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Analysis of Proton-Proton Scattering Data
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University of wisconsin, Madison, 8'isconsin

(Received August 21, 1939)

HE analysis by Breit, Thaxton and Eisen-
bud' of .the proton-proton scattering data

of Heydenberg, Hafstad and Tuve' indicated a
value of Xo, the phase shift for the S wave,
which appeared too large at 670 kev to fit the
theoretical curve deduced from a square and a
Gauss error potential well which gave good
agreement with the experiments of Herb,
Kerst, Parkinson and Plain' at higher energies.
In the same analysis the values of Eo at 776 and
867 kev were somewhat doubtful because (1)
the values of (R, the ratio of the observed
scattering to that given by Mott's formula, were
read off the curve drawn by Heyden berg,
Hafstad and Tuve, rather than being computed
from the actual numbers of counts; (2) the coeK-
cients of sin' E'0 and sin Xo cos Eo in the the-
oretical expression for the scattering had been
computed only for every 100 kev from 500 to
1000 kev and interpolations made to the experi'-
mental energies; and (3) those coefficients had
been computed only for every 5' in the value of
0~, the scattering angle, while the experiments
were made in most cases at every 2-,".

The present work consisted first in extending
the table of coefficients to include every 50 kev
and every 2-," from 15' to 45', and second in
fitting the data of Heydenberg, Hafstad and
Tuve in the sense of least squares, allowing
for the possible effect of scattering of the P wave,
i.e., considering terms in X» in the theoretical
expansion of the scattering.

Since the value of X» that might fit the data
was expected to be small, of the order of a few
tenths of a degree at most, the term in sin' X»
was dropped and the term in sin X» cos Z» as-
sumed proportional to E». The theoretical value
of (R was then (Rp+GE» where g.o is the value of
(R computed for some Eo chosen near that ar-

rived at by Breit, Thaxton and Eisenbud and a
is the coefficient of sin X» cos E», computed from
the formulas given by 8reit, Condon and
Present. ' The percentage difference between
(Ro+aZ» and the experimental (R was squared
and summed over all scattering angles. This sum
was then minimized with respect to E» and the
corresponding "best" E» was found for the
particular Xo chosen. Another Xo was then
used, and the same procedure repeated, giving a
new best E» and a new sum of squared differ-
ences between experiment and theory.

The values of these sums of squares were then
plotted against their Eo and the abscissa of the
minimum point of the parabola-shaped curve
was taken as the Xo which best fits the data,
along with the corresponding Z'».

An important source of error in scattering
experiments is the wobbling of the beam, and
since this affects (R more at small than at large
scattering angles it was thought advisable to
weight the data in evaluating Xo and X». This
was done by graphically evaluating the log-
arithmic derivative of the yield as function of
0 and using the reciprocal of this quantity, ie. ,

FdP~/dF, as the weighting factor, to multiply
((Rexp~z;~p~p —(Rp —uXy). The Itp as found from the
unweighted data varied from that found in this
manner by about —0.03', —0.03', and +0.02'
at 867, 776, and 670 kev, respectively. By both
methods the X» found was accurately a linear
function of the Zo chosen.

In Fig. 1 is plotted as a solid line the percent-
age variation of experiment, from (R calculated
with the "best" Eo and Z» determined as ex-
plained above; and as a dotted line a typical
fit in which a value of Eo alone and no E» is used.
A better fit is obtained at practically all points
by the use of a small amount of K» than can be
gotten by the use of Eo alone, as is expected,
since the number of parameters is thereby in-
creased. The fact that the X» which gives the
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errors, the apparent X'& may be due to them as
well. It appears somewhat inconsistent, there-
fore, to introduce X1 into the analysis without
bringing in X2 as well. The latter seems to be
improbable theoretically. It should also be men-
tioned that' the data of Herb, Kerst, Parkinson
and Plain' do not indicate the necessity of X~.
The data are insufhcient to render the suggestion
of a possible resonance in X1 in the neighborhood
of 776 kev due to the formation of an excited
He' any more than a mere speculation. It is of
interest, however, that this more thorough
analysis of the data provides values for Xo in

good agreement with the theoretical values of
Breit, Thaxton and Eisenbud, lowering the low

energy part of the experimental Xo, E curve.
Table I gives the expansions in powers of 1jE,

TABLE I. Series expansions in powers of I/E, 8 being the
energy in 3/Iev, for X, —ZY/q, and 5K.

22 co 27 Io 321o 37 10.

20' 25 ' 30' 35' 40' 45' Q

FrG. 1. Solid line: Percentage deviation of experimental
values of St from value obtained with the Eo and Ej which
give the best fit in the sense of least squares. Dotted line:
a typical fit in which a value of Xo alone and no X~ is used.
Values of Xo given by Breit, Thaxton and Eisenbud are
indicated by BTE.

-2Y

8.000—0.3 154/B
+o.oo242/B&

5.961—0.1410/E
+0.0007/B2

4.870—0.0689/B
+0.0002/Bs

4.287-0.0375/B
+O.OOOO 7/E2

26.61—0.4034/B
+0.00 186/B2

15.107—0.1444/B
+0.00043/B2

9.56S 6.828—0.0558/E —0.0233/B
+0.000 107/B' +0.000027/B2

40.00 17.6S 9.106 . 5.518
+0.3108/B +0.1270/B +0.0495/B +0.01504/B
-0.002011/E2 —0.000451/B2 —0.000084/E2 -0.000009/F2

best 6t is not a smooth function of energy but is
greater at 776 kev than at 670 or 867 kev prob-
ably indicates that no meaning should be at-
tached to it as a real scattering anomaly, but
only that the experimental errors are such as to
increase the apparent (R at small angles more
than at large. For the "best" X1 the difference
between experiment and theory is of the same
order of magnitude as for X1——0, and the dips
in the full drawn curves in the 6gure occur at
about the same scattering angle at the three
energies. If these dips are due to systematic

8 being the energy in Mev, for X, —2Y/)t, and

5K for values of Q~ not given in the tables of
Breit, Thaxton and Eisenbud. ~ The expansions
were checked for several values by direct trig-
onometric substitution in formulas (1) and (2.2)
of the above paper. The author wishes to express
his appreciation to Professor Breit for suggesting
this work and to Mr. R. navies who checked
some of the calculations.

' Reference 1, pages 1024—1025.


