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We present the results of an experiment per-
formed at the Brookhaven AGS to measure high-
energy p-p scattering in the range of labora-
tory angle 2 to 20 mrad. Elastic scattering
events were separated by momentum analysis.
The prime purpose of the experiment was to
investigate Coulomb interference effects. The
range of incident particle momentum studied
was 8 to 18 BeV /c.

The apparatus is shown in Fig. 1. A small-
angle secondary beam from the AGS was mo-
mentum analyzed (+0.8% half-width at half-
maximum) and focused on a liquid hydrogen
target 18 in. long and 4 in. in diameter. The
beam was defined by the scintillation counter
S2 and the scintillation counter hodoscopes HO2
and HO3. The incident particle was selected
by the differential Cherenkov counter C,! and
its angle was measured to +0.3 mrad (half-
width at half-maximum) by HO2 and HO3. Each
hodoscope was made up of i in. wide scintilla-
tion counters in 4-element Xx4-element two-
dimensional arrays. The hodoscopes H02,
HO3, and H2 determined the horizontal projec-
tion of the scattering angle to +0.4 mrad while
HO2, HO3, and H4 determined the vertical
projection to £+0.4 mrad. The momentum of
the final particle was measured to +0.8% with
HO3, H2, and H4. Hodoscope H2 comprised
80 counters, each § in. wide X6 in. high. The
120 vertical elements of H4 were each 3§ in.
wide X 13 in. high and the 24 horizontal elements
were each 3} in. highx61 in. long. The absolute
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FIG. 1. The experimental arrangement.
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mean momentum of the incident particles was
determined to within 0.29%.

The trigger system included the counters L2
and the sum of the outputs of the vertical ele-
ments in H4. L2 excluded the unscattered beam
and H4 limited the range of momentum of the
scattered particle. On a fast (~20-nsec) coin-
cidence between these counters and a selected
beam particle, 192 fast discriminator gates
(~40 nsec) were opened and signals were de-
tected from those counters which had fired.
This information was then transferred to a
buffer memory and, approximately 15 usec
later, the system was ready to accept another
event. A signal from a ring counter (ANTI)
behind the hodoscope HO2 was fed into the buf
fer memory at the same time so that the pro-
gram could reject those events with an extra
particle passing through the collimator but
outside of HO2. The data-handling system
was similar in principle to that described in
earlier publications.? However, a new buffer
memory with about 65 times the capacity® of
the early system was used to take advantage
of the high event rates available in this exper-
iment. At the end of an AGS burst the informa-
tion stored in the memory was transferred in
parallel to magnetic tape and, via coaxial ca-
bles, to the Merlin computer. During the runs
the computer analyzed events and stored them
in a two-dimensional array of events versus
angle and momentum of the scattered particle.
At the end of each run the computer subtracted
the inelastic background by linear interpolation
and calculated the differential cross section.
Unfortunately, the data-handling capacity of
Merlin was inadequate at the high event rates,
which at times exceeded 10°/hour, so the data
analysis was completed using the BNL IBM 7094,
The Merlin analysis served as a monitor dur-
ing the experiment, providing immediate feed-
back via scope display and printouts.

The target-empty background varied from
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a maximum of 709% at the smallest |¢]| to a
minimum of 20%, decreasing rapidly with in-
creasing |f/| where ¢ is the negative square of
four-momentum transfer. As this background
was due to scattering from the material in the
beam near the hydrogen target, it is insensi-
tive to a variation of rate and other beam con-
ditions and can be subtracted accurately and
reliably. The inelastic background subtracted
from the elastic peak was 5-109% both for tar-
get-full and target-empty runs. Corrections
were also applied for the efficiency of the sys-
tem, for accidental coincidences, and for nu-
clear absorption. The efficiency was deter-
mined experimentally by deflecting the beam
onto the hodoscope H4. Variation of this ef-
ficiency with angle and momentum was mea-
sured to be less than 0.7%. The accidental
corrections were less than 1.5%.

The cross-section results are shown in Fig. 2.
The errors shown are the result of compound-
ing counting statistics, the uncertainties in the
mean scattering angle and the incident momen-
tum, the uncertainty in the inelastic background
subtraction, and the uncertainty in the acciden-
tal corrections.

The differential cross section may be written
as do/dt = |A, +A, |?, where A, and A, are the
complex scattering amplitudes due to the Cou-
lomb and nuclear forces, respectively. The
Coulomb amplitude including form factor may
be written in the form*

o 1
Ac(t)=e2“5zeJ”[cEz(t)-——'—GMz(t)][—z}.

Bct 4aM? 1-t/4M

The formula for the phase angle 6 was derived
by Bethe,® and an estimated radius of interac-
tion equal to 0.92x107!% ¢m was used. Mea-
surements of electron-proton scattering® give
Gy uGg and G =1+2.77t for —t<0.2 (BeV/c)2.

With the assumption of spin independence
the nuclear amplitude at a given energy may
be written in the form A, (¢) = (a +i)exp(a + bt),
as was suggested by the previous experiments
at larger |¢| values® and is a good fit to the
characteristics of the present data. If we make
the assumption that the slopes of the real and
imaginary parts of the amplitude are the same,
then a single f-independent constant o repre-
sents the ratio ReA, (f)/ImA,(¢). The quantity
a is determined by the optical theorem require-
ment using the most recent values of total cross
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FIG. 2. The measured differential cross sections.
The lines represent least-squares fits to the data
as described in the text. Note that the 17.82-BeV/c
results have been lowered one decade.

sections by Galbraith et al.”

In addition, a term (<4%) must be added to
do/dt to account for multiple Coulomb scatter-
ing in the liquid hydrogen target. A calcula-
tion based on Moliére’s theory® was used.

The quantities o and b are then fit by least
squares to the measured differential cross
sections. The solid line on Fig. 2 shows the
fit obtained in this way. The dotted line is the
best fit obtained setting & =0. The mean val-
ue of ¢ for each point is corrected for the ef-
fects of the inclusion of a finite range of inci-
dent and final momentum and angle. These
calculations are being refined and for the pur-
pose of this Letter the data with |£]| smaller
than 0.002 have been left out of the fits since
the uncertainty in the ¢ corrections is most
important there. The values of « and the fitted
errors, together with the value of ¥* for the
fits, are listed in Table I. The errors in the
third column are the standard deviations ob-
tained from the fit. The fourth column lists
the estimated limit of the systematic error
due to uncertainties in the absolute normaliza-
tion, the total cross section used to evaluate
ImA,(0), and the liquid hydrogen absorption
correction. For the purposes of this analysis,
a cross section equal to the total inelastic
cross section plus half of the total elastic cross
section was used for the absorption correction.
An error corresponding to half the elastic total
cross section has been assigned to this cor-
rection. A more detailed study of this problem
is in progress.

From Table I, it is clear that with the stated
assumptions there is a real part of the p-p scat-
tering amplitude in the region of 8 to 18 BeV /c

75



VOLUME 14, NUMBER 3 PHYSICAL REVIEW LETTERS 18 JANUARY 1965

Table I. The fitted values of « :ReA,”/ImAn. The errors shown are described in the text.

Error x% expected x% from the
Standard Systematic for two-parameter fit with

Momentum @ deviations (est. limit) x? fit a =0

7.92 BeV/c —0.247 0.023 +0.059 11.8 13 97.4
—-0.052

9.94 BeV/c -0,302 0.018 +0.053 12.9 14 222.5
-0.051

12.14 BeV/c -0.258 0.016 +0.,050 21.5 14 201.6
—0.051

17.82 BeV/c¢ -0.307 0.016 +0.049 15.9 15 254.1
—0.044

laboratory momentum amounting to about 259%
of the imaginary part and with a sign corre-
sponding to a repulsive potential. Other recent
experiments®’!° have reached a similar conclu-
sion in nearby energy regions. These results
are in agreement with dispersion-relation cal-
culations!! but in view of the large experimen-
tal errors and the question of spin dependence,
this is not considered very significant. It is

of interest to note that we have obtained a simi-
lar result for o for 8- to 12-BeV/c 7~ -p and
10-BeV/c nt-p scattering.®

One should note that a most important assump-
tion in the p-p case is that of spin independence.
Were we to allow different / dependence and
amplitude for the singlet and triplet scattering
amplitudes we could certainly get a good fit to
the data with zero real part.
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