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ELASTIC SCATTERING OF 5-BEV +~ MESONS ON HYDROGEN
Richard G. Thomas, Jr. |
Lawrence Radiation Laboratory
University of California
Berkeley, Caliiornia

Novomb@r 23,1959

ABSTRACT
The elastic scattering of S-Bev 'mgativs pions on iaydragcn

has been obgerved in a large propane bubble chamber. We report
below the results of this chservation. It is ihown that =(7 # 3)% of
the events called elastic .A_a.x'o probably background. The observed
angular distribution is itrongly pea'kad}iorwud. This fact suggests
that diffraction scattering is the dominant process at this ‘energy. The
theoretical analysis of the distribution is in terms of the optical model.
It is shown that the proton acte like a partially opaque sphere of radius

1.04x10°13

cm & 5%. The total elittic cross section is found to be

5.6 £ 0.5 mb. From the extrapolated value §f do{0)/det = 29.8 & 10%
in the center-of-mass system, a value of 29.1 £ 2.9 mb v?n calcalited
for the total hidrogcn crons ruetion. The opacity of the sphere is thus

0.69 ¢ 0.08,
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ELASTIC SCATTERING OF 5-BEV n~ MESONS ON HYDROGEN"
Rich;ard G. Thomas, Jr..
Lawrence Radiation Laboratory
University of California
Berkeley, GCalifornia
November 23, 1959
.. INTRODUCTION o
Since the discovery that pi mesons interact strongly with

nucleons, 1 much time has been an& is currently being spent studying
these interactions. It is now fairly certain that wkén a aatinfaéta:y
theory of nuclear forces is enunciitéé. piéup .wm play a dominant role.
Among the many interactions ef.. pibna with protons st modeﬁto energles
(2 1 Bev), clastic scattering can be studied most rccdﬁé. The infarmatioi;
that is obtained in one of these sxperiments usually consists of (a) the
plon-proton interaction radius; (b) the lngi;lar distribution of the elasti-
cally scctﬁué masons; (c) a test of one ér ﬁéu models of the nucleus;
and {d) the total aluuc-ucu,ttc'riug cross section. The experiment to be
descrlbed‘ yielded data not only on the above qﬁnntitieh. but also on the
total hydr'ogen ¢toss uctien. The cﬂquﬁoa of this cross section was
made on the assumption that the _clutlé inte:aécica at this energy is
almost wholly diiixiction scattering. The observed anguinr distribution
is thus treated by the conventional epttcd model in which the bekavior

of the nucleon is described by an opaque sphere. 2

* This work was done under the auspices of the U, 5. Atomic Energy
Gommission, . '
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PION BEAM

The geomstry of the beam is shown h_; Fig. 1. A beryllium
target placed 14 deg up:‘traam‘_iro‘n; a radiun .t.hrough thé center of the
west straight section was plunged periodically into the path of the
ctrcﬁlat&ng proton beam of the .Bemro'n. "Negative pions emitted at
zero degrees to the proton beam were deflected 29‘.‘95_‘&05 from this
beam thfough a thin window in the vacuum tank. ~_‘.v’!’1hoy. then pa_ilud'
successively thréugh twq standard 8-in. quadrupole triplets, each of
which was operated as a single lens. A 5.0t analyslag magnet having
a gap of 7-in. then bent the mesons thyough 7.2 aeg mto the position
occupied by the 30-in. propane bubblc chamber. This chamber, which
has already been described, 3 {6 30-1/2-4a. by 21- l/Zvin by 6-1/2-1n.
It eporatos in & magnetic field of 13.5 k. gaues. '

Trajcctortn followed by 5 S-Bev/c mesons were computed, 4
and tha chamhor was placed so that nogativo pions of this mamcntum
puud down its center. The opcrttion of the qudrupolu resulted in
an image of the target at the chamber that was 2.8-n, wide by l«in. higﬁ.
The mementum spread was about 80 Mev/c per in. The uncertainty in
momentum at any point in the chamber was thus 224 Mev/c. The
momentum apread wad deduced by the use of wire orbits and counters. 5
Because the beam was concentrated in the region where ths momentum
was lower than 5.5 Bev/c, the avérage momentum was lo{ver than this
central value. Three methoas were uaeﬁ to _deteﬂ.n,me this average. In
the first method we combined the observed flux distribution with the
momentum distribution across the chamber as determined by the wire

orbite. The second method consisted of the direct computation of the
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average from the curvature munnrgineau of momenta of a series of
beam tracks. An elastic constraints program, which is described in
more detail latcr; piovid.d the third determination of the uvorag@
momentum. ﬁe weighted ivérﬁgo of the three determinations was

5.1740.05 Bev/c.

SCANNING

Approximately 11,000 pairs of pictures were scanned on a
machine that contataq two projectors mounted ébova a sheet of to‘rmics |
that serves as a viewing screen. Mirrors reflect the light from the
projectors on the screen. Because rof,v the nonuniform flux dicgribu&ton
across the chamber, two different fiducial regions were chosen. These
are shown in Fig. 2, which con'ta!’ns‘ an outline of the bottom glass of the
chamber. Region A, which is bounded by the inner rectangle, is 40 by
30 cm. The outer rectangle bounds region B, which is 50 by 40 em.
Flux was couanted on beam ti-,_ackc that antered re‘gion‘. A only, because |
the large number of tracks betv'veénl.the bo_ﬁadirieo of the two regﬁmn
on the right made tha accurate counting of beam tracks in this area very
difficult and tedious. The angular distribution, however, contains all

observed elastic events whose érigina'wau_ ingide the larger rectangle.

 IDENTIFICATION OF EVENTS
Most slastic evéntn at this enorgy pﬂueu: certain visual
- characteristicssthat permit their tentative idontiﬁea_ﬂon in the procass
of scanning. Since this is primarily smali-angle scattering, a considerable

fraction of the elastic events is ezpocfod to have recoil protons that
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" gtop in the liquid; we found that 63% of the elastic event:q had stopping
protons. The tracks made by tﬁese particles have an fonization which is
well above minimum. The scattering angle of the prozouiis in the -
neighborhoed of 60 to 85 deg, in general. The t.ra;ck of the scaueied
meson shows minimum lonization and makes a small angle of the order
of 2 to 5 deg with the beam pion. The scattering angles were mauureé
roughly with a protractor in the process of scanning, and good igrecment
with computed values resultad when the scattering plane was faily flat.

Two slightly different techniques were Qsad to obtain more -
definite information regarding .the identity of the nearly 2000 events
that were qubmittod for r‘naunremant.v In the ﬁr-slt method, the events
were classified by imposing the following klnemaéic&l ‘conditions that all
elastic events must satiﬁfy: B

{a) Angular c@rrelati.mﬁ. The im‘:id_bu'é pion momentum was
assigned from the wire orbit calculations accordingj to the location of the
event ig the ?:hambcr. and tables containing the correiated angles as a
function of incident meﬁ_:éntum were used. The aagulai correlation of
a sample of the elastic events with meson 'cattermg angles of 5 deg or
less is shown in Fig. 3, | - |

(b) Correlation of proton range and proton scattering angle
for stopping recoils. This requiiemoﬁt is related to {a) and was imposed
in the 63% of the cases it__: which ihe proton stappad in tﬁo liquid. It.is
the most reliable ér&terion since the range can be determined with a
higher degree of precﬁion, in general, than any of the other parameters.

(¢) Coplanarity. This quantity was measured by the angle ¢
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between the scattered meson and the plane formed by the incoming meson
and the recoil proton. This angle is zero within cxpcviméntal error for
an elastic event. ' o | |

The requirements of ﬁ;omautum and energy conservation were
not imposed, because momentum maunrammi were not made with
sufficient accuracy for these to be meaningful. - Since meaéurcx#_ontn
could net be made with infinite aécuraey. the above conditions were
considered -i.tiiﬁed when the measured angles agreed with the empeét«.‘. _
ones within oxperimenﬁl errors. f’or events in which the recoil proten
stopped in ihe liguid, the ‘ucaeeer‘ingmngle e_r‘roru were defined by the
equation. ' | | '

a6y = o, - 6,1

for § = m, p. f!ero Ot is the tabulated scattering angle for an elastic event |
with incoming momentum equal to the wire-orbit value and a proton range
equal to the measured value. The angle 6, is that computed from the
geometry of tﬁe event, The subscripts m and p stand for the meson and
proton, respectively.

The principle scurces 'of errors were: (a) dutéruam of
tracks cauged by turbulence in the oil through which the ckamber was
photographed; (b) errors inherent in the measuring techunique (A traveling
microscope Wnaed to obtain points along a track in each of the two
views. These coothéo. wﬁi&h were pﬁnchad on IBM cards, permitted
the determination of the spatial évrunution‘ef the track. The eriorc ‘
associated with this technique involve the accuracy of following a track
with the microscope); and (¢) multiple scattering aifecting curvature and

meoasurements of &nﬁlu. This latter phenomenon and the oil distortions
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mentioned above were the primary iimiutimn on the accuracy of
momentum meaanrcmentt; A qn&nti@tﬁve study of the airoru ‘was made
by analyzing the optical system used in photographing events and by
repeatedly inoaduring. o o-erte. of beam traéku, Fonowﬁ:g' this ézﬁdy, the
limiting errors on the measurements of angles of gla‘stlle‘e.ventg were
assigned as follows: A,am < _2.5 deg; Aﬁp < 45 deg;’_fll <3.5 dég. 3

In the secoud method of clasesification of events, the measured
scattering anglei and momenta wg’rev used té define fﬁncglam FK(B N Pj, Po.)‘
that are zero for an elastic event measured with infinite sccuracy. This
ie the method éf approximate lincar Lagrangian ccmatr_ainta..e' The F,,
which are four in number, express momentum unbalance along bid
transverse to the bca;m. oixoréy unbalance, and hencoplimrity of a two“prong
event. For example, riomentum vtmbaf.lanea along the beaﬁ direction is

expressed by

i’i = Fm cos -Gm + Pp cos GP- Po.“
Introducing the Lagrangian multipliers nx.' one finds the most probable
‘values of the nine quantities associated with a two-prong event {two spatiai

angles and a momentum described each track) by minimizing

4

9
2
. o -

The quantit_ies k‘m are the mcal'tnred values of the variables, and u, are
the standard deviations assigned to sach measured value. These errors |
are determined from the least-aquares fit of a parabola to the projection
of the trajectory of a particle of: a horizontal plane. Because of the non-

linerarity of the constraining equations, the process of minimizing M is

actually an iterative one. The values of the functions Fk for elastic
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events range from ~|10>|to 110'8] , while for inelastic events the

range is from *]16'1,] to [XO'Q!.

We deduced that a value as large as 50
for M was not unreasonable for an ih‘atic event of poor measurability,
and in a few cases oven larger valu@«a were admitted. We alno. found that,
while melaattc';events geaeralty' have M vaiuaé gieater than 50, a rather
large fraction {~20%) have vaiues of 50 or less. The distribution in M
for the elastic events is'nhown in Fig. 4. The tail of the diatﬂbution
is due to emhwdﬁigm quality and to backgmund events indibtinguish«
able from the elastics.

Comparing the results from the two methods, we found that
they were in agresment most of the time. In 15% of the cases, however,
the conclusions drawn izrém the two as to the idenﬂty of an eéent were not
in agreement. It @71.! &ﬁo‘am! tluz the assumed errors used in the constraints
program were. m@a‘nuﬂy omtmted in those cases Mzzere there was

disagreement, and the final decision was made following the more

searching study of the errors mentioned proviouuli.

EAGKG&G‘GNB EVENTS
To check the‘a“ignment of maximum-scattering -angle errors
for elastic events and also to dotelrmiuyﬂ the bacfkgfonnd' from’ inci‘nsttc
events, we rcén'-truetcd three erfqr distributions for all events ‘ha¥ing
stopping recoils. In each p!ot two of the restrictions weré invoked on
the ule‘cted events, Fime 5 shows the Ae distribution for events.
having range. of 1 cm or less. All of ghe events had A&m L 2.5deg, -
< 3.5 deg. The uolia curve in the figure represents the gaussian fit

to the data obtained when one assumes a limiting error of 4.5 deg on
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the protoa scattering angle of an elastic eveat. Under the assurption

that the backgrouand is flat in. thc acceptance ngkon. it was found that

"10% of the acceyeed events are probably inelastic, samﬂar plots of the

other distributions showed a smaller background when §is

samo 88 snmpﬂa&v of constant buksrouud 'ﬂﬁiﬁ;l‘hmmx& therefore
predominates and {ixes the background at 10%.

_ The auumption of a constant backgronnd in thc acccptance
mgion was inveltiga.ted by plot.ting the three arror dintribu;’bnn for _
inelastic events having stopping recoils. The results are :eyrodaceﬁ
in Fig. 6. It is seen that the distributione in both Ae and § for ineln-tic :
events tend to rise in ;heix acceptance. regions.,,vfkil suggests the
possibility that backgreund events are likely to b.nvo rohtively small
meson scattering angleo. and that the coplanarity ol tha:e events is likely
to be gqoé by our erite:ig. The AGP histogram i_n}Fig. 6 ghows that the

assumption of constent background is, in this case, a good one. Asauming

~ that no strong correlations exist between the three angles for inelastic _

events, one caa define probabilities P, P, P, that the erzors iu the
meson ecattering angle, the proton scattering angle, and coplanarity,
i'espeetively, of an inelastic event will be lesas than the 'corteapo.nding
limits for elastic events. At ’lea_st partial verification of this assumption |
was obéaincd by removing the inelastic events in the interval 3 deg

€8, <8 deg. We found that when these same ovents were removed
from the Af b histogram, the shape of the latter ~wa§ left unchanged. With
the large number of reactions that can take place at this enargy, and the
lack of a one-to-one corrsspondence between 6 o #nd Bp in inclastic events,

it is unlikely that strong correlations exist. From the three distributions
one obtains: P_ = 0,42820,03 Pp = 0.211£0.01; P = 0.64820.04.
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The probability that 4& inelastic event limuiﬁneou.ly' uthﬁes the
three angular criteria {(and (s called elastic) is P_ PPPC s 0 08840 Ol
The final :opantion of the events yielded 375 clutics and 436 inelmtlea.
The remainder of the measured events were obvimxdy inelastic. The
background becomes 436/&3‘5)(0 068 ~{ 7&3)% 'Iha error is hrger than
statistical and renccu the unceﬂa&uﬁy of the nmita on. the throe anglca
This figure was used ta correet the elastic ewmtu tor backgrotmd

The ldentity of the elastic events that did not have stopplug
protons was made by aaaumiug that the meaturad meson scattering .
angle was wrrcct to 0 I8 deg. A maximnm error ‘of 2.5 deg was then
allowed on the measured value of the proton scatteving angle. These
criteria were checkéa .by looking at eléitt;c events in the tnterval 4 deg
<8 m S deg. This {s the transition regiaﬁ in whiék some of the recoil
protons stop and some do hot' w eiﬁhﬂng ﬁctois we‘_nvappl'i_od to each
' event in which the recotl ‘n'eypeg!.  These factors were cdculnte{l by
assuming azimuthal symmetry around the incoming b&_am direction, and
corrected for events in which the prét'o,n would hit one of the pi_aysical
boundaries of the chambei. By vthia pr'aceduro we estimated that 29'
eveats in the above iutorvd would be oxpocted to have nomcopping protona.
By actual cmmt. we hud 33 eveuu in which the pretmu left the chambet
The good agreement between these two numbers means tl_ut very little

bias was introduced by these criteria.
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RESULTS AND CONCLUSIONS

The uncorrected angular distribution of the elastic events is
plotted in Fig. 7. The sharp peak in the forward direction is character-
istic of dltfraction ncatteﬂng whick is, without doubt. the dominant
process at this energy. Ona/ also observes that no events were found in-
the backward hemisphere, a reﬁult that was reported earlier. 7 This
fact is additional eéicience for the diffraction ‘nga;hrér"nf the oluticuéaﬁgring
process at this euergf. The corrected angular distribution, represented
in Fig. 8 by the circled paﬁnts. contains only the events for which ihe
meson :catwring angles were greater than 6 &mﬂeg in the cem;er-of-mua
system. The identification of elastic events was particularly diﬁicult
below this a.nglgv bg@:aﬁ{ase the proton recou_s are ,"”f than lcmin length.
Multiple sch.ttering aad the shortness of the trac;k frequently cause angle
measurements to have abnormally large errors. Meteovar'.' many events
are missed as one approaches the forward direction from 2 deg beeﬁue
the recoll is too short to be readily ebserv‘ab{e. if at all. ‘.h addition to
the correction for background, the observed mgul#r distribution was
corrected by a factor of 2% for events ﬁ;iuéd in both of the two scans vof.
the film. Corrections >£or the orientation of the s;:attering planes of the
evenis were compited from Fig. 9 which countains the iéided azimuthal
distributions of the elastic .,ofmfa. The azimuthal angle ¢ is that between
‘the planes defined by the incident pion and iho scattered mesoﬁ. and the
incident pion and the éa:ﬂcal. The ranges on the meson lcattering angle
in the distributions were chosen sc that approximately. tﬁo game number

of events appear in each distribution. Each distribution should be isotropic
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in & and the 6burved m{sot‘rdpy is an tndicazio;x of the number of events
missed. From the histograms, a correction of 32% was deduced for the
interval 6.8 deg < 9 <133 deg, whllc the events observed in the intcrval
13, 3deg <8® < 180 deg must be increased by 16%.

In principle, the corredted distribution can be fitted t;y a
cosine neﬂu. but the number 6! -paramci;ro that mugt be determined
is prohibitively large At 5 Bev, one might expoct aagulur momentum |
oﬁtea up to £ = 10 to ésntrlbute. Furthermore, the obaerQed distribution
justifies the use of an optlcal model. The conveatiml one was. used in
which the elastic dmereatm cross uection is expressed in thc form

. J(bshﬂﬂ)z
na.l Safns' '

Tha solid curve in Fig. 8 is a modified 1eut-s§wu repnnntﬁtim of

do (0

the corrected data. The constants were determined to be a = 119.2mb
and b = 7.78. From the above equation one finds that the zero occurs for
em‘ = 29.6deg, and that do(0)/df? {s 29.8 mb/steradian in th?center-of—
maes system. This value of the differential cross Caétiois is compared |
in Table I with values deduced from total cross-section data obtained in
other experiments. These calculations were made by using the optical
theorem, and assuming that the real part of the forward coherent

8

scattering amﬁllm_do {s negligible at this energy. It is seen that our

value is in good agreen&ent with that deduced from the total cross section

measurement of Wikner et 31.9 From the above value o_f b and the wave
number in the center-of-mags, K= 7.46)(101_3 ém 1
-13

# 5%, the pion-proton '

interaction radius waé found to be 1.04x10 cm # 5%, This radius is

in agreement with that obtained by Steinberger ot al., ‘which is

-13 10

1.0820,06x%10 cm at 1,44 Bev, We are also iﬁ’aguement with
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T Energy - do{0y/dn " Reference
(mb) . {(Bev) - {mb/sterad) ‘
, _ Emabohtad from : 8
30 : - lower-energy data 32 Cool, et al.
22.542.4 a7 18412%  Maenchen etal. '
28.742.6 | 43 29.1£12% Wikner et al.?

-~on 5, i? , 29.8410% This measurement.
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Maenchen et al., who obtained (0.940. lS)xlO cwi 4t 5 B¥Y: OhE mig
conclude on this basis that there is subotanthny no change in the radius,
withtu oxpertmmw'crror. between 1 and 5 Bev. On the other hand, one
‘wonders whether the IWer values observed by Muchm and by us are
indicative of a decreno in this parameter with cmcrgy. The possibility

1 One might

that R changes with energy has been previously hdvanced
explgiu such & decrease crudely by assuming that only the first few
mgu‘la_r-meiaenmm states are important, even at high energies. The
curve in Fig. 8 wae continued beyond the first mintmum ia order to learn
where the ce_gggig;ﬁgﬁmnm would be expecfﬁd it‘dlifnction scattering
continued to prevail ,nt large angles. The pattern \;c‘cme- very broad
after the first zero, and the second peak occurs at ~43 deg. The
differential cross s-ecdon is only ~ 0.5 mb/sterad at this peak. ‘X‘hcu
charicterintlca make the second peak, if it exists, very difficult to
ohurvd with these statistics, |

The total elastic croes section was calculated from the track
, .length and the toﬁl number of events observed in region A of Fig. 2. The
 track length of 12.22)(105 cm was calculated by counting tracks and events
‘ {n every tenth picture. Contamination from mu mesons was estimated
| at 4%. The calcuhtian was based on beam gccmntty snd the momentum
selection of thc -mﬂng magnet. . An estimate of electron contamination,
madp by c_tmnting the number of électrons that lost 90% or more of thefir
e’noégy in the liquid, resulted in!'a value 9! 0.1%, Contamination by
electrons is thus negligibly small compared to that from muons. The
number of events 'fmaid in fifucial ragloa Awas 237. In a;&dition. 56
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events witﬁ meson scattering angles in the interval O deg < em <2 deg
were missed. This number was computed from the theoretical curve
of Fig. 8, These dats yield a total al_:maticvcrcu section of 5.620.5 mb,
which is in agreement with the 4;?¢.1 mb #alue obtained by Maenchen

7 The__ assumption that the proton acts like a totally absorbing

et al.
iphorg. héwevar. roaults in a value of ¥ RZ z 34 mb. From the extra-
. polated value dc(ﬁ)/da and the optical theorem, the total hydrogen
eross section was found to b§ 29.1210%. The opacity of the aphere is

thite 0.6940.085,
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FIGURE LEGENDS

The beam geometry. |

Outline of bottom glass of chamber. Reéion A is bounded by
inner rectangle; B, by outer rectangle. Tho horizontal or
vértical distance between two adjacent dots is 5 cm.

Angular correlation of elastic w-P events. The eolid curves

~ show the correlated scattering angles for incident pion

F‘g. 4,
Fig. 5.

Fig. 6.
‘Fig. 7.

Fig. 8.
Fig. 9.

momenta of 5 Bav/c and 6 Bev/c, respectively.

Distribution in M for elastic events. |

Distribution of proton-scattering-angle errors for events having
ranges >1 cm and A Gm <2.5deg, ¥ < 3.5deg.

Deviations of the scattering angles and coplanarity of background
events from values expected for elaatic ecatiero having the same
proton ranges.

Observed angular diotrlbutionv of the clastic events,

The corrected angnlar distribution of the elastic Went%laThe solid

curve is that obtained when the proton is pictured as a ck sphere.
Folded azimuthal distributions of elastic events,
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