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ELASTIC AND INELASTIC SCATTERING OF HIGH-ENERGY PROTONS FROM HYDROGEN

G. Cocconi,* A. N. Diddens, E. Lillethun, G. Manning,T
A. E. Taylor,T T. G. Walker,f and A. M. Wetherell
CERN, Geneva, Switzerland
(Received November 20, 1961)

Previous measurements® of the momentum
spectra of high-energy protons scattered from
Be targets have shown the existence of an elastic
peak? and of an inelastic bump® about 1 Gev/c be-
low the elastic peak. This Letter describes meas-
urements of p-p elastic and inelastic cross sec-
tions using a CH,-C difference method, again
with targets in the internal beam of the CERN
proton synchrotron. These measurements were
made at laboratory scattering angles close to 60
mrad with incident proton momenta between 12
and 27 Gev/c.

The experimental arrangement was similar to
that described in reference 1, but the geometri-
cal resolution was improved from 1% to 0.6 %,
and the final energy of the circulating beam in
the synchrotron was stabilized to better than 0.5%.
The over-all number of recorded events in this
experiment was increased by using simultaneously
five similar independent counter telescopes.

The CH, and C targets had the same surface
density, about 1 g cm™2, and were flipped alter -
nately into successive beam pulses. Counts ac-
cumulated for each target were stored in sepa-
rate sets of scalers. The integrated number of
protons that interacted in each target was deter-
mined at the end of each run by measuring the Be’
activity (half-life 53 days, 0.48-MevV y ray) pro-
duced in each target. The cross section for the
production of Be? from C is constant at* 11 mb
from 0.2 to 5.7 Gev and is assumed here to have
the same value in the region from 12 to 27 Gev.

The laboratory differential cross section for a

p-p collision can be written as
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where opg7 is the cross section for producing Be’
from C, and ZA is the integrated number of Be’
nuclei produced during the bombardment. N is
the number of protons counted in a solid angle A&
and a momentum interval AP for M counts in an
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FIG. 1. Momentum spectrum of the protons from a
CH, target and the CH,-C difference. All experimental
points from the five telescopes are shown.

intermediary monitor. ZM is the integrated moni-
tor count corresponding to ZA.

Figure 1 shows a typical momentum spectrum
obtained with a CH, target and the CH,-C differ-
ence spectrum evaluated using Eq. (1). The ex-
perimental points recorded in all five channels
are included. Figure 2 shows the p-p spectra ob-
tained after grouping the points in small momen-
tum intervals. All the curves of Fig. 2 show a
pronounced peak at the highest momenta, followed
in general by two smaller peaks at lower momenta.
The first peak is identified with p-p elastic scat-
tering, as the energy lost by the scattered proton
is in agreement, within an experimental accuracy
of about 100 Mev, with that calculated. The irreg-
ularities on the high-momentum side of some of
the p-p elastic peaks are caused by incorrect sub-
traction. These occur when several measurements
at different bombarding energies were made with
one pair of targets and consequently an average
value of R was used for all energies. A compari-
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protons from p-p collisions, The 2
points shown were obtained by 2
averaging the experimental data < Py=17.75 Gev/c
in small momentum intervals of g‘§
v

about 30 Mev/c. (d), (e), and
(f) show (as a broken line) the bl
spectrum obtained by changing

R [Eq. (1)] by 13%, 8%, and 14 %,

respectively. The broken line

under the two inelastic peaks in-

dicates the area to evaluate the
cross section for the inelastic
bump. These values are shown
in column 10 of Table I. P, is
the incoming proton laboratory
momentum,

to—23

son of the CH, and C spectra indicates that the nor-
malization constant R used in these circumstances
may be in error by about 10%. The value of R has
been changed empirically to make the p-p cross
section above the elastic peak zero, and the result-
ing spectra are shown as dot-dash lines in Fig. 2.
This changes the elastic cross section by <50%

and is an indication of the magnitude of one source
of systematic error.

The elastic cross sections given in Table I were
obtained from the area under the curves, renormal-
ized where necessary. The statistical errors are
small but the large systematic errors quoted arise
from uncertainties in the values of R and opg?, in
the computation of the focusing effects of the fring-
ing field of the proton synchrotron, and in the
amount of hydrogen lost from the CH, during bom-
bardment. The hydrogen loss was measured by
gravimetric analysis of the bombarded CH, and
was found to be <10%. Figure 3 shows values of
(4"/°tot)2(12/k2) (do/dS?), evaluated in the center-
of-mass system [this is equal to (do/dt)/(do/dt)t___o
if one uses the optical-theorem limit for the for-
ward scattering amplitude], plotted against the
square of the invariant four-momentum transfer,

t. otot is the total p-p cross section for the bom-
barding proton of wave number % in the center-of-
mass system. The p-p cross sections for ¢>0.2

MOMENTUM  Gev/c

(Gev/c)? published by other authors®” are included
in Fig. 3. It can be seen that for values of ¢ < 0.5
(Gev/c)?, data from all energies fall approximately
on a single curve,
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This can be compared with the Gaussian approxi-
mation to the black-disk optical-model prediction
and gives a value for the radius of ~1 fermi. For
t=0.5 (Gev/c)?, F(t) appears to be no longer a
function of ¢ alone but also of 2 for a given ¢{. The
data indicate interest in extending these measure-
ments to different angles and energies and in par-
ticular to higher momentum transfers.

Another feature of the p-p momentum spectra
is the inelastic bump and its fine structure. Fig-
ure 2 shows that at most energies two inelastic
peaks are resolved. The momentum separations
AP, and AP, of those from the elastic peak are
given in Table I. The rest energy W* of the re-
coiling system corresponding to a peak is given
by

W*2 =M%+ 2MAE -¢
~M?+2MAP, (2)
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Table I. p-p elastic and inelastic cross sections. @, Py, and ¢ are the scattering angle, the incoming momen-
tum, and the (4-momentum transfer)?, respectively. AP; and AP, are the momentum separations of the inelastic
peaks from the elastic peak; W;* and W,* are the corresponding rest energies of the recoiling system. do/dQ in
column 10 is the differential cross section of the inelastic bump evaluated by integrating the areas shown in Fig. 2.
x means renormalized as described in text.

Experimental
conditions Elastic peak Inelastic peaks
AP, Wy *
o P, ¢ do/dQ (0] do/dQ {APz Wo*  do/dQ
(lab) (lab) (lab) (c.m.) (c.m.) (lab) (Lab)
(mrad) (Gev/c) (Gev/c)® (mb/sr) (degree) (mb/sr) (Gev/c) (Gev) (mb/sr)
0.74 1.514
56.5 12,99 0,524 82 17.5 2.9 {1'03 {1,685 10
0,72 1.504
=
56.5 15.89 0,783 20 19.2 0.59 {1.01 {1 678 8.4
X 56.5 17.30 0,925 6.5 20,0 0.18
0,71 1.499
56.5 17,75 0,978 7.6 20.2 0,21 {1001 {1 630 3.5
_ 0,74 1,520
x 56.5 18.69 1.084 2,2 20,7 0,056 {1,00 {1 675 2.2
x 56.5 19.56 1.184 0.76 21,2 0.018
0,73 1.513
x 56.5 19.75 1.206 1.28 21.3 0,031 {1,05 {1 706 0.83
0.73 1,513
x 56.5 19,91 1.221 0,77 21.4 0,018 {1004 {1 700 1.7
0.71 1.5
x 56.5 21,88 1.474 0.40 22,3 0.0088 {1.,0‘7 {1072 0,25
X 56,5 22,74 1.590 0,34 22.6 0.0072 0.34
X 56.5 26,02 2,071 0.14 24.2 0.0027 0.10
0.72 1.507
60.5 18.29 1.184 0.80 21.9 0,021 {1‘,03 {1.694 1.2
60.5 27,83 2,372 0,055 26 .6 0.0010
Errors (all %)
Random <=5% <5% 0.04 0.02 =5%
Systematic abs. 0.5 0.3 % 50% 0.2 50% 50%
Systematic rel. 0.03% 40% 40% 40%

and is tabulated. M is the proton mass and AE is explains all the features of the experimental data.

the laboratory energy difference of the incoming
and outgoing protons. The values found for W*
are consistent with the assumption of definite rest
energies for the recoil systems and the average
values are 1.51+0.01 Gev and 1.69+ 0.01 Gev. As
the energies of the second and third “resonances”
(I'=%) found in the m-p scattering are 1.51 and
1.69 Gev, respectively, there appears to be a con-
nection between the inelastic bumps and these res-
onances. The tabulated estimates of the cross
section do/dS: for the inelastic bump were obtained
by integrating the area under the bump as indicated
in Fig. 2.

Several explanations have been offered for the
origin of the inelastic bump, »!2 but none of them
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An explanation in terms of a one-meson exchange
diagram in which the target proton and the pion are
left in an isobaric state has been considered.!’®
Two main objections can be raised, however.
First, as the momentum transfer in the experi-
ments was ~1 Gev/c this one-meson exchange is
not expected to be the dominant process. Secondly,
the model predicts a peak corresponding to the

3, ) m-p resonance in addition to the observed
fine structure which arises from the T =% reso-
nances. The present results show no evidence
for such a peak.'®

Recently, it has been pointed out*'’*? that these
difficulties may be overcome by considering an-
other one-meson exchange process in which the
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FIG. 3. The differential cross section for elastic p-p
scattering, normalized to the optical-theorem value,
against the square of the four-momentum transfer.

incoming proton undergoes diffraction scattering
on a virtual pion of the target proton. Calcula-
tions by Drell and Hiida'? have succeeded in pre-
dicting an inelastic bump, although its position
relative to the elastic peak is less constant with
energy than found in this experiment. A final-
state interaction between the target proton and
the pion may then qualitatively explain the double
peak in the inelastic bump (the two T =% resonan-
ces). The absence of the (3, §) peak is expected
since the pion and recoil nucleon are ina T =%
state, being formed from the target proton, and
in the diffraction scattering the isotopic spin
quantum number is expected to be conserved.
These experiments would not have been possi-
ble without the whole-hearted co-operation of the
proton synchrotron machine group who operated
the accelerator under the stringent conditions
demanded by this experiment, developed new tar-
get techniques, and improved the energy stability
of the machine. We should also like to thank
L. Bird, R. Donnet, and C. A. St3hlbrandt for

their continuous assistance.
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7-MESON PRODUCTION IN 2.9-Bev p-p COLLISIONS*
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The momentum spectrum of charged 7 mesons
produced in proton-proton collisions at an inci-
dent energy of 2.9 Bev has been measured by
counter techniques. Related experiments have
been recently performed in a 20-in. hydrogen
bubble chamber!s? and the study of the recoil nu-
cleons has been pursued with counters.® The pres-
ent experiment, however, provides detailed mo-
mentum spectra of the 7 mesons as a function of
angle. The shape of the momentum spectra at
various angles, especially 0°, provides a crucial

Scale (feet)
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test for the most current theories on 7 produc-
tion.*

The experiment was performed at Brookhaven’s
Cosmotron using the external proton beam III and
a liquid H, target. The spectra were measured
at 0°, 17°, and 32° in the laboratory and the setup
is shown in Fig. 1; the circulating beam intensity
ranged from 2 x10!° to 2 x10*! protons/pulse with
30% extraction efficiency to the second focus.

As seen in Fig. 1 all secondary beams were pro-
vided with focusing quadrupole doublets; however,

FIG. 1. The experimental setup.



