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w*-p TOTAL CROSS SECTIONS IN THE RANGE 450 TO 1650 Mev

Thomas J. Devlin, Burton J. Moyer, and Victor Perez-Mendez
Lawrence Radiation Laboratory
University of California’
Berkeley, California

June ¢, 1961

ABSTRACT

The total cross sections for positive and negative pions on hydrogen
were measured at frequent intervals in the energy range from 450 to 1650 Mev.
Six scintillation counters measured thé transmission of pions at various solid angles,
and the results were extrapoléted to zero solid angle. The two peaks previously
discovered in the w -p cross section were observed to be centered at 600+ 15 Mev
and 900 = 15 Mev, A broad maximum was observed in the 1f+-p cross section at
approximately 1350 Mev. A "s.houlder" at approximately 800 Mev, in a region
where the 1r+-p cross section is rapidly rising, supports speculation that there is
a resonant state at this energy. Except for a small, unresolved difference in #b—
solute values in the 7r+-p case, the{se' data agree with those obtained by the group

at Saclay.
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wi-p TOTAL CROSS SECTIONS IN THE RANGE 450 TO 1650 Mev
Thomas J. Devlin, Burton J. Moyer, and Victor Perez-Mendez

Lawrence Radiation Laboratory
University of California
Berkeley, California

June 2, 1661

1. INTRODUCTION

Prior to 1955, little work was done in the investigation of pion-proton
scattering above 300 Mev. ! Since that time, experiment-s have indicated that
there is important structure in the graph of total cross section vs energy from
300 Mev to 2 Bev., Investigations at the Brookhaven Coamotron‘?‘ indicated the .
presence of broad maxima in the 7 - p cross section near 900 Mev, and in the
wt- p cross section near 1.4 Bev. A group from MIT working at the Berkeley
Bevatron resolved the broad maximum in the .# - p cross section into twopeaks,
although the energies at which they observed these peaks were somewhat higher
than those expected from the corresponding peaks in the pion photoproduction
cross éection./*» In the @ - p cross section measurements of Brisson et al. at
Saclay, > and in the measurements described here, this discre.pancy does not exist.
The results of the present experiment havvev received preliminary publication in

part;é' 7

this article describes the work and analyzes the results more completely.
The following criteria were used in deéigning the expefiment:

1. Accurate determination of kinetic energy. (1 to 2%);

2. Good statistical accuracy (2%);

3, Measurement of T - p and 7w - p cross sections under the same
experimental conditions for use in dispersion relations; and for deter-
mination of cross section for the isotopic spin (T = 1/2) .state;

4. Accurate determination of beam contamination by particles other than

pions, the effect of Coulomb scattering, and other spurious effects,
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| No formal theory yet exists allowing a calculatioz_x of the expected pion-
proton cross section in this energy range; however, the results of sxperiments
can yield qualitative information about the nature of the interaction. 4 A primary
aim wae the provision of some information about the quantum numbers involved {f

the peaks are due, in fact, to rescnant states.

11, EXPERIMENTAL METHOD

The transmission of a well-defined pion beam of desired momentum -
through liquid hydrogén was measured. Pions were produced by collision of the
fnternal circulating proton beam of the Bevatron with a 1 1/2-in. platimum target.
A selected beam of them was. brought to the hydrogen target‘ by a magnetic optical
system, and was monitored’ by a series of scintillation counters. The experimental
arrangement is shown in Fig. 1. Since the pions erherge through a region free of
magnetic field, the selection of at or w megons is accomplishqd simply by |

choice of curre'nt directions in the bending magnets and optical system.,

A. Beam Optics

The optical system shown in Fig. 1 consists of a.nv 8-in, -bore focusing
quadrupole doublet with two 32 -in. -long sections, an 18 by-36-in. H-type bending
magnet, and a 4-in.-bore focusing quadrupole triplet with section 8 in., 16 in., and
8 in. long. We refer to these below as Ql’- B, and Q?. respectively,

Pions emitted from the platinum target at 36.5 deg from the forward
direction of the circulating proton beam were collected by Ql' the effective
aperture of which subtended a solid angle of apéroximately 2msr at the platinum
target. Qua.drupble Ql was operated in a manner designed to bring the beam to
a focus at the final transmission counter’ M3. which served as a momentum-
‘eelecttng counter.

Quadrupole QZ acted as a field lens to optimize the flux of particles
through M3 and the hydrogen target. It lncreaaed the flux through M3 by

approximately a factor of two.
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The momentum analysis of the beam was accomplished by the bending |
magnet B, which produced a 23.28 deg rhean angle of bend. The beam incident
on counter M3 had a width in energy at half maximum of approximately 1-1/2% .

Since determination of the kinetic energy or momentum of the beam wae
of great importance, the current in the bending magnet nece.ssary to produce a
particle of given momentum in the system was measured carefully. The curve of
momentum vs magnet current was measured four times, utilizing the wire-orbit
technique, while the magnet was in piace. All measurements agreed to approximately
1,

The pressure curves taken with the' gas Cerenkov counter described below
were consistent with the wire-orbit measurements on the magnet, the threshold
pressure for counting pions occurring at the point expected from the magnet

measurements.

B. Hydrogen Target

The liquid-hydrogen target is described in detail in Ref, 8. It was v
designed specifically for transmission experiments using high-energy particles.
Since the density of liquid hydrogen is so low {0.071 g/cc), the targef was made
quite long in order to obtain a reasonable attenuation of the beam, and thus good
statistical accuracy. The length of the hydrogen flask was 48-7/8-in. between
centers of the Mylar end windows with one atmosphere pressure difference..
The large diameter of the flask {4 in.) prevented any particles counted by the

final 1-1/2-in, -diam scintillation counter from illuminating the target walls,

C. GCounters
All the counters except the Cerenkovs were plastic scintillation counters
made of a solid solution of terphenyl in poletyrene. Sizes ar.e listed in Table I,
All the scintillators wére viewed through Lucite light pipes by RCA 6810A photo-
multiplier tubes. High-capacitance tube base;s were used throughout because of

the high singles counting rates expected in tubes exposecd to the main pion beam.
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Counters M, z_mc.lv M, deterrﬁir‘xe(’lv the gveomevf.'ry of the pion bea;: ’ix,i'c'idie'nt_:‘} |
on the _hydrpgen target. vThe‘i_r sizes x_'epre-se‘ntx a compromise befweed the need to
| obta_.iﬁ a high‘couhting rate for_' good stétiatiéal accuracy, | afxd_ that of keeph_ig the
divergence of the beam low in order to prevent a large Coulomb-scattering éf{ect' :
. and illumination of the 'target w'allsg | | |
Counter MZ did not define the geométry of the beam It'/e.p'urpose was fo
reduce the number of accidental ‘éé“imts in 'thet'mouitor syvstem,,_ | |
Counter SO ’waa placed close to and immédiate.lyv following the hydgogen | s
target in such a way that all particles that struck th:é transmisgibh_ counte‘rs had to
pase. through {t f_irst. The lafge-area transmission counters, wit:h their conseqﬁent
high}backg’round' counting rates, necéasitated the use of So.. vIts purpose was to
prbvide a iriple coincidence with the output of the monitor coincidence circuit and
each of the transmission counters, thus reducii\g the accidental‘co{mting rate. |
The transmission counters Sl through 86 subtended various éolld gngles
- from the centérr of the hydrogen target. Counter §, was kept at 7 msr throughout |
the ’expé_riment. ;Cou‘nte.r. 86, 'aubtgnding the (a_mallest_aol‘id angle, was moved o
several times. At the higher energies it subtended aboht' 1.5 msr and, at lower
energiesa, 3 msr. The change was made beca&sé the greater amount of Coulbmb
scattering at lower energies in the smaller solid éﬁgles made the data dubious.
Thé_other counters wcre moved also, to maintain equal intefva;s-.of solid angle
from 81 to 86. The 'thx.'ee sets of solid angles used are listed in Table I. The
use of cross sections measured at various angleé to extrapolate to pe;'feci geometry

is discdseed in.Sect.ion 111-G.

D. Gas Cerenkov Counter and Preasure Curves

The gas Cereénkov counter is described in detail in Ref. 9. It served a
twofold purpose in the experiment: (a) to confinkously reject protons in the positive

beams, and (b) to determine, by means of pressure curves, the number of j)rotona.
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muons, and electrons contarninating the pion beams.
Yo The eifective volume of the gas counter was a cylinder 7 ft long and 4 in,

in diax’ﬁeter, filled with sulfur hexafluoride as the radiating material. The pion
beém was zittetméted by.about 35" because of scattering iv this counter. When

used in the monitor to r"e‘:jec;t protons, the counter was kept at a pressure of 230
psig, corresponding to a threshold velocity for Cerenkov 'radiation of 0.985 ¢, which
was adequate for counting pions with kinetic energy above 675 Mev. Below this
energy a liquid-nitrogeﬁ counter, described below, was used. Throughout the
energy range of the experiment, ‘the velocities of the protons were well below the
threshold velocity of the gas counter. The efficiency of the gas counter for counting
pions was about 95%, determined on negative beams by calculating the ratio of
coincidences between the Cerenkov counter and M2M3C. to coincidences in M2M3,
alone,

N o adequate method was found for measuring the efficiency of the gas
counter for ~cm:mtcing protons. It was assumed to be zero. The possibility that
delta rays produced in the counter by protons would give enough Cerenkov light to
be counted was investigated. It was calculated that a number of protons (about 10%
at the highest energie‘s encountered in thg experiment) produced 6 rays with
velocities above the Cerenkov threshold; however, the masximum energy of the &
rays thus produced was just barely above the threshold, and the amount of light
collected by the phototube was insufficient to produce a signal of appreci'able size,

Although the Cerenkov counter itsclf was probably 100% ei'filcient in
rejecting protons, the total monitoring system was only 93 to 98% efficient for
proton rejection. The lowered efficiency was due to accidental coincidences in
_the Cerenkov counter. This is discussed in more detail in Section III-F.
Contamination of muons and electrons in the beam was measured by the

pressure-curve method, in which the regponse of the Cerenkov counter was
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determined as a function of the pres;aure of the gas in the éoun‘ter at vcvone‘tant | T K
temperature. The index of ref{raction of the gas is given as a function of pressure
at room tetxape:attxr’é in Pef. 9. One of thé curves obt‘ainévd.i‘s.sho\fvn in Fig. 2, in

which the various constituents of the beam are clearly shown. These measurements,

including the function of the copper mentioned in Fig. 2 are discussed in Section l1i-E.

7

E. Liguid-Nitrogen Cerenkov Counter

Fér rhgasuremente of the . at cross section frdm.»‘iSU Mev through 675 Mev,
a liquid-nitrogen Cerenkov cbunter_ was substituted for the gas counter. The index ,
of refraction of liquid nitrogen (n = 1;2653 at its boiling point) wa’é adequate to |
's'éparate‘pions _frc_)m protons in this enérgy range.,

Qualitative checks on the c;;unter showed it to be nearly 100% efficient.
Since any inefficiency would have no effect on the cross section, no attempt was

made to determine it exactly. _ : - §

F, Electronics , .. - (3
The block diagram of the electronics system for this ekperiment is shown
in Fig. 3. | The setup wé.a _exactly the same for both positive_and negatiye beam,
except that the Cerenkov counter was physically removed from the negative beam |
and the monitor coincidence circuit was changed accordingly.
The coincidence circuits were all of the Wenzel type. 19" The monitor and
monitor-accidenfals coincidence circuits were modified to provide a fourfold
coincfdence. All the others were of the standard threefold type. Swift-Perez-Mendez

11

diacriminator-am'plifiera were used throughout the system, The distributed

amplifiers employed were Hewlett- Packard 460A and 460B. The prescalers were .
Hewlett- Pacikard 520A, and the scalers were of the type described in the Lawrence

Radijation Laboratory Counting Handbook. 12. . )
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" 1lI. ANALYSIS OF THE DATA
A, General
If we let 1= le be a measurement of transmitted intensity when the

target is empty, and ] = If be the same measurement with a full target, then

we have
1
v % 1“1; ,

where n, x, and ¢ refer only to the liquid hydrogen and are, respectively, the
number of hydrogen nuclei per cma. the length in cm of the beamv path in hydrogen,
and the attenuation cross section in cm2 per hydrogen nucleus.

In this experiment, le and I, were given by the ratios of transmission
coincidenées to monitor coincidences (see Fig. 1),

1= M;M,M,CS,S,/M,M,M,C,
where i refers to any one of the transmission counters, Sl to 86.

In this way, a cross section was calculated for each of the transmission
counters. The results were corrected for accidentals, muon and electron con-
tamination, and Coulomb scattering. Then the reéulting cross sections, as functions
of solid angle, were extrapolated to zero solid angle. In the case of the w - p
cross sections, a further correction was applied for contamination of the beam by

protons. These corrections are described in detail below.

B. Energy Corrections

It was necessary to correct the energy determined by the bending magnet
because of energy losses in air, counters, target walls, and the hydrogen itself,
This was done by using range and dE/dx tables. 13 The correction amounted to

about 25 Mev in the w beam, but about 80 Mev in the 7' beam due to the presence
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of the Cerenkov counter. | | |
Although the accuracy of the energy measurement was about vl-l/Z%, the

energy spread, i. e., the band of energies involved in ahy one érosa section meas-
urerhent, was about * 20 Me.v from the central energy. This waé bécause the hydrogen
target was so long. Therefore, all cross se,ct.ionsv iﬁeataured in this experimént
represent an average over 40 Mev in energy. It is to be expected that this has
little effecf on the results in regions where the Blopé of cross section vs energy is |
i-e_latively constant, but one must examine the effe’cf at peaks and valleys in the
cross section where the slope is rap‘idvly changing. The effeét of averaging over a
" band of energies was investigated'vin some detail in the region of the peaks in the
cross section and was found to be negligible (of the order of 0.2 mb, with an un;-

certainty about the same).

C. Accidentals Corrections

Most types of accidental counts have only a small effect on the results of
a transmission experiment,. }fowever. there is one type that changes the value of
| the apparent crﬁaa .section by a percentage approximately equal to the perceritage
of #ccidental counta;~tlxat in which a particle scattered by the hydrogen appears to
be ﬁnséattered because of ’an accidental count in ’the tranémisaion cpuntér; However,
qualitatiw}-e considerations show that this effect, for the conditions of this experiment;
fs corrected by ﬁhe éxtraplola_tion to zero solid angle. No expiicit correction was

made,

D. Couio:nb Scattering Correction

" Becausge of the length of the hydrogen target, the measurement of the
total cross section was affected appreciably by Couiomb scatteringvat the lower
momenta and smaller solid angles. Coulomb scattering in the target walls, counters,
etc, was automatically corrected for by the target-empty effect, so that only thé

hydrogeri itself was considered in the correction,

x
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Except for the value of the mean scattering angle, the method used was
essentially that of Sternheimer. 14 The mean scattering angle quoted by that author
was found to yield a correction obviousiy too large. In several measurements taken
early in the experiment, before optimum beam tuning had been attained, the Coulomb
scattering effect on the counter with smallest solid angle was extremely large--of
the order of 10 mb. These cases were selected for revision of the value of the
mean scattering angle. The results indicated that Sternheimer's value, revised by
a factor of 0.69, gives consistent sets of corrections. This factor is somewhat
sfnaller than that indicated by Moliere theory. 12

In order to employ the Sternheimer method, the flux of p#x‘ticles at the
transmission counter must be known as a function of position over the face of the
counter. This was measured by a ''beam distribution counter' consisting of a
small scintillation counter and long, thin light pipe mounted oun a frame horizontally
and veftically movable in a plane perpendicular to the beam direction, Beam dis-
tributions were measured before and after the bank of transmission counters, and_
the results were interpolated to the positions of the individual counters. Distribution
measurements were taken concurrently with almost every measurement of a cross
section, The corrections to those few cross sections that lacked a beam-distribution

measurement were inferred from corrections calculated under similar experimental

conditions.

E. Muon and Electron Contamination

Contamination of the beam by muons is divided into two separate contributions:

pion decays before and after the bending magnet. The contribution from decays after
the magnet was determined by calculation alone, since the method is quite straight-
forward, Calculation of the contribution from decays before the magnet is much
more difficult, but the pressure curves for gas Cerenkov counters provided a good
check on the validity of the result. The agreement between measured and calculated

values was excellent.
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'Sin_ce the bending-ﬁaaghet'is a momemum-.é'electing device.,ail the muons \
produced before the magnet and deflected into the counter telescope have the same -

_moment.uvm as the accepted pion's', This allows separation of the two particles by' the -

difference in their velocities with the gas Cerenkov counter. ' Starting at high pressure,’

all the pions, thns, and electrons were counted. .Lowering'the piessure suc‘cessi_vely.
elimi_ma_.ted pions and then muons (Fig._ 2). Cdmparison of }the relative hei.g'ht.s'of the
~ electron, muon, and pion plateaus gave the'pefcentagefof contamina‘,t-ion’éf r'n'uonsva,ndv
electrons ’fvrom contributions b_efore the bending magnet. - Muons produced afté'r the
magnef have a rv)ide. spectrum of rﬁomenta and tend to decrveasve' vthe 'sharpness 'of»v .
_delineation éf the c_ompoﬁent_s from before the magnet, but conti-iﬁution of the former
is calculable. - | | | |
In ordei to check on Qhether the second piateau was really muons, an
amount of .cqpper corresponding to one pion nucléar mean free path was i’naertéld -
~in front of the third telescope scintillation counter. It was expected ihat'eaaentially
all the m_udns should get through, since Coulomb scatte:in’g losses at these. e'nérgiea
should..be negligible. The étrong_ly interacting pions should be substantially at_ti’e_x’xﬁated.
The m‘eaaureme.nta. shown in f‘ig. 2, verify 'thi;a. | | | |
Thevpressﬁre_ curves were fepeated at several energies, giQing a measure
of the coﬁtamingtion as a function of energy, The final results for muon con_tafnin;tion,
obtained from measurement and calculation, a,re' shown in Fig. 4. |
At the high\er energies, contamination of the beam by electrons was very
small, of the orde/x;/ of 1%, found by cbfnparing the relative counting r‘ates \ivith various
quantities of lead\ inserted into. the path of the beam, and by examining the pressure
curves in the region‘ where only electrons could count. The counting rates on the.
electron plateau were just slightly higher than the background rate of accidentals,
and v)ere. for this reason, rather difficult to determine exactly,

At lower energies, the number of electrons in the beam was somewhat
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higher. Sﬁbtfaction of the accidentals rates indicated that the contamination might
be as high as 5% at the lowest energies.

An attempt ..wa‘s made to calculate the amount of electron contamination from
the spectrum of neutral pions produced in the target, the amount of platinum in the
path of the gammas arising from decay of the pions, and the energy spectrum of the
pair-produced electrons. Some veryhcfude approximations were necessary in order
to simplify the calculation. The results yielded contaminations roughly 5¢™ higher
than those measured by the Cerenkovv”cbunter. Although the approximations used in
the calculatidn were probabiy crude enough to give invalid results for the absolute
value of the contaminatibn, it is felt that the energy dependence is substantially correct,
Therefore, the calculations were renormalizeé to the best of the Cérenkov counter
measurements, and these values were used to correct the data. | The other Cerenkov
counter measurements were consistent with the renormalized calculations. The

electron contamination as a function of energy is shown in Fig. 5.

F. Proton Contamination

The positively charged beam of particles was composed of approximately
75% protons and 25" pions. These percentages were determined by use of the gas
Cerenkov counter, set at a threshold above that for counting protons and below that
for counting piona. The counter put into coincidence with the scintillation counters
that monitored the beam incident on the hydrogen target. ldeally, this system would
count only the pions, However, because of a type of accidental coincidence previously
mentioned in Section 1I-D, its efficiency for rejecting protons varied between 93 and
98", depending on the running conditions. This species of accidental counts was
monitored continuously throughout the experiment. The counted beam varied between
5 and 15% protons, depending on experimental conditions, with the rest pions and
muons. These.ratés are éonsistent with an instantaneous rate of 106 background
counts per second in the Cerenkov counter. Consideriﬁg its position, lack of
shielding, and the radio-frequency structure of the beam, this is quite a reasonable

figure to expect,
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Several checks verified that there really were protona in the counted beam.
the simplest of theae being that on negative beam the accxdentals ratee of the type |
considered above were much smaller and quantitatively consistent wlth the counting
rates involved. | | |

The known proton-proton cross section and the measoredvpercentage of
protona in the countedbeam were used to correct the data in an obvious manner. The -
correction to the n - p cross section was typically of the order of | mb or less,
yielding a value less than the uncorrected value.

Some uncertainty remains in relating the measured rate of accxdentale to the
truve_rate. because of the radiofrequency structure of the beam intensity. One extreme
estimate of this effect, based upon the worst possible beam-structuie asautnption,'
indicated a max‘unum change of about 15% in the correction, {.e., lees than 0.15 mb
change in the correction cross section. The true change neceeea.ry to c0mpeneate
for the rf structnre is certainly less than this. Since thts correction ts ao 'en\ell.
well within the statietice on the oointe. no attempt hes yet been made to evaluate it

exactly.

G. Extrapolation to Zero Solid Angle

Under ideal conditions, a transmission counter of finite size measures an
apparent tota.l cross gection, equal to the true total cross aection diminished by
an amount equal to the integral from zero to the half-angle subtended by the counter
of the angular distribution of all charged particles resulting from interactions and

scattering events. We may write this as

where OM is the measured value of the croes section, o is the true value, and
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do Ch/dfs'l is the value of the angular distribution for all charged particles. This
angular distribution includes both the elastic angular distribution, and that for
emission of charged secondaries in the forward direction from inelastic events.

The limit of integration 01 is the half-angle sﬁbtended by the transmission counter.

If several transmission counters subtending different angles are used, the
graph of apparent cross section “vs solid angle should lie on a line with a slope equal
to the negative of the total charged differential cross section at 0 deg in the |
laboratory system, and which passes‘through the true vé.lue of the total cross sectioﬁ
at zero solid angle. This is true only if the angles involved are small enough so that
the Gifferential cross section can be considered constant and equal to its value in the
forward direction.

Under more realistic conditions, however, both the slope and the intercept
of the line used in the extrapolation may be changed by various extraneous effects.
Some of these are accidental counts, Coulomb 'scatfering, nucl.ear scattering in
counters, muon contamination, etc, Of these, only the Coulomb scattefing qhanges
the intercépt -1i.e., the true value of the total cross section-and this correction was
applied explicith’j. For all the others inclvuding the prevalent type of accidental
counts, in those cases in which there was an appreciable effect at finite solid angles,
the correction was found to extrapolate to zero with golid angle,

Thus we have the result that the slopes of the linéa used in the extrapolation
are not those inferred from the expected angulé.r distributions; in fact, they are
éonsiderably larger. Because of the relatively small number of points available
for the determination of the slope (five or six), the errors involved are fairly large.
However, they showed a fairly consistent tendency to remain in the range from
- 0.4 through - 0.1 mb/msr. Because of the poor statistics involved, the slope
finally employed at any given energy was the average of slopes calculated for that

energy and nearby energies.
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Because of the small angles involved and the small value oi the slope, any

uncertainty in the slope has a relatwely emall effect on the total cross eectzon | The
, uncertamty in the slope has been mcluded as part of the errors on the calculated
values of the cross sectaons. ' |

| Figure 6 gives examples of the extrapolation A least-squarea fit was used
to calculate the slope and mtercebt of the lines. 'Ihe slopes for all energies were
then exammed for consxstency In the case of the negative pions, they averaged about
-0, ZZ mb/msr. ‘with no discernible dependence on energy For pomtive pions, the
slopes increased with energy from about - 0. 2. at 900 Mev to - 0.4 at 1600 Mev. The_
. most likely explana.tion of this behavior is the production of charged secondary |
~particles by protons contami.nating the beam. Below 900 Mev the slopes get larger H
in absolute ve.lue. pcobably because of inaccnraciee in the relatively large'.Cou‘lom’b‘
corrertion applied, and the Coulomb scattering of the accidentally counted protons.
The energy dependence of the slopes was continued below 900 Mev as determined
from higher energies. and the lines used in the extrapoletion were forced to fit the
slopes thus determined. This fact, and the uncertainties in the Couiomb corrections
in this energy range, are r}eﬂec.ted in the relatively large errors o'_n;the pointe'_ in

this region,

IV. RESULTS

The measured values of the total cross sectione for 1‘r+-p_ and © -p
reactions are listed in Table II, and graphed as a function of lab pion kinetic energy
in Figs. 7 and 8. | |

The uncertainties listed are a combination of the counting statistics, and
uncertainties in th:e corrections applied. In several cases, the values of the cross
section repreaent two or three measurements all within the 40-Mev energy band
under study, combined to give a weightedb average of the cross section. In two cases,

deviation of the individual points from the average was greater than one standard
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deviation. In these, the rms deviation was substituted for the calculated uncertainty.

The group working at Saclay, France, has performed a similar e:xperiment5
over most of the energy range covered in this one. Their results for the negative-
pion scattering are in excellent quantitative agreement with the resultaAquoted here.
Although the qualitative features of their results for positive pions are the same,
there is a systematic discrepancy of about 2 to 3 mb between the two experiments,
with our experiment exhibiting the higher results. This discrepancy has not been
explained, but mAight be ascribed to di.fferenceos in the geometric correction or beam
contamination, Careful re-examination of all the data and corrections involved in
this experiment reveals no justification for revising the results présented.

The slight difference between the data presented here and that presented in
a previous report of this experiment, 6 is due to a more complete analysis of the
corrections made to the measurements. .

Longo et al.l have extended the wt p data to higher energies in a separate

experiment designed to provide desirable " beam intensities up to 4 Bev. 7

V. DISCUSSION

In the following paragraphs we calculate the cross section for thev pure
eigenstate of isotopic spin, T = 1/2, discuss possible assignments of the quantum
numbers for resonant states, and quote the results of a calculation of the real parf
of the forward scattering amplitude on the basis of dispersion relationé. We also
‘compare thé scattering measurements with pion photoproduction measurements in

regard to energy dependence,

A, Cross Section for Pure T = 1/2 State

Under the assumption of charge independence, all the strong interactions
between pions and nucleons can be described in terms of two eigenstates of isotopic

spin. The pion has an isotopic spin of 1, and the nucleon, 1/2. The total i-spin of
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the system consisting of one pion and oﬁe nucleon can thus be either 3/2 or 1/2, |
Charge i_.nde_pe‘ndencé states that, in isotopic spin space, the behavior of the system
depends only on the value of the total, I-spin and is independent of its projection on
fhe -z - axis. _ Thus, the l-spin‘part of the wave function of any of the six charge
atate;s in tlhe'pion-»nucleon Byatem may be wx;itten as a linear cémbination of the two,
eigens‘tates of 1 spin; If we develop‘v the expres.sions for the total cross section we
ﬁnd,. for the two cases under considefation in this experimenf:,

oln'-p) = 6(3/2),
and h

o{n - p) = 2/3 6(1/2) + 1/3 o(3/2).
Solving thése two equations for the pure T = 1/2 state, we find

o{1/2) = 3/2 o{n"-p) - 1/20 (v - p).

The resuslts of a éalculatiou of this cross section in the energy rahge under
consideration are preseh_ted in Fig. 9.

Qualitatively, the general features of the T - 1/2 cross section ax;e'the
same as those of the 7 - p cross section. The main difference is in ‘the‘heighta
of the peaks, 60.2. mb at 600 Mev, and 73.2 mb at 900 Mev, and_in the behavior o(_
the flat portion of the curve above 1200 Mev, The T= 1/2 cross sgction drops
rapidly to a value below 32 mb, and is consiétent with an asymptotic approach to
the high-energy (4-Bev) value of about 30 mb. 16 Thus, the plateau observed in the

T - p cross section between 1.l and 1.4 Bev can be ascribed to a contribution from

the broad maximum in the pure T = 3/2 state.

B. Resonant States

If the expression for the total cross section is developed in terms of a
partial-wave expansion of the scattering amplitudes for pion-nucleon scé,ttering;

we find that the maximum possible contribution from a given partial wave to the
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total cross section can be written
c(1,3) =% (27 + 1) (1 +b),

where o{f,J) is the contribution to fh-e total cross section from that partial wave
h‘ﬁving orbital angular momentum £ and total angular momentum J; X is the
deBroglie wave length of the pion in the center-of-mass _s;ratem. and b i3 an
inelastic-scattering parametér whic.h takés on values between O for pure diffraction
scattering, and 1 for purely elasiic‘ scattering. We assume that we are dealing |
with the cross section for 'a pure isotopic spin sté.te, and that the partial wave under
consideration is in resonance, i.e., the phase shift 61' 3 is 90 deg.

Let us examine the peaks in the T = 1/2 isotopic spin state at 600 Mev
and 900 Mev in the light of the above equation. Some qualitative observations are
necessary to justify the procedure to be adopted. First, the widths {of the order
of 150 Mev) and general shapes of these peaks are not uﬁlike that of the 3-3
resonance in the T = 3/2 cross section at 200 Mev. Since the behavior of the
pion-nucleon cross aection in the neighborhood of 200 Mev is quite adequately
explained by a resonance in the state where £ =1, J=3/2, and T = 3/2, we are

somewhat justified in assuming that the peaks at 600 Mev and 900 Mev are also due

to resonant statef, Secondly, there is an appreciable contribution to the croés
section from partial waves othef than the one in resonance. Goodwin indicates that,
above 427 Mev, all partial waves up to F waves have a nonnegligible contribution
to the angular distributions. 17 Thus, in analyzing the total cross section, we muﬁt
subtract a ''nonresonant background" contribution from states other than the one in
resonance.

1f we assume that the nonresonant part of the cross section is about
30 mb-i.e., approximately equal to the asymptotic value of the total croas section
at high energies--we can solve the above equation for b, trying several different

values of the total angular momentum J. The results are shown in Table IIl.
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At 600 Mev, the results are fairly clear, subject, of course, to th_e validity
of the assumption about the nonresonant contribution. If, in fact, thia is a resonang
étate. it probably has J = 3/2, with a fairly high amount of inela_'etic‘scattering.
- This éonclusion is substantiated to some extentrby_ dafa from a number of experiments -
collected by Falk-Vairant and Valladas and presentad at the 1960‘-Rochesterr' |
Conference, 18 Measurements of the total elastic cross gect'ion {and by vsullztractiOn. 3
the total inelastic cross section) indicate the presence of a pcakvin‘both the elé.étic
and inelastic cross sections at this energy. Qualitatively, this is tﬁe b‘ehaviof.to
| be expected from the value ofv b quoted in Table IlI for J = 3/2. The assignment
of J= 3/2 is also consistent with an analysis of the angular dis:tribution fm_'.pibn
: photoproduction,é which indicates that the proper ‘assignment of quantuzﬁ numbe'i' for
this réapnance is £ =2, anci J=3/2, o U |

At 900 Mev the results are.'somew‘hat_ armnbiguous, With an asaignmeﬁt of
30 mb for the nonres‘onant cdntribution, three values of J fall {n the gééeptable |
range. Although not impossibie, it seems unlikely that J is 9/2. Theiudiéhtionﬁ'
of a peak in the inelastic cioss section near 900 Mev18 seem»to rule out .J " 5/2.
because of the value of b, which is very close to 1,0. However, analysia of photo-
production ;'eaults, 4 allthougb not conclusive, tends to favor the assignment of -J = 5/2,
These contfadtctory_ conclusions may be resolved if we asaume a differeqt value £or.
the nonresonant contribution, | » '

If thls) contribution in the vicinity of 900 Mev has a value of about 40 mb, for
some reason not clearly understood but possibly inferable from the angular distribu-
'ftona in Wood'a data, 19 then the value of b for J= 5/2 is more consiateht with a
shbstautlal amount éf ‘iuelasticv scattering. - |

A recent experiment at Bex;kgley measured the elastic angular distribution

19 Although not yet completely analyzed, it is consistent with

for # - p scattering.
the supposaitions of J'= 3/2 and J = 5/2 for the two states, respectively, subject to.

the validity of the assumption that they are in resonance,.
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Some spéculatiqn has been made about the posaibility that there is a
resonance in the " - p interaction near 800 Mev.zo The behavior of the total cross
section in this energy fange gives some support to this view. However, in view of
the fact that the nonresonant part of fhe' cross section is not well known, an analysis
-gsimilar to that presented above is inappropriate. The confirmed existence of a

resonant state must await angular distribution and polarization measurements.

C. Application of Dispersion Relations

The real part of the forward scattering amplitude for pion-proton scatfer'mg
may be determined from the imaginary part by the dispersion relations. 21 The
calculation involves integrals of the imaginary part over all energies. Since the
imaginary part of the forward scattefing a?nplitude is relatea to the total cross section

by the optical theorem, the real part may be determined from the behavior of the

total cross section. Explicitly, we have

D, (k) = 1/2(1 * a’-) D(0)+1/2(1F ‘ﬁ-) D (0)

<0

k?‘ do' (‘9')
+;;~2“ P S U -r:;,r-
"
‘o ' 2
dw' oy (') Lof K2
U »
w+w “.Z w:bpz/ZM

where Dd:(k) ie the real part of the pion-proton forward scattering amplitude at the
pion laboratory-system wave number, k; w is the total energy of the pion in the
laboratory system; p ie the pion mass; a*( w') is the total pion«proton cross se.ction
at energy o'; and M is the nucleon mass. The units of k, w, n, and M are cm’ H

P means that the principal value of the integral is taken. The coupling constant has
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the value fz =0, 08; the starting values for the amplitudea are D (0)-— -0, l48><10°13

‘and D (o) = + 0, 10610713 cm,

Cronin haa used the previously reported results of this expex'iment6 and

35716

others to perform this calculatxon His results areicontamed in Ref., 22,

S

and are shown in Fig. 10 .

D Comparison Between Scattering and Photoproduction

: We wish to compare the results of pion scattering thh the photoproduction
teactions | | |
'Y‘+p-?w°fp'. L - o e
and _ , _ | '
' Vy+p-.->_1r++'n.,_'-, | _ L - {2)
At low ene.rg_ies‘, it ia. expeéted'that the ioﬂue_r_xce of the strong final-state interaction
in photoprvoductmn'wﬂ;l' dominate the reaction and show a diFect 'coriéapondeoco with
the fnatching situations in pion scattering.. As inelastic channeis become more
important at higher energies, thio;correa.pondence' will be éo:ﬁewhat less evvide.nt;
however, comparisons are still worth wrhile..
A number of experiments de#ling with Reaction (1) indicate the presence of
8 maximum in the cross section in the ‘;icinity of 750-Mev ‘energy (lab) of the -gémma
ray. 23 Other experim ent924 dealing wito Beacﬁon (2) ahow a maximum at about
700 Mev. If we assume that the maximum in the photoproduction cross section occurs
at an energy whero the total energy in the c.m. system is the same as that in the
pion-proton scattering stfuation)at 600 Mev, we would éxpect a maximum in photo-
production at 750 Mev. Therefore, good égreement obtains between the scattering |
reauite and measurements of Reaction (l). The 50-Mev difference betwoen the
scattering results and Reaction {2) may be explained by a component of ihe photo-
production matrix which operates for charged-meson photoproduction alone. 4 No

estimate of the magnitude of the effect of this term {s available,
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Counter geometries

Solid ar_igle,ior 'cpunter positions

Counter Diameter Thickness (msr)

o (in.) (in.) 1 1 1Ll
M, ~ 2.00 0.25 .-- - .
MZ 4.00 0.50 - - -—o-
MS - 1.50 0.25 - - --—
SO 8.00 0.50 - .- .-
31 10,60 0.50 7.13 7.13 -
S2 11.00 0.50 7.03 6.868 7.00
53 12,00 6,50 4.88 5.606 6.00-}
54 12.00 0.50 3.76 4.344 5.00
»55 12,00 0.50 2.64 3.082 4.00
56 12,00 0.50 1,52 1.82 3.00



-26-

Table 1I

UCRL-9548 Rev

ettt

1

Summary of total cross section results

LU T -p

Tw Cop Ao T,;r O Ao

{Mev) {mb) (mb) (Mev) {mb) {mb)

457  29.44 1.63 452 33,03 0.69

506  24.14 2.11 503 36,01 0.61

529  22.87 1.80 554 41.86 0.81

651 17.95 1.34 598 46.20 0.84

749  .21.58 0.65 652 41.67 0.78

805 24.98 0.74 705 40.23 1.05

861  27.10 0,50 727 40.66 0.58

890  25.79 0.39 755 42,09 0.88

906  27.04 0.80 800 44,71 0.76

952  26.98 0.66 852 52,74 0.63

998  28.90 0.58 873 55.97 0.71
1042 29.69 0.44 896 57,82 0.84

1100  31.80 0.44 920 56,95 0.86

1146  35.70 0.58 962 51,75 0.85

1183  36.76 0.41 993 46.66 0.64

1240  39.53 0.72 1022 42,37 0.62

1336  41.56 0.58 1045 41.17 0.59

1440  39.53 0.50 1100 37.18 0.61

1510 3927 0.74 1150 36,55 0.71

1195 35.84 1.22

1240 35,22 0.60

1300 35,72 0.93

1347 35.41 0.46

1416 34.51 0.54

1456 34.62 0.58

1520 33.81 0.73

1548 33.90 0.46

1584 33.40 0.46

1650 27.08 0.96

e - — —
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e ~27- ) I
| I Table IiI - _ .

Values of the inelastic coefficient for various assumptions
~about total angular momentum and nonresonant contribution

T o (total) a(nanresonaﬁi) a(résdnant) _ I n)\z('ZJﬂ) | b -
600 602 30 302 1/2 12.00  >1
' 3/2 24.1 0.251
5/2 36.2 <0
'900 73.2 30 432 3/ 14.9° >1
' - ’ 5/2 22.4 0.93
/2 29.8 0.45
9/2 37.3 0.16
11/2 44.8 <0
900 73.2 40 332 3/2 149  >1
' 5/2- 22.4 - 0.48
7/2 29.8 0.11
9/2 37.3 <0

N
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FiGURE LEGENDS

Fig. 1. Plan view of experimental arrangements.

Fig. 2. Pressure curves for gas Cerenkov counter.

Fig. 3. Block diagram of electronics. Not all coincidences are shown. Signals
frbm M" and SO are continued through coincidence ™ and intb aﬁother coincidence
with counter 53. and subsquently with 55 and the beam-distribution counter,
Likewiqe. coincidence L begins another chain of coincidencé circuits yielding
information oﬁ counters S4 and 56’ and finally an accidentals fneasurement.

At diagram center, 1 is a pulse inverter and the T's are pﬁlse splitters,

Fig. 4. ‘Contamination of the pion beams by muons. The dashed curves represent
the contribution from decays before the bending magnet, and the plotted points
refer to these curves. The solid curves represent the total muon contamination
from decays both before and after the magnet. The reason for the difference
between the positive and negative muon contaminations is attenuation of the
positive pions in the Cerenkov counter.

Fig. 5. Contamination of the pion beams by electrons. The curves represent the
calculated values renormalized to the measured point at 650 Mev. The difference
between the values for positive and negative beams is a combination of the
branching ratios for producing positive andv negative pions in the platinum target,
and attenuation of the positive beam by the Cerenkov counter.

Fig. 6. Plots of apparent total cross section as a function of the solid angle sub-
tended by the transmission counter. Curve a, taken at 895 Mev and before
optimum beam tuning, shows an appreciable Coulomb-scattering effect in the
smaller solid angles. Curve b, taken at 1548 Mev with good beam tuning, has
a negligible Coulomb effect. The line represents a two-parameter least-squares

fit to the corrected points. The correction for muon contamination, dependent
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on solid angle. is included in the values plotted. Electron co'ntamination and.
other-_cor.re_ctions a.vrbe not included, since they are not dépendent on sbiid angle.
Fig. 7. Total cross section f'orv " - p as a function of the laboratdry pion kinetic |
veﬁergy.
Fig. 8. "l_‘ot_al' cross section for w - p as a function of the laboratory pion kinetic
energy. | | |
‘Fig. 9. Total cross section for purel isotopic spin state T =1/2 as a function of
the laboratory pion kinetic energy. | -
Fig. 10; R eal part of the fo‘r\v#a‘.rd,‘scattering amplitude for positive D _ and negative

D_ pions on protons, as a function of the laboratory pion kinetic energy.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. ' '

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








