«=>

425 MeV

-0.0148 ±0.0010

0.0117

—

-0.0130

-O.O135d>

-0.0!41e>

477 MeV

69.74° ±0.21°

73.43°

—

71.48°

69.49°e>

477 MeV

-0.0136 ±0.0006

-0.0108

—

-0.0126

—

-O.OI35e>

*' Obtained from R. Machleidt.

b> From the SAID program (Ref. 1).

c) S 80 solution <D S260 solution e» S500 solution
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Figure Captions

Figure (1)

Experimental zero-crossing angles compared to the Amdt and Saclay-Geneva PSA
predictions. Systematic errors in the TRIUMF data are typically 0.2° apart from
beam energy uncertainties. No systematic error estimates are available for the
LAMPF results.

Figure (2)

Comparison of the experimental analyzing power slopes at the zero-crossing angle
with the Arndt and Saclay-Geneva PSA predictions. There is a scale uncertainty of
2-4% for the TRIUMF data and about 7% for the LAMPF data. Other systematic
errors are generally smaller than the scale error.
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