
voLUME 32, NUMBER 15 PHYSICAL REVIEW LETTERS 15 APRIL 1974

a finite energy midth of the central peak which
mould give direct support to these ideas. Since
a small static distortion and thermodynamic fluc-
tuations also correspond to the same structure
factor, intensity measurements around different
reciprocal lattice points do not help to clarify
the nature (static or dynamic) of the 2kF quasi-
elastic scattering. It is therefore impossible to
conclude whether the true Peierls transition in
KCP occurs at lom temperature and coincides
with the 3D local ordering (dynamical interpreta-
tion of the quasielastic scattering), or if the
Peierls distortion already exists at room tem-
perature (static interpretation of the quasielastic
scattering). It should be emphasized that a small
Peierls gap at high temperature mould make only
very small changes in the electrical properties
as well as in the phonon spectrum at room tem-
perature. '

We expect a more precise answer to this ques-
tion from the measurements of the temperature
dependence of the truly inelastic part of the 2k~
anomaly in the phonon spectrum. If, for instance,
the phonon frequencies in the range of the Kohn
anomaly increase with decreasing temperature,
this would prove the existence of a Peierls dis-
tortion already at room temperature.
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The angular distribution of the elastic-scattering differential cross section of 1.05-
GeV protons by He has been measured from 3 to 47' lab. The main features of this
measurement are that the first minimum is much less deep than previously measured
and that, at the point where a second minimum is predicted by calculations, there is
just a slight change of slope.

Since the appearance of the first experimental
results on 1-GeV proton scattering from nuclei, '
considerable theoretical effort' " has been fo-
cused on an explanation of P-'He elastic-scatter-
ing differential cross section data. In particu-

lar, Lambert and Fesbach' studied the influence
of short-range correlations and Ikeda4 the ef-
fects of Ã* production during the multiple scat-
tering process. The theories show how cross
sections are quite sensitive to those aspects,
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but more precise data were necessary, particu-
larly in the region of the first minimum and max-
imum. The purpose of this Letter is to present
new data, taken at Saclay, on the elastic scatter-
ing of 1.05-GeV protons by He. %'e find that our
angular distribution is similar to that of Ref. 1
but is in rather serious disagreement in the re-
gion of the first minimum, which in our result
is largely "filled in. " Other apparent differences
may be due to the slightly different energies of
the two experiments and to the rather arbitrary
absolute normalization adopted by us.

The apparatus used to obtain the data is the
magnetic spectrometer facility SPES I at the Sa-
clay synchrotron Saturne. A description of the
system is reported elsewhere, ' but we include
here a few details which we consider particularly
significant. The ~He target was a liquid layer,
20 cm in diameter and 1 cm thick, maintained
perpendicular to the beam between Mylar sheets
in a thin-walled Dewar system. The spectrom-
eter system operated in an energy-loss mode in
which the dispersion and focusing properties of
the beam-analyzing magnet system as well as
the effects of scattering kinematics were matched
to the properties of the spectrometer magnet
system. In this way a resolution ranging from
300 keV to 2 MeV full width at half-maximum
(FWHM), depending on the scattering angle, for
the elastic scattering peak was obtained in the
focal plane of the spectrometer. There is a cor-
respondence between the angle of emission of the
particles at the target and the direction of the
trajectories at the exit of the spectrometer.
Those directions were measured as described
below, and permitted an angular resolution much
smaller than the angular opening (2.85' maximum)
of the spectrometer. This opening was divided
into five 0.5' adjacent angular bins (Fig, l) of
which the relative values were independent of the
beam monitoring and target thickness. The shape
of the curves (extent and edges) has been checked
for various openings of the spectrometer en-
trance slits. By closing the slits to an opening
of 0.25', for example, the measurements were
in agreement with those of the corresponding an-
gular range when taken with full aperture.

To calculate the angular resolution, we have
taken into account all significant sources of un-
certainties on the scattering angle, which are
(a) beam emittance, i.e. , spot size and beam
convergence; (b) the angular variation due to the
energy spread of the beam; (c) defocusing of the
incident beam after the target for kinematical
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F?G. 1. (a) One of the three partial angular distribu-
tions measured at & =15' lab. (b) One of the four par-
tial angular distributions measured at ~ = 17' lab. Open
and closed circles, 0.5' channels of adjacent bins in
the same measurement. Closed squares, data of Ref.
1 with arbitrary normalization.

compensation purposes; (d) 2-mrad-rms pre-
cision of the angular resolution with which the
trajectories were measured at the focal plane;
(e) multiple scattering in the target and the De-
war walls; and (f) geometrical effects due to the
target thickness.

The beam emittance was defined by several
sets of adjustable slits. The energy spread of
the beam was surveyed by observing with a tele-
vision system the displacement of the beam (due
to the dispersion of the analyzing system) on a
scintillating plate. The maximum displacement
was smaller than + 4 mm, corresponding to an
angular variation of the incident beam smaller
than + 2 rnrad.

The effects due to the uncertainties (a)-(d) on
the angular resolution were calculated using sim-
ple well-known relationships' and confirmed by
ray-tracing techniques based on accurate mag-
netic field measurements.
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At scattering angles smaller than 26' lab, the
angular resolution (FWHM) in the laboratory was
approximately 9 mrad and increased monotically
to 21 mrad at 44' lab.

Direct experimental evidence of this angular
resolution is presented in Fig. 1 where partial
angular distributions (2.85' angular range) are
shown for positions of the spectrometer at 15
and 17' lab. At 15' a factor of 2.5 is observed
between the forward and central bins. On the
other hand, at 17' where, from the data of Ref.
1, a factor of 3 was expected between the back-
ward and central bins, we observed a factor of
only 1.08. The angular resolution of our system
of 9 mrad cannot be responsible for this differ-
ence. We have checked this experimentally:
First the angular resolution has been well illus-
trated by previous results of elastic and inelas-
tic scattering on ' 'Pb, ' where very sharp min-
ima were measured (i.e. , a factor of 3.3 between
two adjacent bins for the 3 ). The major differ-
ence with the ~He case is in the kinematics for
which a defocusing of the incident beam down-
stream from the target is needed. The effect of
this defocusing has been tested with elastic scat-
tering on carbon in the region of its minimum at
10 lab, using the same set of parameters for
the various magnetic elements as was used for
'He. The shape of the minimum did not change
significantly, as expected from the calculations
mentioned above. It should be noted that this
minimum in ' C is much sharper than the one in
'He as described in Ref. 1.

The absolute value of the kinetic energy of the
beam was determined to be 1.05+ 0.005 GeV. The
combination of energy and angular resolution pro-
vided effective discrimination against scattering
from material in the target Dewar other than the
layer of helium liquid, and except at the very
forward and very backward angles, background
subtractions were 109o or less. A secondary-
electron beam monitor beyond the target provid-
ed a measurement of beam integration. The ab-
solute thickness of the target could not be spec-
ified to better than about 50% and varied with the
depth of liquid helium in the target because of
boiling in the target as well as an uncertainty in
the bulge of the Mylar walls of the target con-
tainer. The depth of the helium, on the other
hand, was continuously monitored, and the cor-
relation with effective target thickness was re-
producible. An independent check of the beam
monitoring and, less sensitively, of the relative
target thickness was provided by a fixed counter
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FIG 2. Experimental results The absolute normal-
ization of this work has been arbitrarily fixed to (do/
d~L) )g) = 75 mb/sr at 1.0 lab. Error bars, when not
shown, are smaller than the points.

telescope which viewed reactions and scattering
from the target assembly. Since a substantial
amount of time mill pass before an absolute mea-
surement can be made, using, for example, a
gas target, we report relative cross sections
here.

The relative accuracy of the differential cross
section at different angles was verified as fol-
lows. The entire angular range from 3 to 47
(lab) was covered in overlapping 2.85' slices by
steps of 1' in spectrometer position (three over-
lapping bins of 0.5' between adjacent measure-
ments) from 4 to 28' and by steps of 2' for the
rest of the angular range (one overlapping bin of
0.5'). Most of the angular range was traversed
more than once. The 92 partial angular distribu-
tions and their corresponding normalization fac-
tors (taking into account beam monitoring and
relative target thickness) were treated together
in a y' minimization procedure and were found
statistically consistent. In particular, the re-
gion of the first minimum and the following max-
imum was traversed several times with consis-
tent results.

Figure 2 shows our results. ' The errors,
which include counting statistics and estimates
of errors in beam monitoring, relative target
thickness, and background subtraction, are small-
er than the plotted points, except where shown.
The agreement with the results of Ref. 1 is sat-
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duces a very good fit to our data up to the max-
imum. A calculation published by Saperstein'
based on an optical potential derived from elec-
tron scattering data on He is also plotted in the
same figure. We present also, in Fig. 3, sep-
arately for clarity, a comparison with the com-
putations of Lambert and Feshbach. ' It is inter-
esting to note that the depth of the first minimum
at 1.05 GeY is apparently less than that at 600
MeV. '

Finally, it may be added that at present the the-
oretical situation is not very decisive and one
may think of a number of effects' 4 which may be
responsible for filling in the minimum.

We wish to thank Dr. I. Ahmad, Dr. C. Gustafs-
son, and Dr. D. L. Hendrie for very helpful dis-
cussions as well as Mr. Gaudin and his associ-
ates for supplying and operating the liquid-hel-
ium target.
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FIG. B. Comparison between our measurements and
the computations of Lambert and Feshbach.

isfactory in general but departs significantly in
the region of the first minimum, which is not as
pronounced as that of Ref. 1. The difference in
the general slope and location of the first max-
imum may be due to the slightly different inci-
dent energies. The small amplitude of the oscil-
lations in the angular distribution and, in partic-
ular, the difference with the results of Ref. 1

cannot be attributed to deficiencies in the angu-
lar resolution of the present experiment. We
have also plotted in Fig. 2 a curve obtained by
Ikeda' in a multiple-scattering Glauber-theory
calculation including N* production, which pro-
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