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The polarization in proton-proton scattering at 10.0 MeV has been measured at seven
angles with an accuracy of +2 &&10 . Model-independent values of the phase shifts at 10
MeV are deduced from an analysis of the cross-section and polarization data. The im-
plications for existing energy-dependent phase-shift sets are examined.

Measurements of the polarization in proton-
proton scattering at low energies can provide in-
formation about the p-wave phase shift caused by
the nucleon-nucleon tensor and spin-orbit inter-
actions. However, such polarization measure-
ments are useful only if they are of very high ac-
curacy because the low-energy p-wave phase
shifts are small. In fact, Noyes and Lipinsky'
have argued that polarization measurements near
10 MeV are not likely to be useful since the re-
quired accuracy of + 4x 10 seemed impractical
to achieve. In the absence of such experimental
data, p-wave phase shifts in this energy region
have traditionally been obtained by extrapolation
from higher energies by use of phenomenological

representations of unknown accuracy. In this Let-
ter we present measurements of the polarization
in p-p scattering at 10.0 MeV accurate to + 2
&&10, which is more than an order of magnitude
more accurate than any previous measurement. '
The results are used to deduce values of the 10-
MeV s and p-wave ph-ase shifts which are inde-
pendent of any model or assumption about the en-
ergy dependence of the phase shifts. The data
thus bear on the recent controversy surrounding
the low-energy cross-section normalizations and
P-wave phase shifts.

The measurement was carried out by bombard-
ing a gaseous hydrogen target with polarized pro-
tons and observing the left-right asymmetry of
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scattered protons in two detectors located sym-
metrically to the left and right of the incident
beam. The experiment thus in fact determines
the analyzing power rather than the polarization.
However for elastic scattering of strongly inter-
acting particles the two quantities are equivalent. 3

The energy at the center of the target was 10.00
+ 0.05 MeV. The polarized beam was obtained
from a tandem electrostatic accelerator equipped
with a polarized-ion source. The beam polariza-
tion (75-80%%uo) was monitored continuously by ob-
serving p -'He scattering in a polarimeter mount-
ed at the beam-exit port of the scattering cham-
ber. 4 For each measurement, scattered protons
were counted for spin up and spin down. The di-
rection of the polarization was reversed by re-
versing the current in a spin-precession solenoid
located between the ion source and the accelera-

torl

.
The scattered protons were detected by silicon

surface-barrier detectors located 32 cm from the
center of the target. The angular acceptance of
the detection system was + 0.5'. In order to mea-
sure the analyzing power accurately, it is impor-
tant to obtain a clean pulse-height spectrum
which has no significant background or contami-
nant peaks under the peak of interest. In the ob-
served spectra, the background was Qat and un-
structured on the low-energy side of the peak.
The measured asymmetry of this background was
less than 5&10 3 and the peak-to-background ra-
tio was 10'. The background on the high-energy
side was negligible. The dead time of the detec-
tion system was measured; the resulting correc-
tion to the analyzing power was less than 5&& 10"'.

The target consisted of 1 or 2 atm of hydrogen
gas in a cylindrical ceD 20 cm in diameter. At
most angles, small peaks corresponding to elas-
tic scattering from contaminants (C, N, 0) and
deuterium could be seen in the spectrum. The
level of impurities (& 0.01%) was monitored by
observing protons scattered at 60'. For the mea-
surement at Oq, b=10 elastic scattering from the
contannnants was not resolved from the p-p scat-
tering, and the measured analyzing power was
corrected by 5&& 10 '. The effects of inelastic
scattering by the contaminants and elastic scat-
tering by deuterium are insignificant.

The experiment is insensitive to intrinsic small
left-right asymmetries in the detection geome-
try, ' but is extremely sensitive to variations in
the position and direction of the incident beam,
particularly if these variations are correlated
with the reversal of the beam polarization. The

TABLE I. Measured values of the analyzing power
for proton-proton scattering at 10.0 MeV. The column
labeled N gives the number of individual measurements
at each angle.

8Ce I71~

(deg) 10 A

20
30
40

60
70
80

19.4 + 1.7
16.1 + 1.5

6,5 +1.8
1.8 + 1.5
2.5+ 2.2
1.7+1.4
2.0 +2.2

incident beam was defined by one slit 2.6 m from
the target, and a second slit at the target en-
trance window 0.15 m from the center of the tar-
get. The first slit was 1.0 mm wide for measure-
ments at 0»b=10' where the asymmetry is most
sensitive to the beam shifts, and 3 mm wide for
the remaining measurements. The second slit
was 0.6 mm wide. For both slits, a feedback sys-
tem sensed the beam current on the left and right
slit jaws and kept the beam centered by control-
ling trim magnets some 3 m away. Additional
slits inside the gas cell prevented protons scat-
tered by the entrance foil and by the beam-defin-
ing-slit edges from illuminating the detector-slit
systems.

To investigate the effects of beam shifts, the
beam polarization was set to zero, and the asym-
metry resulting from the reversal of the current
in the spin-precession solenoid was measured.
Eleven measurements of the asymmetry were
made, mostly at forward angles where the effect
of beam displacements are greatest. The mean
asymmetry was (2+ 9)&&10 '.

For each scattering angle the analyzing-power
measurement was divided into a number of sepa-
rate runs, during which about 10' counts were
collected in each detector for spin up and spin
down. By comparing the scatter in these individ-
ual measurements with the statistical errors,
one can detect the presence of random Quctua-
tions beyond the statistical fluctuations. It was
found that, averaged over the entire data set,
the scatter was slightly larger than expected. To
account for the possibility that the measurements
may be subject to nonstatistical random Quctua-
tions, an additional error of 2.5&&10 4 was added
in quadrature with the statistical error for each
individual measurement. The magnitude of this
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TABLE II. Phase-shift parameters for p-p scattering
at 10.0 MeV. The superscript E indicates that the phase
parameters are of the "electric" type tRefs. 8 and 9). r~=

ig E
Bp S

0
g

1

2

55.38' +0.15'
2.62' +0.40'

—1.94' +0.10'
0.64'+0 09

—0.1

—0.2

additional error contribution was chosen to make
the errors in the individual measurements consis-
tent with the observed scatter. The individual
measurements were then combined to obtain a
single analyzing-power value End uncertainty at
each angle. The results are given in Table I.

The present measurements permit for the first
time a model-independent determination of the
phase parameters at an energy below 25 MeV.
The simultaneous analysis' of the 9.918-MeV
cross sections of Jarmie et a/. 7 and of the data in
Table I yields the phase parameters presented in
TaMe II. These parameters fit the ten cross-sec-
tion measurements with y'= 6.5 and the seven
analyzing-power measurements with X'= 5.6 (total
y' per degree of freedom is 0.93). The calculated
analyzing power is shown as the solid line in Fig.
1. Also shown is the analyzing power predicted
from the "energy-dependent" analysis of Macore-
gor, Amdt, snd Wright" (dashed curve). The
prediction from the phase shifts measured by
Seamon et a/. "is essentially identical.

The analyzing power in low-energy p-p scatter-
ing depends primarily on the tensor p-wave phase-
shift combination' Ar and the spin-orbit p-wave
phase-shift combination 6». .The cross section
is relatively insensitive to these parameters, as
it depends primarily on the 'S, phase shift and the
central p-wave combination A~. From our anal-
ysis we find

&g = —0.003' + 0.034', 4 ~ = —0.812' + 0.055',

~„=0.31'~ 0.11 .

The value of 4~ is consistent with 4~ = —0.91
+ 0.28' at E~ = 9.69 MeV which Noyes and Lipinski'
deduced on the basis of a single A &z/A„„spin-cor-
relation measurement. Recent energy-dependent
analyses" predict values of 4~ and 4» in the
range —1.50 - ~~ - —0.96 and 0.02 -6» - 0.40 .

Recently, Amdt, Hackman, and Roper" (AHR)
proposed that the absolute normalization of the
high-accuracy p-p cross sections between 1 and

—0.3
00 30

C.M.

60 90

FIG. l. Analyzing power for proton-proton scattering
at 10.0 MeV. The dashed curve shows the analyzing
power predicted from the energy-dependent analysis of
MacGregor, Amdt, and Wright (Ref. 10). The solid
curve is the result of a single-energy phase-shift anal-
ysis of the present analyzing-power data and the cross-
section data of Jarmie et al. (Ref. 7).
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10 MeV should be "floated" (i.e., treated as ad-
justable parameters), because, by doing so, they
obtained a significantly improved fit with their
energy-dependent phase-shift representation.
However, the value of 4~ obtained from the AHR
floated 1-27.6-MeV analysis (b, r = —1.04'+ 0.07
at 10 MeV) turned out to be strikingly different
from that of their corresponding unfloated one
gr = —1.50'+ 0.05'). Our analysis shows that the
larger value of lb, r I is entirely inconsistent with
the new 10-MeV data set independent of whether
the cross-section normalization is floated or
not." Thus our results strongly reinforce the
preference for AHR's floated phase-shift solution
over their unQoated one. However, it should be
emphasized that the cross-section norm from
the AHR 1-500-MeV floated analysis is inconsis-
tent with the norm of Jarmie et a/. 's cross-sec-
tion measurements, v and that subsequent to AHR's
analysis Jarmie et a/. have found no reason to
doubt their absolute cross-section normalization
or its uncertainty. " In addition, the value of 6 c
from AHR's floated 1-500-MeV analysis is in
substantial disagreement with the 4 ~ from their
1-27.6-MeV analysis. These matters will cer-
tainly bear further investigation.
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We show that the presence of the recently discovered phase transition in the Dicke
Hamiltonian is due entirely to the absence of the A terms from the interaction Hamil-
tonlan.

Consider the well- studied Hamiltonian

E E
II, = "g ot'+I(rata+~ Q (v, 'a+o, at).

j~ 1

This Hamiltonian describes the collective interaction of a single mode of radiation (frequency co) with
a single transition between levels a and b (frequency &u„&0) in N identical two-level atoms. Operators
a and a denote here the annihilation and creation operators of the photons; cr&', o;, o,. are Pauli ma-
trices used to describe the jth atom. The Hamiltonian (1), sometimes called the Dicke Hamiltonian,
may be derived' from the more familiar one

II = Q p, ——A(r, ) +V(r;) +h(cata
SFL C
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