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We have measured the spin parameters Dss, Di.s, DsL, , DI.I. {Ess, Ei.s, Esl. , Apl. ), and P from
18 to 134 c.m. for pp~pp at 597, 647, 699, 750, and 800 MeV. (We also include four D~~ points
that cross-check previous data. ) The pp elastic phase shifts are now overdetermined near 597, 647,
and 800 MeV and well determined near 699 and 750 MeV. The data are in satisfactory agreement
with preexisting phase shift analyses and show no new energy dependence.

INTRODUCTION

The complete determination of the pp elastic ampli-
tudes at 647 and 800 MeV has been a long-standing goal
at LAMPF. In addition, interest in the energy depen-
dence has been stimulated by the discovery of resonance-
like structure at intermediate energies. Interpretations
range from "dibaryon resonances" to threshold effects or
effects from coupling to the major inelastic channels. The
subject has been reviewed extensively. '

Interpretation is hampered by inadequate energy-
dependent data. Single-energy phase-shift solutions do
not agree with (constrained) energy-dependent solutions,
and although most agree on the existence of counterclock-
wise loops in the Argand diagrams for 'D2 and F3, even
this has been questioned. ' The structure for other par-
tial waves ('64, Po, etc.) is even less clear.

It has been shown that with the addition of the present
data to the previously published data (summarized in Ref.
6), pp elastic amplitudes may be extracted at 647 and 800
MeV independently from the phase-shift analysis. Phase
shifts and amplitudes are now overdetermined at 647 and
800 MeV. Similarly, at 600 MeV the present data add to
and cross-check the overdetermined data set from SIN
(Ref. 7) (near 580 MeV).

Near 699 and 750 MeV, the new data add to previously
published measurements of D~N (Ref. 8), A~~ (Ref. 9),
AIL, (Ref. 10), and Asr (Ref. 11) to give 11 spin parame-
ters. [Since Dtj(8)=Ktj(m. 8), the present d—ata give P,
Dss Drs DLL, Kss KIs and Kt.L, .1j However, not all
parameters are measured at the same energies or angles, so
that a phase-shift analysis is required.
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Briefly, the LAMPF polarized proton beam was pre-

cessed to one of the three standard' spin directions tV, S,
or I. and focused onto a 7.5-cm-thick liquid-hydrogen tar-
get. The magnitude and direction of the beam polariza-
tion were monitored to + 1% and +0.5', respectively, by a
combination of the quench ratio and beam-line polarime-
ters in two adjacent beam lines. ' '

Both elastically scattered protons were detected in mul-
tiwire drift chambers (MWDC's) allowing the use of an-
gular correlations to reduce background to (1%. The
magnet (Fig. 1) performed the two functions of a low-
resolution spectrometer (hp/p=l%%uo) and precession of
the final-state proton spin through 90'.

EXPERIMENTAL METHOD

In principle, the experimental method is similar to pre-
vious measurements' ' except for the addition of a mag-

FICx. 1. Experimental layout. C1—C10 are multiwire
chambers; S1, etc. , are scintillators.
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For D&z and DL~ measurements the magnet was turned
off and the carbon polarimeter [JANUS (Ref. 17)] mea-
sured the final-state S spin directly .For DII and DvL
the magnet bend 8~ was set for a precession angle
0&„——90'+1'. The precise bend angle was measured to
+0.2 for every event by MWDC*s before and after the
magnet and the mean precession angle deduced
(8~„=1.793y8ii). A check on the precession was made by
comparing the measured bend with that deduced from the
magnet shunt current and the magnetic field map. We
conclude that both initial- and final-state spin directions
were known to +0.5' and, therefore, contribute a negligi-
ble uncertainty to the final result.

The final results for D,J (i,j =S or I.) are given by
measured asymmetries divided by beam polarization and
carbon analyzing power, after correction for small
unwanted spin components. Flipping the beam spin every
two minutes canceled instrumental asymmetries. The car-
bon analyzing power was taken from a global fit' updat-
ed to include recent data' and has an uncertainty
hA, =+2% from 150 to 800 MeV. The final uncertainty
is dominated by counting statistics, with hA, included (in
quadrature) for every point. Overall normalization is
+l%%uo (Refs. 15 and 16), common to all previous data
from LAMPF, and has not been included. This normali-
zation should be applied equally to all spin parameters
(D;1, KJ, and A,l) from LAMPF.

Instrumental asymmetries do not cancel from the mea-
surement of the polarization parameter P. The following
checks on instrumental asymmetries were therefore made:
(1) comparison with previous data for P near 40' c.in.
(Ref. 16); (2) comparison of data at c.m. angles 8 and

(180—8); (3) comparison of P with zero at 8, =90'.
With the magnet off, instrumental asymmetries were
found to be small, with e (0.003 (contributing an uncer-
tainty e/A, to P, where 0.25 (A, (0.5). With the mag-
net on, however, the left-right instrumental asyminetry
was e=0.01, caused by the fringe field of the magnet,
which caused unscattered tracks to appear to deflect by
0.02 .

Instrumental asymmetries were estimated and corrected
for. The quoted data are dominated by magnet-off data,
so the typical correction was hP= —0.01+0.003. [This
correction cancels to first order when data for 8 and
(180—8) are combined. ] The final uncertainty is dom-
inated by counting statistics. Small contributions from
uncertainties in carbon analyzing power and from the in-
strumental asymmetry are included in the tables.

Data are averaged over the full +2 lab acceptance of
the apparatus. The mean scattering angle was measured
for each case to +0.15' lab. The present data supersede
the data presented at the 1983 Karlsruhe conference. 2

Further details are contained in two theses. ' ' '

We also include four Dz~ points, which duplicate pre-
vious data. ' The 30' lab point was taken as a cross
check. The 10, 16, and 23 lab points were a by-product
of an experiment (in progress) to measure spin transfer in

pp —+pnm. . The method used was essentially identical to
that used previously. ' (Since the magnetic field was vert-
ical, it had no effect on the N spin. The 30' point used
both magnet and conjugate detector to eliminate back-
ground; the 10', 16', and 23' points used only the magnet. )

The D~~ data are in good agreement with previous data
and in fair agreement with Amdt*s phase-shift fits.

TABLE I. Spin parameters DI.I and DqL, for pp —+pp at 800 and 647 MeV.

~lab

7.9
14.7
19.6
22.2
24.8
29.8
34.8
40.0
45.1

50.6
56.6
62.6

18.8
34.8
46.2
52.0
57.8
68.8
79.4
90.0

100.2
111.0
122.1

133.1

0.424
0.291
0.247
0.260
0.280
0.235
0.198
0.117

0.021
0.023
0.018
0.014
0.017
0.015
0.020
0.049

DLL

pp —+pp 800 MeV
0.802 0.029
0.638 0.020
0.536 0.021

DsL

—0.032
—0.202

—0.336
—0.343
—0.380
—0.374
—0.394
—0.447
—0.439
—0.430
—0.355

0.030
0.017

0.017
0.017
0.016
0.014
0.014
0.016
0.014
0.015
0.076

7.7
14.8
19.9
25.0
29.8
34.7
40.6
46.3
52.0
57.7

17.8
34.1

4S.S
56.8
67.2
77.5
89.7

101.0
112.0
122.8

pp~pp 647
0.777
0.656
0.582
0.517
0.453
0.405
0.2S4
0.122
0.060
0.031

MeV
0.046
0.022
0.021
0.020
0.018
0.018
0.026
0.016
0.022
0.039

0.036
—0.193
—0.361
—0.446
—0.466
—0.449
—0.3S4
—0.275
—0.301
—0.227

0.054
0.021
0.020
0.020
0.019
0.019
0.018
0.016
0.024
0.065
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Similarly, the new data for P at 647 and 800 MeV are
in agreement with (and much less precise than) previous
data 16,z3, 24 We include two values in Table IV which ex-
tend the angular coverage and agree well with the phase-
shift predictions.

CONCLUSION

The data are presented in the tables (using the Ann Ar-
bor convention, ' with all spins being measured in the lab-
oratory frame) and in Fig. 2 in comparison with Amdt's22

phase-shift fit SP84. Previous data (Refs. 12, 13, 15, 16,
23, and 24) are included in Fig. 2 for comparison where
appropriate. Recent data from SIN (Refs. 25 and 26) near
580 MeV are not shown, but agreement is good both with
the present data and the phase-shift fit.

In general, the fits of phase shifts to data are fair (Fig.
2), and no surprising or new structure is observmi. We are
somewhat surprised, however, that the fits are not better.
For example, the structure in DLz near 110' c.m. at 750
MeV looks like a precursor of the similar 800-MeV struc-
ture, but is poorly represented by the fit. Similarly, the
knee in DIL at 90' c.m. is under-represented at 750 (and
perhaps 700) MeV. At 800 MeV the data set spans 12
spin-dependent parameters and is sufficient to completely
determine the I =1 phase shifts, but the fit (SP84) has
X =36 for 11 DII. points and X =32 for 11 D+L points.
Amdt's single-energy solution (C800) fits DLL quite well
(X2=11 for 11 points) and fits Dzl better at most angles,
but is worse near 70 c.m. (with total X =32 still).

The obvious conclusion is that the global data set con-
tains systematic errors beyond the quoted uncertainties.
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FIG. 2. Data in comparison with Amdt s phase-shift fit SP84. Previous data from Refs. 12, 13, 15, 16, 23, and 24 have been in-
cluded where appropriate.
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TABLE II. Spin parameters P, Dss, DL,s, and DL,L, for pp —+pp at 750, 699, and 597 MeV.

lab P Dss ~ss
pp~pp 750 McV

DLS DLL ~DLL

14.8
18.1
22.5
30.0
35.0
40.2
51.0
57.2
63.3

34.6
42.3
52.1

68.6
79.2
90.1

111.3
122.8
134.0

0.488
0.508
0.506
0.396
0.256
0.003

—0.376
—0.498

0.021
0.016
0.016
0.013
0.023
0.010
0.012
0.026

0.727
0.660
0.557

0.432
0.308
0.353
0.035

0.023
0.029
0.025

0.018
0.019
0.032
0.128

0.246
0.351
0.302

0.241
0.232
0.090
0.028

0.023
0.022
0.020

0.018
0.019
0.023
0.073

0.681

0.517
0.339
0.303
0.288
0.188
0.084
0.070

0.024

0.023
0.021
0.029
0.015
0.019
0.026
0.058

pp~pp 699 McV
14.9
18.1
22.5
30.0
35.0
40.2
46.3
51.9
57.7

34.6
41.9
51.8
68.1

78.7
89.4

101.6
112.4
123.3

0.535
0.550
0.517
0.382
0.235
0.010

—0.251
—0.402
—0.504

0.020
0.016
0.012
0.010
0.011
0.009
0.011
0.012
0.029

0.690
0.682
0.544

0.422
0.317
0.294
0.322

0.031
0.028
0.020

0.019
0.020
0.021
0.032

0.249
0.326
0.395
0.347
0.240
0.158
0.074
0.019

0.022
0.022
0.020
0.018
0.017
0.017
0.016
0.024

0.698

0.553
0.466
0.348
0.299
0.179
0.088
0.067

0.023

0.021
0.030
0.016
0.015
0.016
0.019
0.025

pp~pp 597 MeV
14.9
18.1
22.6
30.0
35.1
41.1
47.6
53.0

34.1

41.2
51.0
67.2
77.8
90.1

103.0
113.4

0.542
0.544
0.505
0.358
0.211

—0.005
—0.203
—0.383

0.033
0.018
0.017
0.014
0.015
0.011
0.015
0.016

0.662
0.624
0.539

0.394

0.322

0.020
0.020
0.019

0.017

0.023

0.221
0.357
0.455
0.386
0.268
0.090

—0.038

0.019
0.019
0.018
0.017
0.015
0.016
0.021

0.596

0.517
0.467
0.4)1
0.272

0.022

0.020
0.018
0.016
0.017

(The global data set has a total X =1469 for 692 points
near 800 MeV. ) In this light, the quoted uncertainties for
this fit must be treated with caution. For example, at 70'
c.m. , 800 MeV, we have DsL ———0.313+0.005 for the
C800 fit, Dsl ———0.380+ —0.016 for the data.

An internal consistency check is possible among the
spin-transfer data. Transforming the spins to the center
of mass (and using lower case subscripts for c.m. spins),

Dsg =DggsinO~ab+Dgl. cos8]ab

= —(DL,scos8i, b
—DL,L sinei, b) = Dig . —

D,I and DI, are plotted in Fig. 3 showing that the data
are, indeed, interna11y consistent. If DL,L and Dgg are
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correct, then D~l +Dl~ must be = —0.14 so that the
poor fits for Dsl and Dls at 70' c.m. are related.

From the data: DL,&+D~L, ——0.248 —0.380= —0.132 .
From the fit: DL,s+DsL, ——0.172—0.313=—0. 141 .

TABLE III. The spin parameter D~~ for pp —+pp at 800
MeV.

—0.1
4 D, i

4 —Di,
I I 4 I

~ E

Amdt. (SPB4)

10.0
16.4
23.4
30.0

23.8
38.8
54.7
69.2

0.828
0.852
0.797
0.768

0.043
0.029
0.026
0.033

40 80 120 160

c.m.

FIG. 3. D,~ and —DI, (c.m. ) at 800 MeV. D,I ———DL, demon-
strates internal consistency (see the text).
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Similarly at 80' c.m. , the low Dgl point is related to the
high Dqz point, etc.

The experimental methods are closely similar for D~L
and Dll (this paper) and for DL,s and Dss (Ref. 12), and
fairly similar for this paper compared with Ref. 12. %'e
cannot conceive of any systematic error which could make
DL,& 0.07 lower, Dzl 0.07 higher, and leave Dzz and DL,L,

unchanged at 70'; or, make Dzz lower, D+L, higher, and
leave DL,q and DI,L, unchanged at 80', as would be re-
quired to agree with the phase-shift fits.

TABLE IV. The polarization parameter P for pp~pp at 647
MeV.

6Iab

7.7
10.6

17.8
24.4

P

0.352
0.429

hP

0.037
0.036
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