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ABSTRACT 

Differential cross sections for the elastic scatte:dng of negative pi 

mesons on protons (11'- •p- 11'- -p} were measured at the Berkeley Bevat1·on 

at five ·laboratory kineti.c energies of the pion between 500 and 1000 MeV. 

The results were least-squares fitted with a power series in the cosine of 

the center-of-mass scattering angle, and total elastic cross sec::tions for 

~~- -p _,. 11- -p were obtained by integrating under the fitted curves. The 

coefficients of the cosine series are shown plotted vs the incident pion labo.-.. . 
ratory kinetic energy. These curves display as a striking feature a large 

value of the coefficient of cos 5 e':c peaking in the vicinity of the 900-:MeV 

resonance. This implies that a superposition of F S/Z and n 5; 2 partial 
> 

waves is prominent in the scattering at this ene:;.·gy., stnce the coefficients for 

b 
5 o':c 1· 'bl terms a ove cos are neg 1g1 e. One possible explanation is that the F 5; 2 

enhancement comes from an elastic resonance in the isotopic spin T = t/2 

state, consistent with Regge-pole formalism~ and the D 5/ 2 p<n·tial-v;ave 

state may be enhanced by inelastic processes. At 600 MeV the values of the 

coefficients do not seem to demand the prominence of any single partial-

wave state, although the results are compatible with an enhancernent in the 

J = 3/2 amplitude. A table listing quantum numbers plausibly associated with 

the various peaks and "shoulders" seen in the 
-1· 

1T- -p total-cross -section 

curves is presented. 
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I. INTRODUCTION 

We report here the measurement of differential cross sections for the 

elastic scattering of negative pions on protons (iT- -p -+ ·rr- -p}. at incident pion 

lab kinetic energies of 533, 581, 698, 873, and 990 MeV. These measure-

1nents were made in conjunction with the experiment discussed in the pre­

ceding article1 (hereafter referred to as I), and utilized the same equipment . 

The total-cross-section curves for both iT- -p and rr+ -pare shown in Fig. 1 of I. 

The success of any theoretical attempt to treat related problems, such 

as nuclear forces and pion photoproduction, depends on an understanding of 

pion-nucleon s€?attering. 2 Although the 200-MeV peak has been clearly shovm 

to be due to a single state in resonance, 3 the question of the o:~:igin of the 600-

and 900-MeV peaks has not been definitely answered. The reason for n1.aking 

the m.easurements discussed in this article was to shed further light on the 

quantum numbers of the states associated with these higher peaks. 

Early in the history of ii- -p scattering studies, when the second and 

third maxima had not yet been resolved, Dyson 
4 

proposed a model to account 

for the broad "second maximum" at about 900 MeV. A single state in reso-

nance would have·to have J = 11/2, which he felt was unlikely, so he con-

ceived of a ii-ii resonance with a relative momenturrt of 250 J:vfeV I c. and 

in a T = 0 state so as to contribute nothing to ·rr +_p scattering. The large 

inelastic ii-p scattering would be attribut<?d to the incon>ing pion interacting 

with ·a. cloud meson such that both escape from the nucleon .. 

Although the accumulation of experimental evidence, including the 

resolution of the broad peak into the two sharper maxima at 600 and 900 

MeV, has not borne out all the predictions of Dyson's early model, the idea 

that a ii-Tr interaction may be responsible for some of the high-energy phe-

nomena still actively occupies the thinking of many theol·ists who are trying 

to explain the mechanisms of -rr-p scattel·ing. 
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Since then other models have been proposed that employ various con'lbi· 

nations o£ such concepts as the 1T-71' interaction, pion-nucleon isobars, and 

' . f . 1 . t' 5• 6 tne 1mpo:rtance o 1ne as 1c p1·ocesses. . 

.·The quantum numbers predicted by such J?Odels are, of cou1·se; to be 

compared with the experimental data. The isotopic spin quantun:1 number is 

readily fixed at T = 1/2, since these peaks do not appear in the 'IT+ -p cross 

section, which is a pure T = 3/2 State. The rr- -p syste1n, however, is a 

mbctu1·e o£ T = i/? and T = 3/2 states. 

The description of the (3/2, 3/2) resonance is quite co1·nplete, and was 
. . . 7 

made in terms of phase shifts and partial waves. At the ene:t·gies o£ this ex~ 
. . . 

periment, however, we must include orbital angular-momentur:n states at 
·-----·-

least th1·ough F waves, which means that at least 28 parameters n1.ust be 

determined to give a complete phenomenologiCal description of rr-p sca:i:ter~ 

ing. Elastic-scattering meastirements can dete::.·mine constraints for these 

parameters, but other data, such as charge-exchange scattering and meas- · 

urement of the polarization of the recoil pro·~on, are needed befo1·e the solu-

tion to the problem can be regarded as uniquely determined in a mathematical 

sense. 

A large number of elastic·scattering experiments have been done in the 

energy region of the higher peaks, 8• 9 but most o£ the1n have a :relatively low 

statistical accuracy. The results o£ this expe1:im.ent are in essential agree­

ment with those obtained by Wood et al., 9 the main differences being that 

a:bsolute normalizations, and hence total elastic cross sections, were obtained 

in the present experiment, and its instrum.entation possessed a greater re-

liability through advances in techniques and devices since the time of the 

£oz:rner experiment. 
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Il. EXPERIMENTAL METHOD AND DATA ANALYSIS 

The experimental arrangement for the measurement of the 1T- diffe:cen-
.. 

tial cross sections is identical to that described in detail in I except for the 

following changes: 

(a} The velocity spectrometer, used in I to discriminate between positive 

pions and protons of the same momentum, was tu1•ned off during these me as-

urem<:mts. 

(b) The currents of'all the magnets in the pion beam were reversed for these 

measurements. 

(c) The primary Bevatron ceramic target was moved slightly to compensate 
. ' ' 

for trajectories of the opposite curvature {ve1·y slight} for the negative pions, 

because the target was located in a region not completely field-free. 

The data of this experim.ent were analyzed by the same methods, and 

using the same computer program, as are described in I. The con·ections 

were handled exactly like those applied there, only theil· maenitudes were 

·slightly different. 

Figure 1 shows the fraction of the total beam comp1·ised of electrons, 

muons produced before B2 -the final bending ro.agnet-and muons produced 

after B2 .. The total muon and electron contamination varied from 8.2% of 

the total beam at 990 MeV, to 19.5% at 5.33 IvieV. 

III. EXPERIMENTAL RESULTS 

The elastic differential cross sections are listed in Figs. 2 th1·ough 6. 

together with the errors (standard deviations), and the cosines of the scatter­

ing angles in the c. m. system. The values listed for cos e':':::: 1. 0 were calcu­

lated by using. dispersion relations. 10 ·. 

. 11 
A least-squares fit to the data was made with a curve having the 

equati()n 
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dcr ( e:~) = 
dn~:c. 

N 

) 
~;'o 

n ~~ 
a cos e 

n 

''C where N is the order of fit, and e·· is the scatte1·ing angle in the c. m. 
0 

(1) 

system. The fitted cu1·ves, along with the corrected data points, are shown 

in Figs. 2 through 6 •. The dispersion-relations point was used to make the 

final fit at all energies. A fifth-order fit-i.e., N = 5-was used at 533 IvleV, 

and a sixth-order fit was used at higher energies. The values of the coef-

ficients a · and their errors are listed in Table I, and are shown plotted in 
n 

Fig. 7 with incident-pion lab kinetic energy as the abscissa. Figure 7 includes 

data hom expe1·iments other than this one. 8• 9 

The determinations of the correct ordel·s of fit to be used and which of 
. . 

the data were to be rejected were ·made in the same manner as discussed in L 

Table II gives ~he value of X 
2 

and {X 
2 
/d} 1/ 2 

for the chosen fit at each 

energy, where d. is the number of degrees of freedom. Also listed in Table 

II are the total elastic cross sections for (17- -p-,.··r- -p), as determined by 

integrating under the final fitted differential-cross-section curves. Figm.·e 8 

shows the following ,r- -p cross sections plotted vs incident-pion lab kinetic 

energy: 

(a) Total1T- -p cross section, 12 

(b) Total cross section for (1T- -p- 1T- -p) (f:roxn Table !I), 

(c) Total charge -exchar1:ge cross section _(ir- -p --rr 0 -ri) as determined from 
. . . ·. . 13 

the gata of Brisson et al., · 

(d) Total elastic cross section [sum of (b) and {c)]'· 

(e) Total inelastic cross section [difference between (a) and {d)]. 

Some of these curves have relatively large errors. 

Figure 9 shows the following cross sections for the pure T = 1/2 

isotopic spin state: 
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(a) Total cross section, calculated by meann of the relation 

(2} 

where u· and u+ refer to the total cross sections for 1r- -p and 11+ -p, 

respectively •. 

(b) Total eiastic cross section, calculated by usingEq. {2), \vhere, in this 
. L 

case, a- refers to total elastic cross section for u" -u, i.e. , the sum of 

the charge-exchange cross section and the cross section fo1· {'IT- -p-> 1r- -p); 

0'+ refers to the total elastic cross section for if+ -p. 

(c) Total inelastic cross section; i.e~ , the difference between the above two. 

The corresponding cross sections for the T = 3/2 isotopic spin state 

..1.. . 

(1i' -p) are shown in I. 

IV. DISCUSSION 

The diffe1·ential-cross -"section curves {Fizs. 2 through 6) exhibit two 

interesting featu~es. First, the curve fo:r 581 MeV is similar. 

to that for 533 MeV, the main difference being the height of the fo1·wa:rd peak 

):~ 

(cos fJ = 1.0). The increase in forward scattcl·ing in going from 533 to 581 

MeV can possibly be attributed to an increc'.SG in the. inelastic p:rocesses and 

is reflected in the elastic scatte:rin:::; as d: .. :;:_~·:::.cU.on scattering. Th~ chc,pc of the 

inelastic-cross-section curve in Fig. 8. r;hovts a beha.vior of this so:;;·t. This 

could imply that the 600-MeV peak in the total ri- ·p cross sec tic: is due tC".i 

an enhancement in the inelastic processes, 1'athe1· than the resuh: o£ an clastic 

resonance. The second interesting feature is the shape of the 873-h,fcV curve 

(Fig. 5). i.e., the relatively pronounced hump at cos G'~::: -0.3. 

In order to interpret the differentia.l-c1·oss -section curves .it is useful 

to examine the plots of the coefficients of the powers of cos e':' as shown in 

Fig. 7. [In this connection it is recommended that ,:the reader refer to the 

development of Eq. (16) in Sec. I:V of I.) The most interesting as>z:ct o:Z 

Fig. 7 is the large positive value of a
5 

which peaks nea1· 900 MeV. The 
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coefficient a 6 is nearly zero at this enex·gy, implying that the scattering 

is negligible for those states having total angular momentum J = 7/2 or 
. . 

larger. The large value of a 5 · must therefore come from a superposition· 

o£ F S/Z. and DS/2. partial waves. Furthermore, evidence can be adduced 

from some lmowledge of the angular distribution in ~lastic charge exchange 

obtained .by Chretien et al. , 14 and also by Chiu et al. in a recent Berkeley 

e~periment, 15 
which re~ul.res the conclusion that b~th the D5; 2 and F 5; 2 

amplitudes belong to the T = 1/2 isotopic spin state. 

One possible interpretation is that the F 5; 2 amplitude enhancement 

is due to a resonant isobaric state o£ the nucleon~ consistent with the 

J = 5/2 inters~ction of the nucleon Regge trajectory16 having isotopic spin 

T = 1/2 and even parity. The n512 enhancement may then be associated 

with the onset of absorptive channels with thresholds in this energy region 

(e. g., p-meson production and K•A production). It is difficult to limit 

such inelastic channels to the T = 1/2 state (although K-A satisfies this 

requirement),. and the shoulder at 850 MeV in the T = 3/2 cross section 

may be a result of such processeu. 

At 600 MeV the values of the co~fficients do not seem to indicate the 

prominence o£ any single partial-wave state. This is in agreement with the 

previously discussed interpretation of the 600-MeV peak; i.e .• that it is the 

result of inelastic enhancements rather than an elastic resonance. However, 

it is noteworthy that the coefficient· ay as shown in Fig. 7, demonetrates a 

marked departure at about 600 MeV from, a general trend toward a. negative 

maximum value that it attains near 900 MeV. This behavior suggests that 

the dominant character of· a 3 may be to develop in the negative direction 

toward the 900-MeV resonance, but that the phenomenon at 600 MeV locally 

modifies this dominant behavior. 



-'J- UCRL-10495 

A locally prominent 0
3

/ 2 amplitude superimposed with the beginnings 

of the F S/ 2 amplitude associated with the 900-MeV resonance could produce 

the behavior of a
3 

in the region of 600 MeV. The fact that its local maximum 

is at an energy slightly greater than 600 MeV is appropriate to the increasing 

strength of the F 
5
/ 2 contribution as the energy is increased. Furthermore, 

a superposition of this 0
3

/
2 

amplitude with the 0
5

/ 2 amplitude, which we 

know also grows into strength near 900 MeV, is consistent with the variation 

of a 2 and a 4 with the opposite signs. 

Deductions concerning the various amplitudes prominent in this energy 

region for the pion-nucleon interaction are also made from the photoproduction 

reactions. In particular, studies of polarization of the final-state proton in 

yp-. '11'
0p by Maloy et al, ,

17 
and by Mencuccini et al, ,

18 
purport to show that 

if single-state enhancements are ascribed to the three "resonance" maxima 

observed in the _T = 1/2 pion-nucleon interaction (corresponding respectively 

to laboratory pion scattering energies of 200, 600, and 900 MeV), then the 

second state is of parity opposite to the first and third. This would support 

a P_
3
; 2, D

3
; 2, F 

5
/ 2 set of assignments. However, subsequent studies of 

+ . 19 
'VP_. 'IT n by Beneventano et al., show a prominent influence of a 0

5
/ 2 

amplitude interfering with the 0
3

/ 2 (both in the T = 1/2 state), and they find 

no requirement for a "resonance," in the sense of a 90-deg real phase shift, 

in the region of the second cross section maximum. They suggest that the 

region of the second "resonance" is apparently more complicated than a 

single dominant-state phenomenon, and that interference with non-resonant 

amplitudes is appreciable. This situation, which is consistent with that here 

reported for pion-nucleon scattering, casts some uncertainty upon the initial 

interpretations of the polarization results in photoproduction. 
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The possible similarity of the 600-MeV peak in the T = 1/2 system 

and the 850-MeV shoulder in the T = 3/2 system has been alluded to by 

. 20 
Carruthers and others. The data of this and of the preceding article (I) 

allow some comparison. In both cases the rise in the elastic cross section 

is associated with an increase in the inelastic cross section from threshold 

up to a plateau value. The maximum in the elastic cross section is attained 

essentially. at the "knee" of the inelastic variation; thereafter, the cross 

sections should be expected to fall off with increasing energy, because of 

the 1/p
2 

dependence, if for no other reason. In the T = 3/2 case the elastic 

cross section does not subside as the energy is increased, because of the 

immediate onset of the broad 1350-MeV resonance, and the result is the 

' 
shoulder at about 850 MeV. Thus there is a gross similarity of these two 

phenomena, in the sense that they both are associated with rapidly rising 

inelastic effects. 

If such effects are ascribed to an interaction of the incident pion with 

the pion cloud of the proton, it is possible to understand the fact that the 

threshold energies are not the same, since the 1r-1r interaction states for 

+ 
1T -p are T = 0, T = 1, and T = 2, whereas for 1T -p they are T = 1 and 

T = 2. The effect of a T = 0 state of two pions is thus possible in the 1T- -p 

case, whereas such a combination could not be effective in 1T + -p until energies 

are reached at which another pion could be produced. It has indeed been ob-

served that the T = 0, '1T-1T state is predominant in low-energy pion-pion 

interactions. 21 We may also include the possibility of an influence of virtual 

TJ production .upon the cross section even though production of free TJ 1 s 
0 0 

is known to be small at 600 MeV. 
22 

Such mechanisms need not enhance a 

\ 

{. 
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particular state of the 1T-p system in a resonant sense in order to produce 

a maximum in the cross section. 

In Table III we have listed 'qUantum numbers that can speculatively 

be associated with the various known 1T-p phenomena. The conjectured total 

angular momenta are stated in parentheses; the values given are those 

possibly inferred from simple Regge-pole-trajectory behavior. The two 

peaks discovered by Diddens et al., 23 at pion energies of 1950 MeV for ,. - -p, 

and 23 70 MeV for ,. + -p, are included in the table upon this bai:ds of conjecture. 

The resonance points on a Regge plot are shown in Fig. 10, which illustrates 

the basis for the values given in parentheses in Table III. Diddens et al. 
23 

have discussed other assigJ?.ments also to be considered for the two highest­

energy resonances. !! 

The authors would like to acknowledge the assistance by the same 

. h d' . 1 1 
persons as 1n t e prece 1ng artlc e. 
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Coefficients 

a. 
1 

a 
4 

a 5 

533 

0.431 ± 0. 028 

1.682 :± 0.120 

2.2.4:0± 0.216 

-1.001 ± 0.591 

o. 554 ± 0.361. 

581 

0.372±0.043 

2.188±0.248 

4.034±0.523 

-L 031 ± 1. ·121. 

-1.887 ±2.040 

1.22.3 :::~ 0.979 

1.745±'1.688 

698 873 

0. 243 ± 0. 028 0.291 ::l: 0.046 

1. :t 57 ± 0. :l. 02 -0.377 ± 0.1. 52 

4.431. :± 0.354: 

-L 9-17 ::.': 0.463 -6.755:£:0.786 

-5.201 ± 1.H3 /:l,, 698 :1: 1. 87 8 

3. 597 ::!: 0.46<± 15.551 :t~ 0. 986 

4.014::!:0,881 2.-<:',73 :'.c: 1.649 

________ ............ ....,.,,,..,,,.,"'. __ ., ....... ___ ...... -----....------···~--· _ ........ ~.........----------..,-·~ ... --.--... ~ ....... ..--.-----.-·> --------·--- .. ~-.,__..., ............ ~.-" ..... ___ . __ .....,.,_, ___ ~ __ ... _______ ........ , .. --·----·····-... -~~ ..... --.. -···-· 

990 

0.293 =l 0.0:18 

-0.259 ± 0.063 

-0.949 ± 0.247 

-3.·i57 ± 0.343 

8.118±0.8-10 

1.0.365±0.43'1 

-0.162 ± 0. 735 

--- ·------

t .,..,. 
!-"··. 
I 
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Tc:.ble II. Values .of X 2 • <x 2 I d) iiZ. the number of data points. Zl, the 

numbcn.· of degriiles o£ fJ:eedon:1. and the total clastic cross section 

with its e17l..Ol." at each cnei'gy of the e;,~pel'i1;.1.ent. 

·-·--· --·-~--... 
-~--- ~·--............. ·---- -
Energy 2 (X 2 I d) 112 Number of Degrees o£ Elastic 
rr.v) X data r)oin.ts freedom. cro3s section .lv.1.e 

533 :13.37 1. t6 16 1.0 1.6.20±0.50 

581 i 9.02 L38 17 10 1. 9. 95 ;±: o. 54 

698 9. -19 0.91 18 1i 15.75:.!:0.28 

873 2 G. 26 1.30 19 12 26.58±0.61 

990 6.43 0.70 20 13 19.82 ± 0.2"-1 

a The dispersion-relations point, having been used in the curve fitting, is 

included in the nu..mber of data points. 
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Table HI. Quanturn nu.n.<be1·s tentatively associated with 'iT-p cross-ssction pheLO:rn.en;::,. 
---·--·~--------·---·~----------- .. -~ ... -·-·_.., _______ _.. .................... -·-~~·~---·--·· ----·--·-·---·····- ......... --

Resonance 

? 

Isobaric 
e11ergy 
{i\ie V) 

T = 1/2 

! 

Pion la.b 
I . ; 

Parity J 01·bital! J 
kinetic ene:·:gy 1 sta.te 1 

(MeV) o i \ 
! : - . ..-:. ........ -----.. ---,..--------·· .... -~--..... ,.,.. .... -.... --------.... --.... --....... ---i---~ 

yes 938 + 1/2: P l 3/2 

1510 600 

yes i690 900 + 

(yes} 2190 1950 (+) 

I 
I 

3/2i 
I 

5/2! 

I 
(9/2) 

D (5/2) 

F 7/2 

Parity 

+ 

+ 

T "' 3/2 

Pion lab 
kinetic e:ne rgy 

(L~eV) 

195 

850 

1350 

2370 

Isoba.ric 
ener.t;~r 

(MeV) 

1236 

1660 

1920 

2360 

l~_eson.a.nce 

? 

yes 

(yes} 
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FIGURE CAPTIONS 

Fie. 1. Muon and electron contamination in pion bean1. plotted vs incident 

pion bb kinetic energy. 

Fig. 2. The rr- -p di££c:rential-cross-section cu1·ve for an incident pion lab 
... 

kinetic e1i.e:;~gy of 533 MeV. 

Fig. 3. The iT- -p differcmtia1-cross-section CU:l:ve for an incident pion lab 

kinetic energy of 581. MeV. 

Fig. 4. The rr- -p differential-cross-section curve for an incident pion lab 

kinetic ene~·gy o{ 6')8.MeV. 

Fig. 5. The rr- -p di:He:rential-cross -section curve for an incident pion lab 

kinetic ene~t·gy o:£ 873 MeV. 

Fie. 6. The ·.r- -p dif:terential-cl·oss-section curve for an incident pion lab 

kbetic energy of 990 M.eV. 

Fig. 7. Coefficien·~s of power series in cos O~:c plotted vs the incident pion 

lab ldnctic energy. 

Fig. 8. The 1T -p cross sections. 

-·· J: lg. 9. The T = 1/2 IT-p cross sections. 

Fig. 10. Pion-nucleon Regge ploto. 
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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 Commissidn: 

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. 
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