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Abstract

Integral cross sections for the elastic scattering of ir+ by protons into angles greater
than 20° or 30° (lab.) have been measured by the beam-attenuation technique over the energy
range of 45 to 126 MeV. The measurements are aimed at providing independent checks on
the absolute normalization of differential cross sections, where discrepancies exist between
different data sets. Comparisons with predictions made with existing phase shifts show very
good agreement with the dispersion-relation constrained phase shifts of the Karlsruhe group.

p(ir+,x+), transmission measurements of integral cross sections, E=45-126 MeV.
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1. Introduction and Background

The interaction of pions with nucleons at energies well below the (3,3) resonance is a
topic of considerable current interest. This is so because low energy pion-nucleon scattering
enables the calculation1) of the pion-nucleon amplitude J2 a t the Cheng-Dashen point, that is
related to the a term which measures the strange quark content of the nucleon3). The value
of a as obtained from the pion-nucleon date, at low energies is 59±8 MeV1) or 56±2 MeV3)
and it deviates significantly from the value of 35±5 MeV calculated3) from the baryon mass
spectrum. As the amplitude ]T is obtained by analytical continuation of the pion-nucleon
amplitude to the unphysical region below threshold, pion-nucleon data below 100 MeV are
of significance as input for the dispersion-relation analyses by which the J2 amplitude is
calculated. It is therefore unfortunate that the low energy data is partly contradictory4"8),
particularly the x+p data around 70 MeV where differences of up to 20% axe observed at
certain angular regions. This is an embarrassing situation also because the pion-nucleon
interaction is supposed to be a fundamental ingredient of the pion-nucleus interaction that
has been studied extensively in the past 10-15 years. Therefore, the need for additional data
on the pion-nucleon interaction is self-evident, particularly data where the emphasis is on the
absolute scale of the cross sections. The energy dependence of the cross sections is of great
importance, too.

In the present experiment we have focused attention on precisely those two points, the
absolute scale and the variation with energy of the ir+p scattering cross section. In sect. 2
the experimental method is described where a new observable is defined that is relatively
easy, both to measure and to calculate. Sect. 3 describes the experimental procedures and
the numerous tests made to ensure that the high degree of reliability and accuracy required
are indeed achieved. The experimental results are summarised in sect. 4 and comparisons
with calculations based on different phase-shift sets are presented in sect. 5. A short account
of the present results has already been published9).

2. Experimental Method

The method chosen for the present work is that of transmission measurements10), where
the transmission of a pion beam through a target is measured in a straightforward way and
the quantity so obtained is related to an integral cross section. Fig. 1 shows schematically
the experimental arrangement. Three beam-defining counters By, Bj and £3 define the pion
beam (see below), and the transmission of pions through the target is measured with two
transmission counters, St and 52, operated in coincidence, that subtend a solid angle fl at the
target. In the case of low energy w+p interaction only elastic scattering is possible. Therefore,
the measured cross section ff,u (ft), as obtained from the attenuation of the beam, is given
by

For transmission counter angles of 20-30° this integral exhausts most of the total cross
sections because the w+p angular distribution at low energies is peaked at the backward
hemisphere. One may describe the above cross section as a "partial total" cross section,
that is directly measured and can also be calculated for any finite angle ft. Note that unlike



transmission experiments measuring total cross sections"'12) where extrapolation to zero solid
angle is involved and where Coulomb corrections are made to the data, in the present case
the measured integral cross section is the required quantity itself and is directly compared
with calculations. Hence, at least for v+p interaction at low energies, this "partial total"
cross section is a useful new observable, particularly as different elastic scattering data sets
imply different values for these integral cross sections. Note that when the angular range
of differential data is sufficiently broad, the integration can be performed directly and the
results can be compared with experimental integral cross sections without the help of any
theoretical model. The sensitivity of the integral cross section to the angle is very small,
0.2-0.7% per degree, over the energies studied.

A comment on the calculation of these integral cross sections is in order. Being an
integral over the differential cross sections for elastic scattering, the "partial total" cross
section obviously includes Coulomb effects and therefore "nuclear" phase shifts rather than
"hadronic" phase shifts13'14) must be used in the calculation. As a consequence, the calculated
"partial total" cross section for not too large angles may exceed the total cross section quoted
for the same set of phase shifts. For example, at 51.5 MeV and using the SP89 phase shifts
(see below), the 30° integrated cross section is 12.7 mb compared to a total cross section of
12.5 mb.

Further details of the transmission apparatus have been published before10) and we
repeat here only the essentials. An incident pion was defined (see fig. 1) by a coincidence
between B\, B? and B$, together with a time-of-flight gate that vetoed muons and electrons
that are always present in the beam. Heavier charged particles were stopped by a CH2
absorber before the final momentum analysis. The efficiency counter E was used to monitor
on-line the overall efficiency of tha system (see eq. (4.5) of ref.10)), that was typically 99.8%.
All the counters were plastic scintillators, B\ and B? were 3.2 cm in diameter and B3 was 2.7
cm in diameter. The B\ and Bi counters were 3.1 mm thick and B3 was either 3.8 mm or
1.8 mm thick, depending on energy. The S counters were 20.32 cm in diameter and Si was
either 3, 6, or 12 mm thick. 5] was 3 mm thick. The size of the targets was 3.5x4.0 cm3.
The Bi — Bj distance was 100 cm, the Bj — B3 distance was 25 cm and £3 was either 1 cm
or 5 cm from the target. The experiment was performed on the Mil and M13 pion channels
at TRIUMF.

3. Experimental Procedure and Tests

3.1 THE DIFFERENCE METHOD - GENERAL

When a measurement of the jr+p interaction is being contemplated one's first choice is
usually a liquid hydrogen target. In the present experiment the prime concern was the abso-
lute scale of the cross sections, and after considering the various possibilities of normalising
the measured cross sections and monitoring the thickness of the target, it was decided to
use CH2 and C solid targets instead and to obtain the required T+p cross sections from the
differences. That decision was based on past experience with the transmission apparatus10)
and particularly on its extremely good stability. However, one change had to be made to the
system, namely, the veto counter in front of the target10) had to be replaced by a third beam-
defining counter £3 about 1 cm upstream of the target (see fig. 1). The reason for the change
was the somewhat unusual situation with the elastic scattering of T + by p at low energies
where most of the scattered pions are in the backward hemisphere. With a veto counter in
use such pions would veto valid transmission-loss events, thus introducing systematic errors.



If the ir+p cross section is to be measured to an accuracy of better than 10% using
the CH2-C difference method, the individual cross sections must be measured to better than
1% accuracy. With the relatively thin targets U6ed (see below) the transmission of pions
through the targets is typically 99.5%, and it was estimated that 108 pions were required for
each measurement in order to achieve the required statistical accuracy. Therefore, as a first
step we carried out long sequences of measurements ?.ad had established that the scatter of
the measured T+C cross sections was indeed ±0.5% whan the statistical analysis predicted
such an accuracy. In addition to establishing the feasibility of the difference method from
the point of view of statistics and beam stability, various other effects had to be considered.
These refer mostly to the targets and are discussed below.

3.2 THE DIFFERENCE METHOD - TARGETS

As the experiment involved the measurement of relatively small differences between
two larger numbers, extra care had to be taken to ensure that no systematic errorB were
introduced due to small differences between the measurements. In this Bection we outline
some of the relevant points.

8.2.1. Beam energy. The thickness of the CHj and C targets (in the form of polyeth-
lyene and graphite, respectively) were matched so that the same energy losses for pions
occurred in both, and therefore very nearly the same beam energy distribution applied to
the two targets. The beam energy was always tuned for a given pair of C and CHj targets
(either "thin" or "thick") and when the other set was used without retuning the energy at
the centres of the targets it differed slightly from the nominal values. Consequently a small
correction was made to the measured * + p cross section, using the slope of the cross section
vs. energy. A typical energy shift due to the different target thicknesses was 0.5 MeV, leading
to a correction of 1-1.5% to the r+p cross section, with a negligibly small contribution to
the final error. Another correction results from the fact that the spread of beam energy is
different for the two targets because of their different composition and thickness. The effect
was simulated by Monte Carlo (MC) calculations15) and found to be totally negligible. Note
that the centers of targets with different thickness were at slightly different positions. That
was corrected by moving the transmission counters when the target was changed so that the
same solid angle was obtained for both targets.

3.2.2. Target uniformity. The targets were manufactured to high uniformity and were
scanned to determine the thickness at different positions. Deviations from uniformity were
less than ±0.1% and the averages over the area covered by the beam were much better
defined (±0.06%). Local variations in target thickness affect both the subtraction of the
carbon cross section from that of the CHj one and the hydrogen content of the polyethlene
target. Small (< 1%) corrections to the final x + p cross sections due to this source were made
when necessary.

3.2.3. Target impurities. Chemical impurities can obviously affect the results of a
difference measurement. The composition of the polyethylene was first determined by chem-
ical micro-analytical methods. Several independent analyses established the accuracy of the
method and the material was found to be CHn, with from pure CH3 affects both the sub-
traction of the carbon cross section and the hydrogen content of the target. The correction
to the »r+p cross section due to this effect is 0.5±1.5%. The targets used in the present
experiment were also analysed by x-ray fluorescence electron micro-probe and by neutron ac-
tivation techniques. The former provided information on local variations whereas the latter



measured the average impurity levels. The graphite targets were pure to the level of 0.05%
but the polyethylene ones were pure only to 0.5% (by weight). Nevertheless, the effects on
integral cross sections, such as measured here, are substantially smaller than possible effects
on differential measurements, and could lead, in the present work, to a systematic error of
only 0.5-1.0% in the ir+p cross section. The reason for this small sensitivity is that integral
cross sections vary as A* (6=0.7-0.8) and the mass varies, obviously, as A, resulting in partial
cancellations.

3.3 RECOIL PROTONS

When a pion is elastically scattered into the backward hemisphere by a target proton,
the recoiling proton may reach the transmission counters and if counted, will register a trans-
mitted pion event because the transmission counters do not distinguish between particles.
Such events cause systematic errors that may be very significant. The effect of recoil protons
in transmission experiments was already discussed by Carter et al.u). In conventional trans-
mission measurements of total cross sections where extrapolation11'12) of the experimental
results to a zero solid angle is made, the recoil protons' effect extrapolates to zero. In the
present experiment, in contrast, the observable is obtained for a finite solid angle, hence, one
must make sure that the recoil protons are not detected. The energy losses of recoil protons
and of transmitted pions in the transmission counters are quite different. However, due to
the extreme requirements for stability in this experiment, we chose not to rely on on-line
pulse-height analysis in order to suppress recoil protons. The method chosen was to place
aluminum absorbers between the two transmission detectors (see fig. 1) whenever necessary,
in order to stop recoil protons from being detected. Obviously pions lose only a small fraction
of their energy in that absorber.

To test this method we have measured the "jr+p attenuation cross section" as a function
of the thickness of the Al absorber at energies where the proton recoil effect was expected (91
MeV and above) and compared the experimental results with calculations based on ranges
and energy losses of protons in the various materials. Fig. 2 shows a comparison between
calculation and experiment where it is clearly seen that the general shape is reproduced and
that a plateau is reached at the expected thickness. We have also verified that the measured
ir+C cross section was independent of the thickness of the Al absorber over a wide range of
values.

3.4 LOW ENERGY REACTION PRODUCTS

Low energy reaction products that originate from the B3 counter and from the target
may cause spurious results, if detected by the transmission counters. To avoid the detection
of low energy reaction products the two transmission counters Si and S3 were operated in
coincidence, to reject particles that do not penetrate S\. The thickness of S\ was varied and
no changes in the measured cross sections were observed.

3.5 MUONS FROM PION DECAYS

The presence of muons from pion decays in the pion beam can introduce undesirable
effects in transmission measurements. Two opposing muon effects may contribute to this
type of measurement:
(1) Muoi. . that undergo only Coulomb interaction, are transmitted through the target with
essentially no attenuation and as a consequence the measured cross section must be corrected
accordingly. (2) When slow muons from the low energy branch of the pion-decay muons are



stopped in the Si counter only when the target is in, they disappear from the transmitted
beam, leading to a spurious cross section that must be subtracted from the measured one. In
the present experiment muons coming along the beam line are vetoed by the time-of-flight
gate that forms part of the beam defining mechanism. Therefore, only muons produced fairly
close to the target can be detected. The number of these was estimated with the help of
MC calculations15) and found to be less than 1.5% of the pions. The reason for this low
value is the effective collimation by the coincidence requirement between the three beam-
defining counters. This necessary small correction (less than 1.5%) due to the lack of strong
interaction of muons was therefore easily included, with insignificant contribution to the final
errors.

The second effect, namely that of slow muons stopping in Si, is more difficult to handle.
In the present work only at 51.5 MeV (with the 6 mm Si detector) and at 45 MeV (with tbe
3 mm Si detector) was it necessary to correct the results for effects due to stopped muons.
To estimate that correction experimentally we have measured the number of beam particles
that stop in the Si detector. The differences between these numbers for CHj and C targets
agreed very well with proton-recoil calculations when no stopped muons were expected. The
differences between C targets and their empty measurements were in reasonable agreement
with MC calculations18) of stopped muons, when appropriate. Analytical calculations of the
stopped muons effect agreed with the MC calculations and with the experiment to ±40% but
the correction itself was always less than 10% of the measured x+p cross sections at the two
lowest energies where this correction was required.

Another process by which muons from pion decays can affect the measured cross sections
is that of pions decaying into muons between the target and the transmission counters.
However, in the present experiment with a distance between the transmission counter and
the target of only 17 cm and with a detector angle larger than the muon-cone angle, this effect
is negligibly small, as can be easily calculated. This is usually not the case in differential
measurements where the target detector distance produces a significant fraction of pion decay
and where detector angles are smaller than the muon cone angle.

4. Experimental Results

Most of the measurements were carried out on the Mil pion channel at TRIUMF.
These included the measurements at 51.5, 66.8, 70.9, 91.7, 121.9 and 125.9 MeV. The M13
channel was used for the measurements at 45 and 62.6 MeV and for a repeat of the 51.5 MeV
measurement where a 3 mm Si detector replaced the 6 mm one used before. A crucial point
in these measurements is the pion energy, and that was determined from NMR readings of
a bending magnet. The system was previously18) calibrated with the help of time-of-flight
measurements for light ions and also with the help of measurements of their pulse heights in
Si detectors, calibrated with an MIAm a source. The use of two channels with their different
energy calibrations is important in reducing systematic errors. It will be shown below that
the results from the two channels agree well within their quoted errors. Note that these
channels and calibration procedures were used in some of the differential measurements*'5).
The errors on the above energies are 0-5 MeV and the errors at the different energies are
uncorrelated.

Each measurement for a given pion energy and detector angle consisted of a series
of about 10 short measurements of the transmission of pions through (i) CHj, (ii) empty,
(iii) C and (iv)-empty targets. An empty measurement was made separately for each of



the two targets to enable truly independent analyses. Each measurement consisted of 107

pions and was performed at rates of about 2x10* sec"1. Cross sections for CH2, C and p
were thus obtained and eventually averaged to obtain the average ir+p cross sections. As a
check, we have also calculated the average transmission for CHj and C (and their empties),
and from these produced directly the value of the average cross sections. The n+p cross
sections obtained in the two methods agreed to better than 0.1 mb, thus demonstrating the
very good stability of the system. Measurements were repeated at pion beam rates between
1.2x10'* and 2.4x10'' sec"1, and the results remained unchanged. Target thicknesses were
varied by a factor of 1.65 (0.711 gr/cm2 CHa and 0.842 gr/cm1 C replaced by 0.434 gr/cm2

and 0.516 gr/cm2, respectively), and the thickness of the Si counter was changed by a factor
of 2 from 3 mm to 6 mm at 51.5 MeV and from 6 mm to 12 mm at 66.8 and 91.7 MeV,
and the results remained the same within statistics. Corrections smaller than the random
errors were made in order to take into account the fact that without a target the pions
reaching the transmission counters had a slightly higher energy than when the target was
in. When £3 was 1 cm from the target it was necessary to apply a small correction due to
backseattering of pions, i.e. pions that pass through Bi and B2, miss £3 but scatter by the
target into £3, thus registering a pion-loss event. The correction was estimated as -1.5±0.3%
of the T+p cross section, with the help of the known beam properties and differential cross
sections. Table 1 shows the raw experimental results including the corrections that depend
on the particular target. The errors shown are due to counting statistics only. The excellent
consistency between the results for the two sets of targets is clearly seen. Table 2 summarizes
the final experimental results after all corrections have been applied, where the quoted errors
are only the random ones, i.e. those due to counting statistics and due to energy uncertainty
combined quadratically. The latter were obtained from the uncertainty of beam energy with
the help of the local slope of the ir+p cross section vs. energy. Also shown in table 2 are values
of these integral cross sections calculated from phase shift analyses. These will be discussed
in the following section. Table 3 summarizes the dominant corrections and their errors, both
random and systematic.

As an additional check we have made a single measurement for x~. A s 50 MeV and
30° we find a partial total cross section of 8.5±0.6 mb. The calculated values are between
8.5 and 9.5 mb, depending on the phase shifts used. Note that for *~ the totaJ cross section
for charge exchange is included.

5. Discussion

The present experimental results are compared with predictions17"19) in table 2 and
in fig. 3, where the plotted values are the experimental cross sections minus the calculated
ones, divided by the experimental random error. Out of the three calculations, the two by
the Karlsruhe group have more theoretical constraints built into them. The KH8018) involves
final adjustment to various data sets whereas the KA8519) is a dispersion-relation smoothed
version of the former. As it is clearly seen, the agreement between experiment and calculation
is good for all three calculations below 90 MeV, whereas at the higher energies the KA85
calculation is the only one to agree with the data. Looking for systematic trends, one should
use the smooth KA85 calculations and not the KH80 ones that are known to oscillate within
a few percent due to the above fit procedure. With this comment in mind we notice that
there are no statistically significant deviations between calculation (KA85) and experiment
throughout the energy range. The correlations observed between the results at 20° and 30°
are probably due to the common beam energy and should not affect the above conclusions.



To summarise, measurements of "partial-total" cross sections for the x+p interaction in
the energy range of 45 to 126 MeV are in full agreement with the calculations made with the
KA85 phase shifts, which is probably the most theoretically constrained set of phase shifts.
We do not confirm the claim4'5) that there are difficulties with existing phase shifts over this
energy range.
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Table 1. Experimental cross sections (in mb). H cross sections corrected for target
thickness and nonuniformity. Examples for CH2 and C cross sections are raw data.

Lab.
energy
(MeV)

45.0
51.5
51.5
02.6
66.8

70.9

91.7

121.9

125.9

Lab.
angle
(deg)

30
30
30
30
30
20
30
20
30
20
30
20
30
20

Hydrogen
Thin
target

11.2(0.5)
12.7(0.7)
13.4(0.4)

—
20.4(0.5)
21.2(0.7)

—
—

42.5(1.4)
44.6(1.0)
96.6(1.5)

103.1(1.7)
99.5(2.0)

Thick
target

_

12.2(0.5)
—

17.5(0.6)
20.1(0.3)
21.2(0.4)
23.2(0.3)
23.4(0.3)
43.2(0.8)
44.6(1.3)
95.3(1.7)
99.3(1.1)

100.2(1.0)
110.0(1.8)

Examples for
CH?

_

197.8(0.5)
—

262.4(0.6)
285.5(0.4)
316.2(0.4)
309.4(0.4)
341.3(0.3)
439.2(1.1)
496.1(1.9)
618.4(2.6)
708.2(1.9)
632.6(1.5)
740.7(2.2)

thick targets
C

_

175.2(0.4)
—

228.4(0.7)
245.4(0.3)
273.6(0.4)
263.0(0.3)
294.4(0.3)
353.0(0.7)
407.1(0.9)
427.9(2.5)
509.7(1.3)
432.2(1.1)
520.6(1.9)

Pion
channel

M13
M13
Mil
M13
Mil
Mi l
Mi l
Mi l
Mi l
Mi l
Mi l
Mi l
Mi l
M i l

Errors for the raw data are due to couotiug statistics only.



Table 2. Integrated cross sections (mb) .

Lab
energy
(MeV)

•15.0
51.5(d)
51.5(e)
62.6
66.8
70.9
91.7

121.9
125.9

Present
exp.

11.7(0.5)
13.7(05)
13.3(0.7)
18.0(0.6)
20.8(0.6)
23.8(0.6)
43.3(1.5)
96.7(2.1)

100.8(2.3)

Lab angle 30"
Calculation

(a)

10.4
12.7
12.7
18.0
20.4
23.1
41.8
89.7
98.0

(b)

10.6
12.6
12.6
19.0
21.4
24.4
42.0
909

100.7

(0

11.0
13.2
13.2
18.9
20.9
23.9
428
94.3

104.7

Present
exp.

—
—
—

21.8(0.6)
24.0(0.6)
45.1(1.2)

102.0(20)
110.8(2.3)

Lab angle 20°
Calculation

(•)

20.8
23.6
43.4
95.5

104.7

(b)

21.7
24.9
43.6
96.9

107.7

(c)

21.3
24-1
44 4

100 4
112 0

Random errors are quoted.
(a) calculated from phase-shifts of ref. 17 (SP89).
(b) calculated from phase-shiftB of ref. 18 (KII80).
(c) calculated from phase-shifts of ref. 19 (KA85).
(d) measured on the Mil pion channel.
(e) measured on the M13 pion channel.

Table 3. Summary of dominant corrections and errors. Values are in percentage of the
rr+p integral cross section.

Source E = 45 MeV E ~ 70 MeV E ~ 120 MeV

Random Errors
Counting statistics

Pion energy

Combined
Systematic Corrections

Heavy impurities
Residue backseattering
(Mil only)
Chemical composition
Stopped muons
Combined

3.5%
2.0%

4.0%

(1.2±0.4)%
—

(0.5±1.5)%
(7.0±2.6)%
(5.3±3.0)%

2.5%

1.5%
3.0%

(1.0±0.3)%

-(1.5±0.3)%

(0.5±1.5)%
—

(0.0±1.6)%

2.0%
1.5%

2.5%

(0.5±0.2)%
(1.5±0.3)%

(0.5±1.5)%

—
-(0.5±1.5)%

10



Figure Captions

1. A schematic diagram of the experimental set-up. A removable Al absorber is indicated
by a dashed line.

2. Proton recoil effect showing comparison between calculation and experiment of the
relative T+p attenuation cross section measured as a function of the thickness of the Al
absorber (see fig. 1).

3. Comparisons between experimental results and calculations for three sets of calculations
(SP89 is from ref.17), K1180 from ref. 18 and KA85 from ref. 19). x is denned as

Texpi in obvious notation. Only random errors are included.
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Fig. 1
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