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The total cross sections o7 of p, P, v¥, and K* on hydrogen and deuterium have been measured between
6 and 22 GeV/c at intervals of 2 GeV/¢ to an accuracy greater than previously reported. The method utilized
was a conventional good-geometry transmission experiment with scintillation counters subtending various
solid angles at targets of liquid Hs and Ds. With the increase in statistical accuracy of the data, it was found
that a previously adopted procedure of linearly extrapolating to zero solid angle the partial cross sections
measured at finite solid angles was not a sufficiently accurate procedure from which to deduce or. The
particle-neutron cross sections are derived by applying the Glauber screening correction to the difference
between the particle-deuteron and particle-proton cross sections. The cross sections or(r*d) and or(r7d)
are equal at all measured momenta, which confirms the validity of charge symmetry up to 20 GeV/c. Results
are presented showing the variation of cross sections with momentum; evidence is presented for a small
but significant decrease in or(pp) [and or(pn)] in the momentum region above 12 GeV/e.

1. INTRODUCTION

EASUREMENTS of the total cross sections for

the interactions of particles and antiparticles
with protons affords a relatively direct method for
studying the behavior of strong interactions. Experi-
ments of this type have yielded a wealth of information
about the nucleon-nucleon, pion-nucleon, and kaon-
nucleon forces at lower momenta (4 GeV/c) where
the formation of isobars and resonances reveal them-
selves as peaks in the total cross section at the appro-
priate energies.'® The behavior of cross sections at
higher momenta (above about 5 GeV/c) suggests that
the formation of recognizable states corresponding to
excited nucleons, if they exist, has a small effect on the
total cross section. Earlier experimentst® have indi-
cated that the cross sections of particles on protons fall
esentially continuously with energy, with the exception
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of or(pp) and or(K*p). For the exceptions, the cross
section remained constant for K+p? over a wide range
of momentum (3-19 GeV/c) and for pp appeared to be
constant#5:7 within errors above about 10 GeV/c.

At the outset of the present experiment compara-
tively little had been done to study the particle-neutron
cross sections. The direct measurement of or(n,p) has
been undertaken at momenta up to 9 GeV/c'*2 using
secondary neutron beams from proton synchrotrons.
The p“n” cross section, where “#” denotes that the
neutron is bound in a deuteron, has been derived in
“difference” experiments (CDy-CHy or D,0-H,0)7 as
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deuterium, first investigated theoretically by Glauber,
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Fic. 1. Experimental arrangement at Brookhaven Alternating Gradient Synchrotron (AGS). T—aluminum wire (0.03-in.-diam)
target inside AGS vacuum tank. Q—quadrupoles, 8-in.-diam aperture 48 in. long. M—bending magnets, 6-in. gap, 72 in. long. C1, C2—
collimators. C—gas Cerenkov counter. S1, S2—plastic scintillation counters, 1 in. width, 5% in. height. S3—plastic scintillation counter
3 in. X3 in. 4. - -S16—circular plastic scintillation counters of diameter 13, 2, 2%, 3, 4, 5, 6, 7, 8, 10, 12, 14, and 18 in., respectively.

antiprotons on neutrons. In order to apply the Glauber
correction, a value for the parameter (»2), where 7 is
the mean separation of the nucleons in deuterium, can
be found by measuring or(7*p), or(rv~p), and either
or(rtd) or or(n—d) at the various momenta. By charge
symmetry, the latter two cross sections are expected to
be equal. Measurements of these cross sections have
been made at momenta between 2.5 and 5 GeV/¢,'® and
show, in fact, that charge symmetry of the pion-nucleon
force does hold in this range of momenta. Measurements
have also been made of o7(K*xn) and ¢7(K—x) in the
momentum region 1-5 GeV/¢.15:16

There have been two main theoretical developments
in this field. One, the Pomeranchuk theorem,!” predicted
that particle and antiparticle cross sections should
become equal at sufficiently high energies. The other,
the Regge-pole theory'® of strong interaction phenom-
ena, was able to account for the apparent constancy
of or(pp) and the behavior of the diffraction pattern
for pp elastic scattering as functions of momentum.?
Independently, however, of any theoretical models
which may be invoked for interpreting such data,
accurate measurements of all particle and antiparticle
total cross sections on a given nucleon at high momenta,
and their relative behavior as a function of momentum,
are of value to the theoretical understanding of strong
interactions.

The purpose of the present work was to measure with
greater accuracy than hitherto attained the particle-
proton total cross sections at high energy and to deduce
particle-neutron cross sections from particle-deuteron
cross-section measurements in the previously un-
explored region above 6 GeV/c.

It is necessary in this type of experiment to correct
the data because detectors and particle beams have to
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be of finite rather than point size. This had been done
by extrapolating linearly to zero solid angle the partial
cross sections which are measured by detectors sub-
tending various solid angles at the target. The extrap-
olated value of o at zero solid angle then is a measure
of the total cross section o7. It soon became apparent in
the present work that such a procedure was an approxi-
mation only; the increased statistical accuracy of the
measurements showed that the partial cross sections
lay on a curve rather than on a straight line. A similar
behavior was observed by Amaldi et al.8 who fitted their
data to two exponentials. The fitting procedure in the
present work is discussed in Sec. ITI(ii).

In order to minimize systematic errors, three identical
targets were used in this experiment, one continuously
full of liquid hydrogen, one of liquid deuterium, and the
third maintained under vacuum; each in turn was
placed in the beam. The magnitude of density fluctu-
ations in these targets is discussed in Sec. III.

The results of the experiment are presented in both
tabular and graphical form, the latter enabling easier
comparison with other work. The main conclusions and
a discussion of their significance will be found in Secs.
IV and V.

II. EXPERIMENTAL ARRANGEMENT
(i) Particle Beam

The beam layout is shown schematically in Fig. 1. To
obtain the high intensity of secondary particles of both
polarities, the beam was designed to accept particles
emitted at an angle of approximately 4.5° with respect
to the forward direction from a target T located in a
field-free straight section of the Brookhaven AGS.
Because the beam line crosses the fringe field of a
succeeding AGS magnet unit, the position of the target
in the machine determines uniquely the momentum
which will pass along the axis of the beam-handling
system defined by the quadrupoles Q1 and (2, the
bending magnets M1 and M2 and the quadrupoles Q3
and Q4.

The focusing action of the quadrupole system is as
follows. Q1 focuses particles in the horizontal plane, Q2
in the vertical, producing, at the first collimator, a
nearly parallel beam of small horizontal width. The
selection of the momentum band (Ap/p==1.75%)
transmitted by this system is achieved by means of the
dispersive action of M1 (3° bend) and the slit of 1-in.
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TaBLE I. Secondary particle-beam intensities per pulse at hydrogen target. Internal AGS beam,
3X 10" protons per pulse; AR=16.5X1078 sr; Ap/p==+1.75%,.
Momentum
(BeV/c) x* T K+ K- b4 D

6 2X108 5X10¢ 2X108 7X102 8X10¢ 1X103
10 6X10* 6% 104 5X103 1.4X103 1108 6.3X10?
14 1X10¢ 1X10¢ 1X108 1.6Xx10? 6104 5.2X10!
18 1.3X103 1.3X103 1.2X102 1.5X10t 1.3X10* 2
20 3.3X10? 3.3X10? 3X10t 5 4X108 3.5X1071

horizontal width at collimator C2. Momenta are re-
combined by the action of M2 (3° bend) and the beam
then passes through the differential gas Cerenkov
counter C. The “parallel” beam is refocused to an image
at the region of the transmission counters S4-15 by the
quadrupoles Q3 and (@4, which form a symmetrical
system with Q1 and Q2, the last element Q4 focusing in
the horizontal plane.

S1, 82, and S3 constitute the particle telescope
counters [see Sec. IT (iii)]. A steel absorber (6 ft long)
separates the transmission counters (S4-S15) from the
final counter 516, which detects muons from the decay
in flight of = and K mesons. The focusing of the beam
at each momentum was checked by using a beam
profile indicator consisting of small solid-state detec-
tors.? The final beam-spot size (full width at half-
maximum) at the focus was approximately 1 in.
vertically by % in. horizontally at 18 GeV/c; at 6 GeV/c
the corresponding spot size was 2 in.X% in. The particle
intensities in the beam are given in Table I.

(ii) Hydrogen Targets

Three targets of identical design were mounted on
rails, which enabled each, in turn, to be moved into the
beam line. Each target had a double-jacketed container.
The outer jacket was filled with liquid hydrogen boiling
at atmospheric pressure to provide a constant temper-
ature bath for the inner central container which was
filled with Hj, D, or was evacuated (empty target). The
inner container was sealed off after filling. Once filled, a
target was kept essentially in this steady state through-
out the run; the reservoirs required filling at intervals
of about 10 h.

The temperatures of the liquid hydrogen and deu-
terium were measured at hourly intervals throughout
the experiment, using hydrogen vapor-pressure ther-
mometers. The hydrogen temperature? remained within
the range 20.60-20.85°K and the deuterium within the
range 20.60-20.78°K corresponding to mean densities
of 0.0703+0.0001 g cm~ and 0.1697-0.0002 g cm™3,
respectively.?® The length of the hydrogen target was

2 L. Tepper, G. L. Miller, and T. F. Kycia, IEEE Trans.
Nucl. Sci. NS-11, 431 (1964).

2 D. B. Chelton and D. B. Mann, University of California
llilsai(iig)tion Laboratory Report No. UCRL 3421, 1956 (unpub-

% H. W. Woolley, R. B. Scott, and F. G. Brickwedde, J. Res.
Natl. Bur. Std. (U. S.) 41, 379 (1948). The hydrogen density was

determined by direct measurement, while it was full,
to an accuracy of £-0.1 in., i.e., #=0.19, approximately.
The deuterium target was essentially identical so that
it was possible to calculate its length when full, to the
same accuracy. These lengths correspond to 21.51
+0.06 g cm~2 and 51.860.10 g cm~2 for H, and D,
respectively. The over-all errors ascribed to these
absorption lengths take into account systematic errors
in length measurements together with errors due to
fluctuations in the densities of liquid hydrogen and
deuterium.

(iii) Counters

The counters were made of plastic scintillator with
Lucite light guides cemented to RCA type-7746 photo-
multiplier tubes. The sizes of the counters are noted in
the caption of Fig. 1. The gas Cerenkov counter has
been described elsewhere?; in the present work the
counter was filled with CO; gas.

(iv) Electronics

A block diagram of the electronics used in the experi-
ment is shown in Fig. 2. The basic logic was as follows:

si—{o |

Fic. 2. Block dia-
gram of electronics.
S—signals from plastic
scintillation counters
Sy, (n=1--.16). C—
signal from Cerenkov
counter (wanted par-
ticle). . C—antisignal
from Cerenkov coun-
ter (unwanted parti-
cle). D—discrimina-
tors. Co—coincidence
units. Sc—scalers. FO
—fan-out units.

SIX TIMES

calculated using Eq. (8.2) on p. 460. E. C. Kerr, J. Am. Chem.
Soc. 74, 824 (1952). The deuterium density was calculated using
the equation on p. 75.

#T, F. Kycia and E. W. Jenkins, Nuclear Electronics (Inter-
national Atomic Energy Agency, Vienna, 1962), Vol. I, p. 63.
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Telescope counters S1, S2, S3 were put into 3-fold
coincidence (S=S15:55) to define the charged-particle
beam entering the hydrogen targets. Output signal .S
was then put into coincidence with the gas Cerenkov-
counter signal, denoted by CC, where C is the wanted
particle signal and C is the antisignal, to sharpen the
resolution of the Cerenkov counter. The signal SCC
represents an incoming pion, kaon, or proton, depending
upon the value of refractive index of the gas in the
Cerenkov counter. The signal from counter S16 was put
into anticoincidence with SCC, the output signal
SCCSs(=B) then being associated with a particle
which has not decayed in flight. The signal B was then
“fanned out” to individual coincidence units for the
transmission counters S,, n=4---15, any six counters
being put into coincidence with B at any one time
giving transmission rates BS,. Accidentals were re-
corded during data taking in two other channels not
shown in Fig. 2. The resolving times of all coincidence
units were 27=5X107? sec. They had a maximum pulse
repetition rate of 10 Mc/sec with one exception; the
coincidence unit SCC had a maximum repetition rate of
1 Mc/sec and controlled the over-all dead time of the
succeeding circuits.

(v) Experimental Procedure

A set of data at a given momentum usually comprised
a series of alternating runs with the Hs, Dy and empty
targets. When empty, all three targets were observed to
attenuate the beam identically. Counter efficiencies
were checked at the beginning and end of each set of
data. In this way the internal consistency of the data
with a given target could be readily checked and the
systematic errors, due to the time-dependent fluctu-
ations in the experimental conditions, kept to a mini-
mum. The raw data comprised scaler readings, at a
given momentum, of SCC, B, BS,---BSn.s and two
random rates (corresponding to the largest and smallest
transmission counters used at the given momentum).
These data were transferred subsequently to punched
cards for processing on an IBM-7094 computer.

III. DATA REDUCTION
(i) General

The raw data were examined for consistency and
small corrections were then applied for effects of acci-
dentals and circuit dead-time.

GALBRAITH et

al.

TasLE I1. Total cross sections of = mesons.

Momentum o7 (rtp) ar (r=p) or(r*d) or(z=d)
(BeV/c) (mb) (mb) (mb) (mb)
6 26.240.2 28.5+0.3 52.84-0.5 52.7+0.5
8 25.14-0.2 27.54+0.3 50.5-+0.5 51.0£0.5
10+ 24.84-0.2 26.540.3 49.34-0.5 49.3+0.5
12 24.24:0.2 25.94-0.3 48.2+0.5 47.940.5
14 23.940.2 25.44-0.3 46.940.5 47.140.5
16 23.44-0.2 25.140.3 46.6+0.5 46.44+0.5
18 23.5+£0.2 25.040.3 46.3+0.5 46.4+0.5
20 23.440.2 24.840.3 45.94+0.5 45.8+0.5

The corrected data comprised a series of measure-
ments of the transmission factors (T',= BS,/SCC) for
counters of different solid angles or, to compare con-
veniently one momentum with another, at different —¢
values where ¢ is the square of the four-momentum
transfer in the collision. At a given ¢ the partial cross
section recorded by a counter is then expressed by the
relation

o()=1/N)n(Ts/Tr), ¢

where N= the number of nuclei per cm? in the target
and T, Tg are the transmission factors for a full (F)
and empty target (E), respectively. The statistical
error on o(f) is given by

Ao=(1/N)A(Tr/Tr)/(Ts/Tw). 2)

The over-all errors to be ascribed to each of these
measurements will be discussed in Sec. IIT (iii).

(ii) Extrapolation Procedure

The partial cross sections measured at various —¢
values were fitted by a polynomial of the form

o (t)=aotai+ast?. (3)

This is basically a similar procedure to that adopted by
Amaldi et al.®2 who used two exponential functions to
fit their data.

This polynomial fit, with a term higher than one
linear in ¢, was made when it became apparent from the
data that at higher momenta (larger ¢ range) the partial
cross sections lay on a curve rather than a straight line
when plotted as a function of —¢.

By using various combinations of counter sizes at
different momenta, different values of the a coefficients

Tasre 1I1. Total cross sections of K mesons.

Momentum or(K*d) or (K+p) or (K*n) ar(K=d) o (K~p) o (K~n)
(BeV/e) (mb) (mb) (mb) (mb) (mb) (mb)
6 33.4+0.3 17.00.1 17.540.4 44.140.3 24.0+0.3 219404
8 33.94+0.3 17.3+0.1 17.6£0.4 41.740.3 23.640.2 19.740.4
10 33.8+0.3 17.340.1 17.5+£0.4 41.540.3 22.540.2 20.6+0.4
12 33.94+0.3 17.340.1 17.6+0.4 40.3+0.3 21.640.2 20.24:0.4
14 33.8+0.3 17.44 0.1 17.540.4 40.14-0.3 21.5+0.2 20.140.4
16 33.4+0.3 17.0+£0.1 17.440.4 40.14+0.4 21.3+0.4 20.340.6
18 33.7+0.3 17.1+0.1 17.6£0.4 39.940.7 21.0+0.8 20.3+1.1
20 34.240.3 17.540.1 17.740.4 ces 22.44-4.6 cee
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TasLE IV. Total cross sections of protons and antiprotons.

Momentum ar(pd) ar(pp) ar(pn) ar(pd) ar (Pp) ar (pn)
(BeV/e) (mb) (mb) (mb) (mb) (mb) m
6 774413 40.63-0.6 42.6+1.7 106.9+1.3 59.341.1 59.54-4.0
8 76.24-1.3 40.04-0.6 41.84-1.7 102.741.3 56.4+0.8 57.34+3.9
10 75.8+1.3 39.94-0.6 41.5+1.7 cee cee s
12 74.44-1.3 39.44-0.6 40.441.7 96.14+1.3 51.740.8 53.8+3.7
14 74.0+1.3 39.14-0.6 40.2+1.7 95.0+1.4 50.740.9 53.44-3.7
16 73.74+1.3 38.7+0.6 40.2-£1.7 93.241.6 49.24-0.8 52.743.7
18 72.841.3 38.7+0.6 39.24+1.7 87.246.1 50.3+3.6 44.44-9.0
20 721413 38.4+40.6 38.7+1.7 oo e cen
22 71.641.3 38.34-0.6 38.24+1.7

were found for the various particles. Two sets (large
diameter and small diameter) of counter sizes were used
depending upon the beam momentum. There was a
systematic discontinuity of about 19 magnitude in the
extrapolated value ao at those momentum regions where
the two sets of counters were used to determine o7,
giving an over-all saw-tooth effect to the behavior of
or with momenta. It was found that for —¢=0.02
(GeV/c)?, which always lay within the range of counter
sizes used, the partial cross sections were essentially
independent of the counters used to determine them.
To find a true value of ao(=0o7r) at each momentum, the
values of the coefficients aj, as, and ¢(0.02), averaged
over the results for the different sets of counters used,
were then substituted back into Eq. (3), solving for ao.
The results are given in Tables II, III, and IV.

(iii) Corrections and Errors

In addition to basic data corrections mentioned in
Sec. IIT (i), the following corrections were also con-
sidered :

(a) Decay of unstable particles. Because of energy loss
in the hydrogen target, there is a target full-empty
difference in the fraction of K mesons decaying into
muons. This effect is noticeable for kaons at low
momenta; at 6 GeV/c the effect produces a 197, change
in o7. Above 8 GeV/c, it is negligible.

(b) Beam contamination. At the highest momenta
there is some difficulty in discriminating between pions
and kaons in the incident beam ; consequently the kaon
beam will have a slight admixture of unresolved pions.
The structure of the pressure curve shows that pion
contamination produces a negligible effect compared
with the final error quoted for the cross section.

(c) Effect of multiple Coulomb scatiering in the targels.
Because of the wide momentum range covered, it is
important to recognize the effect of multiple Coulomb
scattering in the smaller counters at some momenta.
The Coulomb correction is somewhat uncertain to make
because of uncertainty in the beam shape; consequently
it is better practice to exclude the counter(s) affected.
The appearance of Coulomb effects in the smallest
counters was easily recognized, in clear contrast to the

negligible Coulomb contribution to the partial cross
section at —¢=0.02 (GeV/c)2.28

(iv) Glauber Screening Correction

In order to calculate particle cross sections on neu-
trons, use is made of the Glauber screening correction
originally written in the following form:

ad=an+a,,+%?{(g>zlie £2(0) Refp(0)—oaopt , (4)

where Ref,(0) is the real part of the forward scattering
amplitude of the particle off a neutron, Ref,(0) is the
real part for scattering off a proton, ¢4, on, o, are the
total cross sections for the particle on the deuteron,
neutron and proton, respectively, and (#~2) is a param-
eter representing the mean inverse square of the
separation of nucleons in the deuteron.

Experimental evidence suggests that the real parts of
the forward scattering amplitude, if present, are small.
In order to calculate neutron cross sections, it is assumed
that the product of the real parts for all particles is
sufficiently small to be put equal to zero, giving an
expression for the particle-neutron cross section of the
form

ow={oa—0p}/{1—(4m)(r?)o,}. ©®)

A value of the parameter {(»~2) may be found from the
cross-section measurements of pions on hydrogen and
deuterium. Because of charge symmetry we can write

(r)y=dr{or(ntp)+or(rp)
—or(rd)}/or(ntp)or(rp). (6)

It should be noted that the above form of the Glauber
theory assumes that the particle-nucleon force range is
small in comparison with the neutron-proton separation
in the deuteron. Recently, extensions of the Glauber
theory, involving integration over the ground-state

% In the present work the only data which include corrections
for Coulomb scattering were those for protons and antiprotons at
6 GeV/c. The corrections were calculated following the procedure
outlined by R. M. Sternheimer, Rev. Sci. Instr. 25, 1070 (1954).
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deuteron wave function, for which various forms can
be assumed, have been made by Franco? and Harring-
ton.2” For purposes of the present experiment, the
Glauber equations [e.g., Egs. (5), (6) above] will be
retained in deriving the results presented in Sec. IV.

IV. RESULTS

For all measurements except those for incident K—
and P at the highest momenta, the main source of error
in the cross sections was in the extrapolation procedure
[£19, see Sec. III (ii)]. The statistical errors were in
general much smaller (typically +19%).

(i) mMeson Cross Sections

The total cross sections for pions are given in Table
IT and shown in Fig. 3.

The results for or(r*p) are in agreement with the
trend of the earlier experiments.4—¢ The good agreement
of the total cross sections for 7+ and 7~ on deuterium
(to better than 19,)? shows that the charge symmetry
of the pion-nucleon force is a valid hypothesis up to the
highest momentum attained in the present work
(20 GeV/c). Baker et al.® concluded that in the mo-
mentum range 2.5-6 GeV/¢ the same hypothesis is also
valid.

The Glauber screening correction derived from the
difference between the total cross sections on H, and
D, yields a value of the parameter (r—2). Within our
accuracy, (r~2) is essentially constant over the momen-
tum range (6-20 GeV/c). The mean value of (r2) is
0.0424-0.003 mb~, corresponding to a value of 7 of
1.544-0.06 F.

Baker et al'® note that the numerical values for
(r~2) are very sensitive to the values used for the densi-

26V, Franco, thesis, Harvard University, Cambridge, Massa-
chusetts, 1963 (unpublished).

27 D, R. Harrington, Phys. Rev. 135, B358 (1964).

28 We note in passing that the partial cross sections at —¢=0.02
(GeV/c)? were equal to within 4-0.29.
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ties of liquid hydrogen and deuterium. In the present
work, the systematic errors arising from these values
can give rise to an additional error of £0.005 mb in the
above value of {(r2). Baker et al.'® found {r2) to be
0.02394-0.0014 mb~! with a larger systematic error
#+0.009 mb. Thus, within the limits of the combined
errors, in the two experiments, the difference in the
values of (r~2) is not significant.

For calculations of the particle-neutron cross sections
the above value of (2)=0.0423 mb~ will be used in
the Glauber correction term and, in general, the un-
certainties in the neutron cross sections are determined
by the accuracy of this term coupled with uncertainties
in the absolute values of the total Hy and Dj cross
sections. There is still an unknown correction which
depends upon the over-all validity of applying Eq. (4)
to the data.

(ii) K-Meson Cross Sections

These are given in Table ITT and shown in Fig. 4. The
following points may be noted:

(a) The K*p and K*d cross sections are constant
over the momentum range 6-20 GeV/c. Previous
measurements of o7 (K*p) by Baker ef al.® also showed
this cross section to be momentum independent.

(b) Applying the Glauber correction and defining
or(K*n) by Eq. (5), we find or(K*n) is also constant
and to within our accuracy, equal to or(K*p). The
difference or(K*n)—or(K+p)=0.314£0.36 mb, aver-
aged over the momentum range 6-20 GeV/c.

(c) The K—p and K-d cross sections are falling
smoothly with momentum up to 12 GeV/c. Above that
momentum the results are consistent with either a con-
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Fia. 4. Total cross sections of K mesons on protons and deuterons.
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stant cross section or one that is decreasing very slowly
with increasing momentum.

(d) The same general behavior is found for the K—#
cross section, and it is smaller in value than the K—p
cross section. At 6 GeV/¢ the value of or(K—p)
—op(Kn)=2.140.5 mb and this difference falls with
increasing momentum to a value of 0.7-£1.4 mb at
18 GeV/e.

(iii) Proton- and Antiproton-Nucleon Cross
Sections

Proton- and antiproton-nucleon cross sections are
given in Table IV and are shown in Fig. 5(a), (b).

The” proton-proton and proton-deuteron cross sec-
tions appear to be falling steadily with momentum up
to the highest momentum studied (22 GeV/c). The
values obtained are generally in statistical agreement
with those of earlier experiments*5 but the systematic
behavior with momentum was not apparent in the
earlier work.282 A subtraction of the pd and pp cross
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¥16. 5. (a) Total cross sections of protons on protons. (b) Total
cross sections of protons on deuterons, protons and neutrons.

288 Note added in proof. Recently published data of G. Bellettini,
G. Cocconi, A. N. Diddens, E. Lillethun, J. Pahl, J. P. Scanlon,
J. Walters, A. N. Wetherell, and P. Zanella appearing in Phys.
Letters 14, 164 (1965) confirm the fact that o7 (pp) is falling with
increase in momentum in the region between 10 and 22 GeV/c.
The results of measurements of or(pp) are: 40.04-0.3 mb at
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sections, coupled with the Glauber correction, reveals
that the proton-neutron cross section also has a similar
behavior.

The falling pp cross section is clearly indicated in the
present results and it appears that the high energy limit
of the Pomeranchuk theorem has not yet been reached
in the case of protons. This evidence is contrary to one
of the initial assumptions in the application of the
Regge pole theory which was based upon a constant
total pp cross section in this energy interval.

The o7 (pn) cross sections deduced here are in good
agreement with the direct measurements of or(np)
using neutron beams.?

The difference between o7 (pp) and o (pn) is of some
theoretical interest since measurements of charge ex-
change scattering can be related to the cross-section
difference [o7(pp)—or(pn)]. Ahmadzadeh® points out
that the data of Palevsky ef al."* and Diddens ef al.’® can
be explained in terms of a Regge-pole theory.® In
particular, the theory predicts a fall in the cross-section
difference [or(pp)—or(pn)] to a value of zero at
about 6 GeV/c¢, becoming negative above this value.
The Pomeranchuk theorem calls for equality and
constancy of or(pp) and or(pn) at the high-energy
limit, consequently the cross-section difference might
be expected to exhibit a negative minimum at some
momentum above 6 GeV/¢ and a gradual rise to zero
once again as the Pomeranchuk limit is approached.
The observed behavior of the cross-section difference
[or(pp)—or(pn)] in the present experiment is entirely
consistent with such behavior; the error in the cross-
section difference is, however, too large to make more
than a qualitative agreement at present.

The Pp cross sections at high momenta fit smoothly
with the data of Amaldi e al.8 at lower momenta (see
Fig. 6). For the pn cross sections, the Glauber correction
is larger here and the $p and pn cross sections appear
to be equal within the statistical accuracy of the
measurements. The equality within errors of pp and jn
total cross sections at lower momenta has been noted
by Elioff et al.®®

V. CONCLUSIONS

It would appear that the ultimate limit of accuracy
in determining particle-neutron cross sections in
deuterium-hydrogen difference experiments is set by
the two factors: (a) the over-all validity of the Glauber
theory, and (b) the accuracy to which one can deter-
mine (r~2) for the Glauber correction from the pion
data. The latter factor is more dependent on the system-

10.11 GeV/c, 38.940.3 mb at 19.33 GeV/c, and 38.840.3 mb
at 26.42 GeV/c. These data are in very good agreement with the
results presented here.

? Palevsky et al. (Ref. 11) at lower momenta found or(np)
=40.324+1.4 mb at 3.0 GeV/c and ¢r=239.44-3.3 mb at 3.6 GeV/c.
Kachaturyan and Pantuyev (Ref. 12) found or(np)=41.241.7
mb at 6.5 GeV/¢c and Ozhdyani ef al. (Ref. 12) found or(np)
=41.242.6 mb at 9.2 GeV/c.

3 A, Ahmadzadeh, Phys. Rev. 134, B633 (1964).

31 A, Pignotti, Phys. Rev. 134, B630 (1964).
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atic errors present in an experiment than in the
statistical accuracy to which one determines the relative
total cross sections.

As seen from Eq. (4), the Glauber correction also has
the additional term in its exact form which brings in a
dependence upon the real part of the forward scattering
amplitudes for pion-nucleon scattering. Even with
extreme precision in determining cross sections, the
presence (say) of a momentum dependence in the value
of (r2) so found does not allow us to draw unambiguous
conclusions about the behavior of the real parts of the
scattering potentials. However, this does not exclude
the possibility of drawing significant conclusions about
real parts in pion-nucleon scattering from the difference
in 7t- and 7—-hydrogen total cross sections which can
be determined to a high degree of relative accuracy.?

The results of the present experiment show that there
still remain unanswered questions about the ‘“‘asymp-
totic” limits of particle-nucleon total cross sections at
high energies. The hypothesis that particle and anti-
particle cross sections become equal in the asymptotic
limit of high energy, while plausible from the trends
observed in the data for p* and =¥, is less apparent for
K+ mesons. The fact (see Table III) that or(K—%) may
be constant above 8 GeV/¢ and that or(K—p) is

et al.

approaching ¢7(K~%) as momentum increases, coupled
with the observation that ¢r(K*p) and or(K*n) are
equal, independent of momentum and less than o7 (K—7)
by 2-3 mb, indicates that if the cross sections are con-
verging with increasing energy they are doing so at a
lower rate. Cross section measurements at higher
energies than are available with present day accelera-
tors are required to clarify the situation.

The slope (dor/dt)e of the extrapolations in the
present work at ¢=0 are significantly greater than
(doe1/dt)o derived from the optical model or as measured
in the experiments on differential elastic scatterings.?
It is therefore of interest to examine the contributions
made to this slope by inelastic processes (doine/dt)o.
The behavior of the differential distribution for this
process has not been widely studied so far, but the
results of the present work indicate that the combined
contribution to the slope of the total cross section
extrapolation of this process is comparable to that of the
elastic process and consistent with a peaking in the
forward direction. This indication of the behavior of
inelastic processes is of sufficient interest to warrant
further investigation in experiments to study the
effect per se.
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