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Total cross-section data are presented for protons, positive pions and positive kaons on protons
and deuterons in the momentum range 15 GeV/c to 60 GeV/c in 5 GeV/c steps.

This letter gives the first results of total
cross-sections for positive particles measured
at the 70 GeV proton synchroton of the Institute
for High Energy Physics. The data presented
are for p, 7+ and K* in the momentum range 15
GeV/c to 60 GeV/c on hydrogen and deuterium.
The standard transmission technique was em-
ployed, and the experiment utilized essentially
the same detection equipment as used in the ear-
lier measurements of cross-sections for nega-
tive particles [1,2].

Positive particles produced in an internal tar-
get of the synchrotron were extracted using a
magnetic shielding at angles ranging from 10-50
mrad depending on momentum [3,4]. For second-
ary momenta between 25 and 60 GeV/c the target
was operated on the full energy flattop of the
accelerator, i.e. using incident protons of 70
GeV. For the measurements at 15 and 20 GeV/c
the target was operated on a "front porch" at 35
GeV. The beam transport system, apart from a
realignment of the first four quadrupoles, was
identical with that used for the earlier measure-
ments with negative particles [1,2].

For the measurements on protons and kaons,
the monitor consisted of signals from scintilla-
tion counters defining the beam, the differential
counter [5] tuned to the desired particles, and
the threshold counter [6] which detected all light-
er particles and was used in anticoincidence.
Contamination of unwanted particles was always
smaller than 0.1%. For the measurements on
pions, the threshold counter was in coincidence.
The total flux in the beam was kept always
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smaller than 10° per burst with a spill time of
~ 1 sec.

The transmission counters were the same as
used in the previous measurements and were
moved along the beam line, downstream of the
targets, such that at each momentum, the solid
angle subtended by the transmission counters
accepted the same range of four-momentum
transfer squared. This procedure, which was
done to avoid energy-dependent systematic er-
rors in the extrapolation of partial cross-sec-
tions to £ = 0, was identical to that carried out
in the earlier experiments with negative parti-
cles [1,2].

The new element in this experiment, in com-
parison with previous measurements [2], was
the target system. The target cells used were
cylinders, 1.5 m long and 12 cm diameter, one
containing liquid hydrogen and the other liquid
deuterium. This provided 10.9 g/ cm?2 hydrogen
and 26.3 g'cm2 of deuterium in the path of the
beam. The liquid hydrogen was essentially pure
para-hydrogen (less than 5% ortho); the liquid
deuterium was in the n-state. The total thickness
of the mylar end windows of the target cells and
vacuum vessel was 1.2 mm. An identical eva-
cuated dummy target was used for the empty
target measurements. The target lengths were
measured under the experimental conditions
(i.e. full of liquid Hg and Dg) by an optical tech-
nique which also measured the profile of the
windows of the target. A small correction (- 0.1%)
was applied for the curvature of the ends of the
targets. The target lengths were known with an
accuracy of 0.6 mm, i.e. 0.04%.

Throughout the experiment, the vapour pres-
sures of the hydrogen and deuterium cells were
monitored by precision manometers to an accu-
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Table 1.

Estimated values of p, the ratio of the real to imaginary parts of the forward scattering amplitude, used in the com-
putation of the Coulomb-nuclear interference correction 6CN’ and the effect of the combined correction (GC+6CN) on
the total cross-sections.

Momentum -P - (6 + bcy) mb

Gev/e jod T'p K*p PP T'p K'p pd 7d K'd
15 0.24 0.18 0.22 0.20 0.08 0.08 0.35 0.14 0.16
20 0.21 0.15 0.18 0.18 0.07 0.06 0.32 0.13 0.13
25 0.18 0.14 0.16 0.16 0.07 0.06 0.28 0.12 0.12
30 0.16 0.12 0.14 0.14 0.07 0.05 0.24 0.10 0.11
35 0.15 0.11 0.12 0.13 0.06 0.05 0.23 0.09 0.10
40 0.14 0.10 0.11 0.12 0.06 0.05 0.21 0.08 0.09
45 0,13 0.09 0.10 0.11 0.05 0.04 0.19 0.08 0.09
50 0,12 0.08 0.09 0.11 0.05 0.04 0.18 0.07 0.08
55 0.11 0.07 0.09 0.10 0.05 0.03 0.17 0.07 0.07
60 0.10 0.06 - 0.10 0.04 - 0.16 0.07 -

Table 2,

Results of the total cross-section measurements. The statistical error is given for each point. The systematic
scale errors are indicated at the foot of the table,

Momentum %tot Gtot Ttot
GeV/c pp 7tp K'p pd 7'd K4 pn n K

15 39,29+0.12 24,08+0,12 17,3140,13 | 75.25+0,22 48.2140.22 34.44+0,20 | 39.68=0.17 25.6020.20 17.87+0.23
20 39.06+0.12 23.52+0.11 17,4240.16 | 74.48+0,22 47.15£0,22 34.610,23 | 39.06+0.17 25.03+0.20 17.94+0.28
25 38,80+0,12 23.4320.11 17.68+0,10 | 74.000.22 46.85£0,22 34.710.20 | 38.79+0.20 24.85+0.23 17.78+0.18
30 38,5940,12 23.32+0,11 17,7240,10 | 73,850,22 46,41+0,22 34.660.20 | 38.84+0.15 24.45+0.20 17.69+0.18
35 38,4920,12 23.060,11 17.8040,10 | 73.530.22 45.91+0,22 35.15+0.20 | 38.58+0.24 24.180,22 18.12+0.18
40 38,50+0,12 23.08=0,11 18.0540.13 | 73.60+0,22 45,21+0,30 35.42+0.20 | 38.65:0.15 23.42+0.30 18.1520.22
45 38.45%0.12 23.140.12 17.88+0.12 | 73.220.22 45.88+0,22 35.40+0.20 | 38.28+0.15 24.07+0.23 18.30+0.24
50 38.46%0,12 23.110.12 18.37£0.11 | 73.430.22 45.5140.22 35.60+0.20 | 38.50+0.23 23.71+0.25 18.02+0.20
55 38.4340,12 23.1420,12 18,1740.14 | 73.26+0.22 45.6540.22 35.80+0.20 | 38.35+0.22 23.83+0.22 18.43+0.24
80 38.4420,12 23.330,20 - 73.4240.22 45.58+0,40 - 38.51+0.19 23.56+0.40 -

Syste-

‘s’::ztllec +0.4% +0.5% +0.4% +0.6% £0.6% +0.5% +1.8% +1.4% +1.3%

error

racy of 1 mm Hg. The value of the temperature
of the hydrogen cell was evaluated from the ab-
solute vapour pressure using the tables of
Tapper [7]. The temperature of the deuterium
cell was assumed to be equal to the temperature
of the hydrogen cell. The average value of the
temperature throughtout the experiment was
20.28CK and the variations from this value were
normally less than 0.059K with a maximum varia-
tion of 0.1°K observed for a short period when
the atmospheric pressure was abnormally low.
Thus for all the data, the density was constant

to within less than +0.1%. From the values of

the temperature the molar volume of both hy-
drogen and deuterium was calculated, using the
tables of Tapper [7]. The deuterium density was
corrected for (1.8+0.6)% hydrogen contamination,
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mainly in the form of HD molecules, determined
by a mass spectrometer technique and by a pre-

cise measurement of the gas density. Both meth-
ods gave the same results within errors.

The final value of the target thickness in gm
cm~2 was estimated to have a point to point er-
ror of much less than 0.1%. The systematic
scale errors arising from the uncertainty in the
tables [7], the error in temperature determina~-
tion, the uncertainty in the target length and the
error in the estimate of contaminations have
been estimated to be 0.1% for hydrogen and 0.3%
for deuterium.

The data were taken in a single period of ac-
celerator operation lasting three weeks. Period-
ically, proton eross-sections at 30 GeV/c were
remeasured as a check on reproducibility which
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Fig. 1. Results of the total cross-section measurements for positive particles. The new data [ ¢ ] are compared
with the lower energy data of Foley et al. [13] {+], Galbraith et al. [14] [X], and Beupre et al. [15] [ {]. The errors
shown are statistical only. \

was better than 0.1%. At each momentum a
standard procedure for setting the beam elements
and tuning the Cerenkov counters was followed.
Cross-section measurements consisted of a se-
ries of runs where the particles transmitted
through the target and detected by each trans-
mission counter were recorded for a fixed num-
ber of monitor counts [1,2]. The series of runs
was a cyclic permutation of measurements with
hydrogen, deuterium, and dummy targets. At
the end of each run, the data were transferred
onto punched cards for off-line analysis, which
was carried out on a BESM-6 computer. Data
were scrutinized to check that channel efficien-
cies were good (= 99.8%).

The delayed coincidences of the transmission
counters were continuously recorded and were
used to measure the variations in instantaneous
beam rate. The dependence of the measured cross-

sections on beam rates was studied and the ef-
fect was found to be correlated with the delayed
coincidence rate. Under standard conditions in
the 25 to 60 GeV/c momentum region, the value
of the delayed coincidences was ~0.5%, which
corresponded to a correction of 0.15% to the
cross-sections. At 15 and 20 GeV/c¢ secondary
momentum, the delayed coincidences were much
larger because of the R.F. structure contained
in the beam, and in the largest counters reached
values of 2-5%. This corresponded to a correc-
tion which was a maximum of 1% at 20 GeV/c.

The extrapolation to zero solid angle was car-
ried out using the relation

o (t;) = oygy €xp al;+bt2) (1)

where o(f;) is the partial cross-section meas-
ured by the ith channel accepting a maximum
four-momentum squared #;, and o, is the de-
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Fig. 2, Comparison of total cross-sections for K*p,

7tp, pp and Ppp reactions, The data are from this ex-

periment { 4 ]; Allaby et al. [1] [ §]; Denisov et al. [2]

[4]; Foley et al. [13] [ +]; Galbraith et al. [14] [ £]; and

Beupre et al. [15] [ 4]. The errors shown are statisti-
; cal only.

sired total cross-section [1]. This form gave
statistically acceptable fits to the data in the
f-range used, which was 0.014< |¢; | <0.065
(GeV/c)2. The first two transmission counters
(|t; | <0.01 (GeV/c)2) were usually ignored be-
cause of Coulomb scattering effects. The extra-
polation £-range was varied by adding and sub-
tracting one counter at the beginning and end of
the range in order to check the stability of the
extrapolated cross-section.

The values of the parameter a in eq. (1) were
found to be constant or smoothly varying over the
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momentum range studied. For the deuterium
data with all particles, the parameter b was nor-
mally positive and reasonably well determined
although for K*d the difference from zero was not
very significant. For the hydrogen data, b was
definitely positive and fairly well determined for
protons. For 7tp the value of b was normally
positive but not very significantly different from
zero. For K*p, b was found to be varying in sign
and always statistically consistent with zero.

Extrapolations were also made without the
quadratic term in eq. (1), i.e. with 5=0. As
might be expected the difference between the val-
ue obtained by the quadratic fit and the linear fit
reflected the effect of the quadratic term through
the magnitude of the b coefficient. Thus for the
data on the proton-proton cross-sections, the
quadratic exponential fit gave a resultant cross-
section about 0.5% higher than the linear fit,
whereas for 7t on hydrogen the difference was
small and changed sign at some momenta. The
data for K* on hydrogen gave differences usually
smaller than the statistical errors and with no
definite sign.

Hence in the final values quoted, the quadratic
exponential fit has been adopted for all the data
with the exception of K+ on hydrogen where the
linear exponential fit was used. However, in a
few cases the quadratic fit for 7tp or K*d re-
sulted in a negative coefficient 4. In these cases
a fit was made using a positive value of b, ob-
tained by interpolation from neighbouring mo-
menta.

The pion cross-sections were corrected for
muon contamination in the beam. The contamina-
tion was measured directly at 20 and 30 GeV/c
by utilizing the high resolution threshold
Cerenkov counter and the coincidence signal
S¢Sy from the two counters behind the steel at
the end of the beam [1,2]. The small correction-
arising from pion decay between the threshold
counter and the center of the target was computed
and added to the measured contamination to
yield the total p* contamination.

Another measurement of the u* contamination
was obtained by measuring the cross-section
with the counters SgSy in coincidence with the
transmission counters, but not in the monitor [2].
This has the effect of artificially increasing the
fraction of u* in the beam at the target, since
the beam can be considered as composed of only
those 7+ which decay after the target and produce
a muon which can be detected in SgSy. The decay
probability was about 1%, independent of momen-
tum, so these measurements yielded a cross-
section lower than the real 7% cross-section, by
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an amount corresponding to a u* contamination
100 times greater than in the 7 cross-section
measurements. Hence even with a rather crude
measurement of this type, it was possible to
find the muon contamination with a good accura-
cy.

Measurements of the muon correction by the
last method were made at all momenta. At 20
and 30 GeV/c, these values agreed with the di-
rect measurement made with the threshold
Cerenkov counter. The muon contamination var-
ied from 2.5% at 15 GeV/c to 1.0% at 60 GeV/c.
The systematic error assigned to this correction
was 0.3%, with a point to point error of 0.1%.

The effect of material in the beam path was
investigated by measuring the total cross-section
with additional material placed at different points
along the beam. A correction of (0.2 +0.1)% was
applied to all the total cross-sections to allow
for the residual matter in the beam (scintillators,
windows, air, etc.).

The final data were corrected for the combined
effect of Coulomb scattering and Coulomb-nu-
clear interference neglecting the effects of spin.
In order to evaluate the latter, the value of the
ratio of the real to imaginary part of the scat-
tering amplitude p is needed. For pp scattering
this has been measured [8,9], but for 7'p and
K'p it was estimated, using a Regge model [10].
An error was assigned to these values of p of
0.05. This corresponds to an error in the total
cross-section of less than 0.1%.

For the total cross-sections on deuterium the
Coulomb correction §¢ and the Coulomb-nuclear
interference correction 3¢y can be estimated
using a formula which considers elastic scatter-
ing and deuteron break-up [9]. However because
of the largely unknown forward real parts for
scattering on neutrons, 8~y is poorly deter-
mined. It was finally assumed to be equal to 1.5
times the hydrogen correction for 7*d and two
times the hydrogen correction for pd and K*d.

The corrections 6¢ and 6 were evaluated
as a function of the accepted /-range of each
transmission counter. Then the corrections
were added and applied to each partial cross-
section, o(f;), before the final extrapolation.
Table 1 shows the effect of the combined correc-
tions on the total cross-sections as well as the
estimated values of p used in the computation.
Beam size effects, investigated by means of a
Monte-Carlo calculation, were found to yield ef-
fects smaller than 0.1% and so were negligible.

From the total cross-sections on deuterium
and hydrogen the total cross-sections on neu-
trons have been derived, using the Glauber for-
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Fig. 3. Values of the total cross section differences, Ac=
=0~ ~0*, for K*p, m*p, and p*p reactions. The three
straight lines are least-squares fits to the data of the
form Ao=Ap~" where p is the incident momentum in
GeV/c. The best-fit values of A and 7 are given in

table 3.

mula [11] to take into account the shadow effect,
neglecting the Fermi motion

g =0,-0 +606 (2)
n d P

where the shadow terms 0 is given by
RO

0="Zr % % (3)

The real parts of the forward scattering am-
plitude have been neglected in eq. (3) since they
are estimated to be small. {»-2) is the mean in-
verse square separation between the proton and
and the neutron in the deuteron. In the present
work a value 0.030 mb-1 has been used and an
error of +0.005 mb~1 has been assigned to it,
just as was done with the equivalent data for ne-
gative particles [1]. In other words{r~2) was
assumed to be independent of the incident mo-
mentum. However, several authors [12] have
suggested that {(»~2) might depend on the momen-
tum.

The results for the cross-sections obtained
in this experiment are shown in table 2, where
the first column gives the total cross-sections
on hydrogen, the second column the cross-sec-
tions on deuterium, and the final column shows
the cross-sections on neutrons derived using the
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Table 3.
Values of the parameters of the least-squares fit of
the form Ao = Ap™" to the cross-section differences
shown in fig. 3.

+
pp K*p 7'p
A(mb)  56.8 £5.3 19.2 £1.3 3.88+0.35
n 0.61£0.03 0.56+0.02  0.31 40,04

Glauber formula (2). The systematic scale error
shown at the foot of table 2 comprises the uncer-
tainties in the target thicknesses, the error as-
signed to the extrapolation procedure, the uncer-
tainty of the corrections for material in the beam
and rate dependent effects, and the overall un-
certainty of the muon correction applied to the
7t cross-sections. The systematic error for the
neutron cross-sections also includes the error
in the Glauber correction.

The new results are compared with existing
data [13-15] in fig. 1. In the regions of overlap
with data at lower momenta, the new results
give satisfactory agreement. (Systematic scale
errors are not shown in fig. 1).

In the higher momentum region the most inte-
resting and unique feature is the increase in
Otot (K¥p) with momentum. The new data for mp
above 35 GeV/c are rather independent of mo-
mentum, showing a behaviour similar to that
seen for gigt (77p) [1,2]. The data for pp are ex-
tremely flat, showing no momentum dependence
above 35 GeV/c. It is possible that the 7*p and
pp total cross sections have a minimum in the
momentum region 50-100 GeV/c.

The same gross-features are seen in the data
on deuterons and in the derived cross-sections
on neutrons. It is notable that oy, (pn) is almost
identical in magnitude withao iy (pp) in agree-
ment with isospin independence [16]. For the
pion-nucleon system this is not the case in the
momentum range studied as is clearly shown by
the comparison of oot (7tp) in fig. 2. For the
K*-nucleon system, the systematic errors are
comparable with the difference between K*n and
K*p cross-sections so no definite conclusion can
be drawn.

Fig. 2 shows a comparison between the avail-
able data on total cross-sections for both par-
ticles and antiparticles on protons, plotted
against the incident momentum. This figure sug-
gests that the total cross-section for K*p will ap-
proach the asymptotic value from below, unless
the cross-section oscillates in value. The par-
ticle and antiparticle cross-sections are signifi-
cantly different even at 60 GeV/c.
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Fig. 3 shows the behaviour of the difference in
total cross-sections for particle and antiparticle
on protons (Ac) as a function of incident momentum
p. In the region studied Ao falls linearly on a log-
log graph. This dependence may be described by:

a0 = Ap7" )

The straight lines in fig. 3 are least-square fits
to the data and lead to the values of the coeffi-
cients A and n» shown in table 3. This behaviour
of the cross-section differences is consistent with
the Pomeranchuk theorem [17], according to
which Acd —0 as p — .

The fact that the K+p total cross-section in-
creases with momentum and thus the difference
Ao for K*p decreases means the cross-section
for regeneration of K must fall rather rapidly
with momentum.

We gratefully acknowledge the cooperation of
many IHEP people who ensured the successful
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beam channel and the support of Professors A. A.
Logunov, R.M. Sulyaev and A. A. Naumov.
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