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RECOIL- PROTON POLARIZATION IN ,. -p ELASTIC 
SCATTERING AT 365 MeV 

• 

Dale Flint Dickinson 

Lawrence Radiation Laboratory 
· University of California 

Berkeley, California 

November 11, 1964 

ABSTRACT 

-The polarization of the recoil nucleon in ,. p elastic 

scattering at an incident-pion energy of 365 MeV was measured at 

the Berkeley 184-in. synchrocyclotron. The polarization was meas

ured. by rescattering the proton from a carbon analyzer placed be

tween two thin-plate aluminum spark chambers which recorded the 

directions of the incident and scattered protons. These spark cham

bers were tr:l.ggered by scintillation counters which tagged the pro-

. tons as being elastic scatters undergoing interaction in the carbon 

plate. The spark tracks were viewed by a Vidicon camera which 

automatically digitized the spark coordinates and stored the informa

tion on magnetic tape for ready processing by computer. Of the 

400,000 recorded events, 22,000 showed scatters; of these, 4000 

were useful in the final polarization analysis. The average com

puter time required to process an event was approximately 30 msec. 

The resulting values of polarization are: 

.. ~. 

&-. .!!\"• 
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These values agree fairly well with the polarization prediction from 

the energy-dependent phase-shift analysis by Roper and Wright. 

., 
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I. INTRODUCTION 

In an effort to understand and develop a theory of strong 

interactions, much experimental work has gone into study of reac

tions _involving pions and nucleons. First, typically, total-cross

section experiments reveal gross features of the interaction be

havior as a function of incident-meson energy. Resonances or other 

points of interest occurring at particular energies can then be ex

plored in detail by differential-cross-section experiments at these 

energies. If the data are sufficiently precise, a subsequent partial-
• 

wave analysis should yield a good set of phase shift solutions. How

ever, a differential cross -section experiment can determine only 

the relative signs of the phase shifts and the important values of J, 

the total angular momentum. At this juncture, a polarization ex

periment done at the same energy is useful in clearing up the sign 

ambiguity and assigning the proper parity to a given J value. 

In this fashion a best set of phase shifts is determined for 

the particular energy under consideration. Recently, however, ob

servers such as Roper and Wright 
1 

and Lovelace 
2 

have attempted 

to unify pion-nucleon scattering data between 0 and 700 MeV. Roper, 

in particular J has parametrized phase shifts as functions of energy 

in an effort to find a continuous set of phase shifts which yields pre

dictions in good agreement with all experimental data found in this 

range. 

The pion-nucleon interaction undergoes a resonance at 200 

MeV due to the P
33 

phase shift, and this continues to be the domi-" 

nant contributor up to 300 to 400 MeV. In this latter region there is 

a rapid rise of the o
13 

state, which is thought ~o be a major factor: 

in the 600-MeV resonance. The P 
11 

phase shift also becomes sig

nificant at 300 to 400 MeV. Roper and Wright believe it to be either 

larger than 80° or even pass through resonance at 587 MeV while 
. 1 .. · 3 ·.. . 

.dropp1ng down to around 40 to 45 deg at 600 MeV. Cence puts 1t at 44.6 
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deg at 600 MeV~ The s
11 

phase shift also shows a sharp increase from about 

13 deg at 300 MeV to a value of 35 deg at 600 MeV. At our energy 

of 365 MeV, the P
33 

phase shift, is about 143 deg, the n
13 

about 

7 deg, and the s11 approximately 14 deg. We shall examine this 

more extensively in our discussion. 

-At present, the only polarization information in this region 

is that of Vik and Rugge at 310 MeV 4 and Eandi at 523 MeV. 5 

Both experiments have been incorporatedinto the work of Roper 

and Wright. 
1 

Eandi 1 s results are fitted well with a phase-shift set 

assuming a n13 resonance, although other sets without this assump

tion fit equally.well. Vik and Rugge measure the polarization at 

four points between pion angles of 114 and 145 deg in the center of 

mass. They obtain a positive polarization decreasing from 0. 78 at 

114 deg to 0.30 at 145 deg. The phase-shift analysis of their differ

ential-cross-section data predicts three solutions for polarization. 

On the basis of their experiment they pick, as the most probable, 

the. solution that turns over and is negative from about 95 deg down 

to zero. Unfortunately, their points do not explicitly indicate this 

downturn. 

It may be well at this point to indicate ·what we mean by a - -positive polarization. The "plus" direction is given by k X k '.• 

the cross product of the incoming and outgoing momentum vectors 

of one of the particles as viewed in the center of mass. 

In this experiment we have measured the polarization of re

coil protons from 11'- -p elastic scattering at an incident pion energy 

of 365 MeV. This correlates with recent differential-cross -section 

work done by Ogden6 and provides some information on polarization 

in the void between the Vik and Rugge work and the Eandi data. 

This experiment shows the turnover of the polar·ization and the 
' point at which it passes through zero. A comparison is made with 

1 . 2 
the results of Roper and Lovelace. . These data should place sig-

nificant constraints on their phase-shift solutions • 

.. ,, 

·. 

.. 

• 
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II. EXPERIMENTAL PROCEDURE 

A. Pion Beam 

The source ofthe pion beam was a beryllium target placed 

in the path of the internal proton beam of the Berkeley 184-in. syn

chrocyclotron. Pions produced at 0 deg with respect to the incident 

proton beam were then deflected by the internal magnetic field of the 

cyclotron into our magnet system. The first magnet, a doublet quad

rupole, rendered the beam essentially parallel. The pions then 

passed through a second doublet quadrupole and a bending magnet. 

This served to momentum-analyze the beam and focus it on the liquid 

hydrogen target. The beam layout is shown.in Fig. 1. 

In the design of the beam, OPTIK, a computer program, was 
7 used. OPTIK takes the beam compohents and beam geometry and 

computes the currents needed to produce a desired condition of the 

bcarn such as a final focus. In this prog!"am, the cyclotron field is 

treated as a single element producing an effect like that of a large 

bending magnet. In order to determine the parameters which charac

terize this effect, a second program, CYCLOTRON ORBITS, was run. 

This program computes in considerable detail the' effect of the inter

nal field on a particle of given mass and momentum. The beam-optics 

diagram is shown in Fig. 2. 

The final beam was brought to a horizontal and vertical focus 
' .• ·- ~--~-· ,_ .. _:_ "'": .·,. :. :: ~ ·,..:";!~~~- ~-~··'::..·" 6 

·. at ~he hydrogen target. It had an intensity of 54 X 10 pions per minute .· 

as monitored by an ion chamber placed upstream in the beam from the 

hydrogen target. An integral range curve Fig. 3 was run, and the 

energy of the beam determined to be 365± 16 MeV. The two points 

with maximum .second derivative delineate the region in which pions 

are stopped. The points were fitted with a smooth curve which was 

then numerically differentiated to reveal the central energy. The 

c;lifferentiated curve is shown below the integral range curve •. · 
\ 
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Figure 4 shows the horizontal and vertical beam profiles. 

The full width at half maximum for the horizontal profile was 1. 75 in.; 

for the vertical profile it was 2. 25 in. The profiles were plotted by 

a pair of traveling-spot counters which examine a cross section of the 

beam _and record its intensity every 0. 1 in. 

B. Method 

This experiment is a polarization determination using the 

standard double- scatter technique in which the. first collision (TT-p) 

produces a net polarization in the recoil proton which is subsequently 

examined by means of a second collision (p-C) in which the carbon 

acts as an analyzing medium. The geometry is shown in Fig. 5. 

1. • General Description of the System 

The general layout of the experimental apparatus is shown in 

Fig. 6. To the left of the beam are seven proton counters placed 

from 20 to 50 deg from the direction of the incident beam. To the 

right of the beam are seven pion conjugate counters, each correspond

ing to an appropriate proton counter. This defines~ TT-p elastic 

scatter; however, due to the relatively high cross se~ii'o~ f~r:_.produc.;; 
tion of one pion and the presence of a significant chan~efor_, '·'reverse 

\ ., ·.·;-: . .. ... 

·elastic" scatters in those interactions where the proton scatters at a 

large angle, We made a COUnter II sandwichil by placing three COUnters .. 

(whose signals are added to form effectively one large coun~e:J:) behind 

the pion conjugates with a sheet of copper between these and the con

jugate counters. The copper was approximately 3.4 em thick (30 gm/cm1. 

This was sufficient to stop all reverse elastic protons and reduces to 

less than 1o/o the chance of deception by an inelastic event in which a 

pion is produced~ 

. ; Located immediately behind the thin (1/8-in.) proton counters 

are blocks of carbon to act as analyzers. The thickness of these blocks 

yar.ies with angle so that the proton is not greatly degraded in 
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energy in passing through the carbon. The thickest blocks, of course, 

are at an angle of 20 deg where proton energy is highest; the thinnest, 

at 50 deg where the energy of the proton is lowest. Thegraduation in 

. thickness runs from just over 3 em to just under 1 em. 

,. In order to detect the incident-proton angle and its subsequent 

scatter from the carbon, two thin-walled, six-gap, aluminum-plate 

spark ·chambers are placed before and after the proton counters. 

The assembly is almost complete. The triple coincidence be-

. tween proton counter and conjugate -pion 11 sandwich" identifies the scat

ter as elastic 1r-p. The two spark chambers indicate the proton angle 

before and after scatter in the carbon. However, one problem remains. 

Since most of the protons pass undisturbed through the carbon, plus the 

fact that small angle proton-carbon scatters provide no useful polariza

tion information, the experimental setup at this point leaves us with the 

prospect of analyzing hundreds of useless pictures for every good event. 

In order to reduce this situation to manageable proportions, each pro

ton counter is shadowed by a large anticounter placed approximately 

59 in. behind it. In this fashion, legitimate 1r-p elastic events that do 

not scatter significantly are eliminated. The ·geometry is such that any 

·proton scattering over 11.5 deg is not eliminated. Protons scattering 

from the center region of each counter clear the anticounter if they 

scatter only 9. 9 de g. 

The spark chambers are viewed through a system of mirrors 

giving a top and side view, thus facilitating the recording of a stereo 

picture of the tracks. This is recorded by both a Flight Research 

Camera and a Vidicon system. The latter is an automatic scanning de-

·vice which will be described in a subsequent section of this report. 

· Since this device was being used for the first tirn,e, photographs were 

also taken as in\surance against its possible failure. 
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2. Electronics 

All counters used in the experiment were polystyrene scintilla

tion counters using RCA 6810 photomultiplier tubes. The proton 

counters were 7-in. tall, 2.3-in. wide, and 1/8-in. thick. The pion 

counters_va:ded slightly in size in order to subtend the appropriate 

conjugate solid angle. They ranged in width from 1 i to 8-1/4 in. and 

correspondingly in height from 13-1/2 to 9 in. The. s
0 

"counter" was 

actually three counters whose signals were added and whose area 

covered the assembled pion conjugate counters. Since this counter 

formed a coincidence with one of the pion counters, but did not dis

criminate which, its signal was fed into an active splitter (gain'; 1.0) 

and fed to each of seven 11'-p coincidence channels. Each of these 

channels received, in coincidence, a proton counter and its anticounter, 

and the appropriate pion counter. To give a count of the trigger rate, 

the output of each coincidence was then scaled prior to being fed into an 

active mixer (gain~ 1.0}, a common meeting point for the output of all 

seven channels. The output of this mixer was fed into fixed-level dis

criminators whose signals were used to trigger spark chambers, 

camera, ·fiducial lights, and associated electronics, as well as to ac-

.tivate the "inhibit" mode of the circuitry which gated off the entire 

system while the event was recorded. The electronics block diagram 

is shown in Fig. 7. 

The constant-delay discriminator is a nanosecond device that 

puts out a pulse. of fixed size (1 to 3 V) and is useful in "fast" electron

ics where accurate timing is required. It produces its output pulse 

after a delay time which is independent of the size of the incoming sig

nal, thereby preserving the time relationship of the signals to within 

1 nsec. This is accomplished by the so-called zero-crossing technique 

which involves differentiating the incoming pulse. Since various size 

pulses tend to have their maxima in essentially the same place, if one 

differentiates the signal all signals tend to pass through zero at.essen-
. --- .. -~-... 

tially the same ti~e. ··If one then sets a discriminator to trigger at a 

. .,. 
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low negative voltage, all signals produce a response at nearly the 

same time. 

The fixed-level discriminators are microsecond devices putting 

out a 4-V pulse. They are useful as triggering devices for "slow" 

electronics where precise timing is not required. Likewise, the gates 

used in the experiment are stock microsecond items, as is also the 

four -way and one inhibit device which is a slow coincidence circuit with 

one anticoincidence input. 

3. Vidicon 

The most original part of this experiment involved the use of an 

automatic scanning device known as the Vidicon. The Vidicon derives 

its name from its use of an RCA 7263-A Vidicon tube in the process of 

automatically digitizing the position of the spark-chamber tracks. 

This tube has a photoconductive layer which retains momentarily an 

image brought to focus on its surface. When a spark chamber event 

occurs, it is "seen" in this fashion and an electron gun within the tube 

scans the information off the surface of the photoconductive layer in 

the same manner as a television orthicon: In our particular case the 

scanning trace is oriented parallel to the chamber gaps and travels 

down the center of each gap. The information is fed into magnetic

core storage in the data combiner, the apparatus that contains the 

electronics associated with the Vidicon camera. At periodic intervals 

when the core storage is saturated, the information is transferred to 

magnetic tape. The Vidicon is actuated when an event trigger pulse 

reaches the Vidicon data combiner. The data combiner produces a 

gating signal which permits the Vidicon scanning trace to be initiated 

and to look for "start" fiducial marks on the spark chambers. These 

fiducials are small slits of light located at one end of each chamber 

and placed on the centerline of each gap. (This is shown in Fig~ 8.) 

Upon receipt of the start fiducial, the Vidicon is i'cocked," i.e., pre

pared for digitization. A second gating signal permits the device to 
. \ 

• 



= Side view I 
....::.b~a.::::.c~k ....:=c:.:..:h:.:::a..:.:m.:.:b:;.:;eo.:.r __ . 

Side view, 
: front chamber 

-15-

Stop 
fiduciols 

MU-34893 

. Fig. 8. Spark-chamber layout as seen by Vidicon scanner • 

"r'7f''' . , ~ ' \ 



-16-

look for a spark in the active area of the chamber. Upon finding a 

spark, the data combiner begins receiving a signal from a scaler 

which is counting at a predetermined rate. A third gate signal con

tains the "stop" fiducial, a lighted slit which runs perpendicularly 

across the gaps at the other end 'of the chambers. Upon seeing this, 

the scaler signal ceases and the sweep returns. The scaler count is 

then proportional to the distance from the spark to the stop fiducial. 

Alignment of the system is facilitated by a scope display which 

shows the scanning trace superimposed on the physic_al setup of cham

bers and fiducials. If desired, the position .of the gating signals can 

also be shown. The camera can be physically rotated to bring the 

scanning trace parallel to the chamber gaps. A simple potentiometer 

adjustment allows the gates to be positioned easily with respect to 

start and stop fiducials and chamber position. 

Provisions were made in· this experiment for recording a max

imum of two sparks in each of the six gaps of the two chambers. The 

data combiner was also made in such a way that a calibration event 

could be run at will. In this false event, the distance between the start 

and stop fiducials was recorded by the scaler iri the data combiner. In 

the computer program which analyzed the output tapes, the spark. 

position could then be reckoned as a simple ratio of two scaler readings. 

Usually calibration events would be made at the beginning and end of a 

data run. In this. way any severe drift in the electronics could be de

tected. 

In the subsequent analysis, randomly selected rolls. of film 

were scanned and correlated with the Vidicon output. Minor correct

tiona and adjustments were made in the program to account for factors 

like distortion introduced by the optical system. -However, it was soon 
i 

ascertained that the Vidicon system was reasonably accurate and free 

from any systematic biases. All data tapes were then processed by 

computer, doing in three weeks what a team of scanners would hav~ _re

quired several months to accomplish. 
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III. DATA R~DUCTION 

This section is divided into three parts. In the first we 

examine the equations used in analysis of a polarization determination. 

Subsequent sections deal with the TRACK and ANALYZE programs 

which are used in selecting useful events and computing final results. 

A. Polarization Equations 

. Partial-wave analysis for pion-nucleon scattering is developed 

quite extensively in several sources, and here we outline briefly the 

derivation of those expressions useful in our analysis. For further 

elaboration the reader is referred to Williams. 8 

Let us begin by defining symbols to be used: 

f(8) = non-spin amplitude, which is composed of two contri-

g(8) 

.£ 

J 

0 
I, .£± 1/2 

= 

= 
= 
= 

butions-f3/2(8) for isotopic spin 3/2, and f 1/ 2(8) for 

isotopic spin 1/2; 

spin-flip amplitude, similarly composed of two !-spin 

contributions; 

orbital.,angular-momentum quantum number; 

total-angular -momentum quantum number; 

phase shift for a given .£ and J = .£± 1/2, and isotopic 

spin I; 

11r, .£± 1; 2 = absorption parameter for a given .£.and J = .£± 1/2 

and isotopic spin I; 

. 77!,.£± 1/ 2 [exp(Ziol,.£± i/2 )-i] 
~,£± 1/2 = 2i the actual amplitude for 

isotopic spin I. and J = .£± 1/2; 

Pn(cos8) = . Legendre polynomial of order .£; 
.f/1 

P .£ (cos8) = first associated Legendre polynomial. 
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-The scattering amplitude for 1r -p scattering is composed of 

two terms. The expression for the non-spin-flip amplitude is 

and for the spin-flip term, 

where, expandedin detail, each individual f and g is given by 

£max 

and 

f1(6) = ~ L [(£+1)a1, £+ 1/ 2 + £ ~. £- 1/ 2]P_e(cos6) 

£=0 

£· max 
1 = 1<; 

;_: 
£=1 

The differenti4l cross section is then given by the expression 

where there is no initial polarization of the proton. The polarization 

of the recoil protons after the interaction is 

Similarly, if one has an incident beam with a net polarization and 
.i 

examines this with a spinless analyzer (e. g., protons on carbon),. the 

differential cross section is affe·cted by the initial polarization and is 

given by 
• 
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where P. is the initial polarization, and n is the unit vector repre-
l 

senting the normal to the plane of scattering. (Note that p and q 

are the spin-flip and non-spin-flip amplitudes describing our new 

situation. ) 

By factoring, we have 

2 Im p*q 

IP 12+ lq 12 P. cos<j> ), 
l 

where cos<j> is just the cosine of the angle between the direction of 

initial polarization and n. We see that the term involving the product * . . 
f g is the polarization induced by the scattering target, or the 

"analyzing power" ofthe scatterer (carbon in our case). The multi

plier in front is simply the differential cross section when there is no 

. initial polarization, so we can write 

.dO' 
dn 

du 
= dn ( 1. + PiA cos<j> ). 

· unpol. 

The maximum-likelihood method 9 tells us that if we have a 

probability distribution of the form f((x1, x 2,· · • 1 xj)k; y] charac

terized by several variables x 1, x 2, • · · , xj, and a parameter y ··for 

. an event k; then we can arrive at the most probable estimate for the 

parameter by forming the likelihood function, L, defined by. 

L(n, y) 

and satisfying the maximur:n condition 

al.!y. [.en L (n, y)l t . b b.l = 0. 
·... ~ y=y mos pro a e 

. --···!f''" ·n:"· ·- II' 



-20-

· where n is the total number of events (i.e., k runs from 1 to n). 

We ccm then display the function as a plot of L(n, y) versus y and 

observe the maximum of the function. 
! 

To relate this specifically to our ca:se, note the expression for 

the polarized differential cross section: 

du = dn 
du 
dO ( 1 + P. A co scp ) • 

unpol. 1 

Notice further that the expression do/dn 
unpol. 

is not a function of P. 
1 

and does not appear in a partial derivative with respect to P .. 
1 

If we 

take as the parameter y our parameter Pi, we may then consider the 

distribution function for each event to be the quantity 1 + Pi~ cos<j>k. 

The likelihood function, L(n, P. ), is just the co.m,posite product of 
1 . n 

· (1 + P. A. cos<j>k) for· n events. This function, n (1 + P. A. cosch. ), 
1 - K . k = 1 1 - K Tk 

is then plotted versus Pi, which ranges from - 1 to +1; and the most 

· probable value of polarization is taken from this graph. A typical 

graph is shown in Fig. 9. 

For a reasonable sample of events, this is essentially a Gaus

sian distribution and L varies as 

The error in P. is then obtained by considering the point at which 
1 

L/L · = exp( -1/2). max .. . 

B. Computer Programs 

Two programs were used in the analysis of_the infot:"mation· 

gathered in this e~periment. The first, TRACK, took the data tapes 

and attempted a straight-line fit to the recorded set of spark coordi

nates. Events that proved to be proton-carbon scatters were then 

printed out on a separate tape. The ~econd program was ANALYZE;. 

····~ .. 

. : 
I 

... 
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Fig. 9. A typical maximwn-likelihood plot • 
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ANALYZE sorted through these tapes, found events useful to the 

polarization analysis and used maximum-likelihood techniques 9 to 

compute the proton polarization as a function of angle. 

i. TRACK 

TRACK took the spark coordinates as digitized by the Vidicon 

system, counted sparks, grouped'them and ascertained if there were 

at least three coherent sparks per chamber. If such were found, a 

straight-line fit was made, and the deviance of each spark was checked. 

If any spark was too far off the fitted line, it was discarded and a new 

fit was made- -if sufficient sparks remained. If not, the event was re

-jected, and its number was printed with an indication that one particular 

view lacked enough sparks.-

For events in which acceptable fits were made, the program then 

checked the track intersection point to see if the scatter occurred in the 

carbon. If such were the case, the event was extrapolated in horizontal 
'•· 

and vertical views to make certain it came from the target. When an 
' unambiguous event was found, pertinent data were computed andre-

. corded '!n a separate outp-ut tape. Information included on this tape 

were: 

(a) event and run number 

. (b) coordinates of the proton-carbon scatter 

·(c). recoil proton angle, WRT 1f beam, vertical.and horizontal 

projection 

(d). angle of p-C scatter with its horizontal and vertical projec

tions 

(e) the angle between the planes of first and second scatter. 

· With this information, we are ready for a ·maximum-likelihood analysis 
i 

to determine the most l'~obable value of polarization for a given angle • 

............. _ ~ 
~/-"T ... 
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2. ANALYZE 

This program examined events produced by the output tape 

printed by the TRACK program. It then binned the events by the 

angle of proton recoil from the first scatter. ANALYZE then exam

ined the . angle of p-C scatter, correlated this with the position of the 

interaction in the carbon, and determined if the angle was within ac

ceptable limits. The scatter had to be large enough so that all inter

actions scattering from this point with such a recoil angle would clear 

the anticounter. The upper cut-off angle was placed at a value that 

would assure a preponderance of elastic scattering. Then the program 

examined the angle of ·p-C scatter in conjunction with the proton re

coil angle from the first scatter and determined the appropriate analyz

ing power of carbon from a table previously read into the memory. 

At this point the factor 1 + PA coscj> was calculated for 41 

values of P starting at -1 and going to - 0. 95, - 0. 9, · · ·, to P = 1. 

Each time this was done, the result for each increment in P was 

multiplied by the corresponding contribution from the previous events, 

thus forming ou~ cumulative likelihood function, kfii (1+ PiAk coscj>k). 

The final answer was subsequently graphed. The most probable value 

of polarization was read from the peak of this very nearly Gaussian 

.curve. 

3. Analyzability 

The analyzability of the carbon is a function of the incident 

proton energy and its angle of second scatter. For any given scatter, 

it is difficult to determine the precise point of scatter in the carbon, 

so we have taken the center of the carbon block in each case as an 

"average" point of scatter. ln doing so we presume each proton is 

degraded from its normal incident energy in passing through the hy-
' drogen target, the forward spark chamber, and half the thickness of 

the carbon-block .analyzer. After scatt~i-ing, it is then assumed the 

proton passes through the remaining carbon and through the back spark 

chamber. This gives us a fair indication of the maximum possible 

.. ,., ~ . ''11\' . ··: ,., ·---·-...... ---··· .. , ... '1 
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energy loss in the p-C scatter. No effort has been made to separate 

precisely the elastic and inelastic p-C interactions; instead, we have 

followed Pete:;:son 
10 

and modified the analyzing power for elastic 

scattering by 

A' (B) = 
du A(B) + 
c1f2 

bE 

~ :i.'; (E) A(E,8)dE 

.6.E 

J ~(E)dE 
0 

In this expression, A and A' represent the elastic and modified 

values of analyzability, respectively; du/dn is the differential cross 

section; and the integration in the numerator is an evaluation ofthe 

contribution to the analyzability made by inelastic states, weighted by 

their cross sections and integrated over the energy loss below normal 

elastic scattering. The lower integral is just a sum of the inelastic 

cross section at this angle. 

In compiling these tables, references on p-C scattering were 
. 11 . 

used from an incident proton energy of 55 to 220 MeV. We took 

these values, modified them in the above manner, and plotted lines of 

constant analyzability as a function of incident proton energy and angle 

of second scatter. A typical contour graph of this kind is shown in 

Fig. 10 •. 

4. Accidentals 

In or.der to rule out false. contributions due to accidental events, 

a run·was made with the proton counters delayed by 60 nsec. Although 

the trigger rate on accidentals was relatively high, analysis of the run 

produced a negligible number of events with coherent spark-chamber 

tracks. 
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Fig. 10. Plot of analyzability as a function of recoil-proton 
angle (a) and p-C scatter angle (!9). The angle a deter
mines the recoil-proton energyo 
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5. Target-Empty Analysis 

No correction was made for target-empty conditions because 

of the high ratio (22.4/ 1) of events with full target to events with the 

target empty. 

. . 
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IV. RESULTS 

Recoil-proton polarization was observed at six angles with the 

following results: 

* () (deg) p 
1r 

88.5 -0.42 ± o. 30 

98.6. -0.23±0.11 

108.4 . -0.03 ± 0.10 

116.7 0.45±0.11 

125.0 0.58±0.15 

134.5 0.54±0.16 

These results are shown on the graph in Fig. 11. A discussion of the 

results is to be found in the succeeding section. 

Figure 12 shows the results obtained by varying angular bins 

and the upper and lower cutoff angles for proton-carbon scatters. 

The solid lines give an indication of the variance obtained as the·se 

criteria are changed. The data stay within these boundaries regard

less of the criteria used. 

Figures 13 and 14 show the predictions of Roper 1 and Love

lace2 with our data points superposed. Roper gives the following 

phase shifts for 365 MeV: 

s11 · P11 

16.56 32.91 

p13 

-4.66 

5 31 

-23.34 

p31 p33 

-7.54 143.36 

T = 1[2 

D13 D15 

5.40 1.95 

T = 3/2 

D33 D35 

1.68 2.94 

F15 F17 G17 G19 

0.79 . 0.17 -0.04 0.068 

F35 F37 G37 G39 

0.09 0.017 -0.06 -0.03 
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Fig. i i. Recoil-proton polarization. 
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Fig. i2~ Variation of polarization results as bin and angular 
criteria are changedG 
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Fig. i4. Polarization predicted by Roper's solution. 
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V. DISCUSSION 

A. General 

From low energies up to the neighborhood of 300 MeV the 

pion-nucleon interaction is fairly well understood. The P 
33 

res

onance at 200 MeV is the dominant feature of this region. Around 600 

MeV a second resonant-like hump appears in the total cross section 

for 'TT- -p scattering. What state or states contribute to this has been 

the subject of much investigation. 

Most observers seem to agree that the 600-MeV resonance is 

not the product of a single dominant amplitude as is the 200 -MeV peak. 

There also seems general agreement that the D 
13 

amplitude is a 

prime contributor. Lovelace et al. 
2 

find that 0
13 

amplitude to be 

resonant at 620 MeV and of relatively narrow width (90 MeV). Roper 

places the o
13 

amplitude resonant at 600 MeV. 

Lovelace also deduces a sharp rise to nearly 90 deg in the P 11 
phase shift in a highly absorptive state around 600 MeV. Having made 

its contribution, it appears to fall away sharply as the energy increases. 

Recent calculations by Roper show the P 
11 

contribution to be resonant, 

its phase shift being about 67 deg at 490MeVandabout92degat 600MeV. 

Ro.per places the P
11 

absorption parameter for 600 MeV around 0.25. 

Moorhouse et al. assume a o
13 

resonance behavior an.d find a high 

value for the P 
11 

phase shift in the 500 to 600-MeV region, although 

disclaiming any actual resonance for the state in this energy range. 
12 

. Moorhouse does report one solution with a P 
11 

resonance at 630 MeV; 

however~ he apparently regards this as a poor solution and seems eager 

to dismiss it. The most likely cause of the strength of the P 11 ampli-

t d . T 0 T . 0 . t . 13• 14 h h t ·. u e 1s a = , oJ•. = , 'TT-'TT 1n eractlon were t e wo-p1on sys-

tem is in an S wave with respect to the nucleon. This system has even 

parity and J = 1/2. Since the pion has odd intrinsic parity, the incom

ing ~tate feeds this cha·mielmust1 be odd parity and·J=1/2~ ··-The only state 

·-·--· ~- ,., t!l. 
·····rr~·· 
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that satisfies the requirements is a P wave with the total angular 

momentum equal to one -half. 

In recent computations by Roper,· the s 11 amplitude has a res

onant behavior at 600 MeV. It is also highly inelastic in this region, 

the absorption parameter dropping rapidly from about 500 MeV. This 

drop is consistent with Lovelace's inelastic cusp in the s 11 amplitude 

around 560 MeV. Here is where we find the threshold for n0 produc

tion. Moorhouse's calculations show a highly inelastic but nonresonant 

s1i in this region also. 

To portray these amplitudes in a more graphic fashion, we have 

displayed them plotted in the complex plane. Figure 15 shows the 

method of display for two representative amplitudes. Notice that not 

only are the relative magnitudes of the amplitudes shown along with the 

phase-shift angle and absorption parameter, but the phase angle a be

tween two amplitudes can also be readily seen. The plots for P11, 

o
13

, P
33

, and s
11 

are shown in Figs. 16, 17, 18, and 19 as calcu

lated by Roper. Indicated, also, is the· behavior of these states be

tween 300 and 700 MeV. ·Note that resonance condition exists when 

the trace crosses the imaginary axis. 

The behavior of these amplitudes can be seen in the cross

section behavior. At 365 MeV and 600 MeV, the total cross sections 

are 26 and 45mb, respectively. The differential cross sections are 

shown in Figs. 20 and 21. The P
33 

amplitude is also a significant 

factor in this region, however, its contribution does not change greatly 

in the 365 to 600 MeV .region. The PH. amplitudes does not alter much 

as the phase angle increases because of the inelasticity. of: the state . . 
Although the 0 13 amplitude increases by a factor of five or six in this 

range, its contribution is decreased by an absorption parameter of 

approximately 0.2' at 600 MeV. A similar. situation is true for the s
11 

amplitude as it passes through a highly inelastic resonance just over 

600 MeV. These factors contribute to a steadily rising total cross 

section, but the inelasticity of these states prohibits the 600-MeV res

onance from being as dramatic as the 200-MeV resonance. 
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Fig. 15. Diagram showing scattering amplitude plotted in 
the complex plane. 
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Fig. i6. Variation of ~he P ti amplitude with energy. 
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Fig. 17. Variation of the o13 amplitude with energy. 
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Fig. 19. Variation of the s
11 

amplitude with energy. 
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The 1r- p differential cr.oss section for T = 600 MeV. 
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There is a dominant interference term involving · P 
33 

and 

P
11 

at our energy of 365 MeV. This can be ·seen readily by ob

serving the phase-shift plots. P
33 

has gone through resonance as 

the other three prominent phase-shift amplitudes are beginning to 

rise to prominence. Specifically, the P 11 . amplitude is already by 

far the·largest of the three, in addition, it is most nearly 90 deg out 

of phase with P 
33

. _(It is actually about 100 deg difference.) This 

is pertinent because the strength of the interference as it affects the 

polarization varies directly with the sine of the phase angle between 

the two states. 

,. This interference is also the most prominent part of the polar-

ization structure. In computing the product Im (f*g), the angular 

dependence of the P 
11 

P 
33 

interference term· is sinO cosO. The 

coefficient when evaluated is negative, giving a contribution that 

varies as -sin26. One can see that the general shape of the polar

ization curve is obtained in great measure from this interference. 

Although the P 
11 

P 
33

· interference is the backbone of the 

polarization, its contribution to the cross section is negligible. It 

is instructive to examine the way in which the . P 11 P 
33 

term enters 

-the cross section and polarization. If one expands the differential 

cross section in a cosine power series, 

2P, 
max 

da. = dO 
[ 

n=O 

we obtain for the coefficients (for P, = 2), 
max 

., 

" .'f 

··•'.l:l?\,..'' .. 
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. * * * 't -2 Re s 1 D3 + 3 Re D3 D5 - 3 Re s 1 DSj, 

a 1 = {zRe s 1*P1+4Re s1*p3 + 4RePt_~- inRe p3*~- 9 Re P1*n5} 

a2 = {6Re P 1*P3 + 3IP3 i
2 + JinJ + 6 Re s/n3 - ~ Re in5 12 

· -36 Re n
3 
*n5 + 9 R;~1 *n

5
}, 

a3 = Fs R~ p3 *n3 + 12 Re p3 *n5+ 15 Re. pi *"n~. 

a4 = [45 Re D3 *n5 + ~5 ID51Z}. 

It is understood that each amplitude contains contributions from 

isotopic spin states 1/2 and 3/2, for example: 

One can now do a similar expansion for 

· P(O) ~ 
sinO = 

One obtains for the coefficients: 

..... , 
b cosn(). ·n . 

b0.= Im {zs1 *p3 - zs/P1 + zp3*~ - ZP1*~ + 3P3*n5·- 3Ptn5J 
b1 = Im {6PtP3 - 6s1*n3 + 6stn5 - 1: n 3 *n5} 

b2 ~ Im {3P3*~5 + isP/n5 - 1SP3*n3J 
b3 = rm {45n/n5} . 
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In the differential cross section, the interference shows up in the con

stant coefficient and the cosine- squared coefficient, - 2ReP 
1 
*p

3 
+ 

* 2 6ReP 1 P 
3 

(cos G). In the polarization it appears in. the coefficient for 

* cosO, 6 ImP
1 

P3" If we now neglect the P
31 

and P
13 

contributions, 

which are small, and consider the product of P 
11 

*p 
33

, we can show 

that the imaginary part of the product dominates the real part. At 365 

MeV the real and imaginary parts of P 11 are approximately 0. 34 and 

0.35, respectively. 
1 

Correspondingly, for P
33 

we have -0.47 and 

. 0.31. The real part of P 11 *p
33 

is -0.05 while the imaginary part is 

0.28. 

Another way of viewing the interfe.rence of two states is to con

sider the multiplying of two complex numbers in general. The real 

part is the scalar product of the two amplitudes, and the imaginary 

part is given by the vector product. In our case, where the phase 

·angle between the two amplitudes is close to 90 deg, the scalar product 

is small, and the vector product is large. So, in general, it is true 

that those interference terms that contribute significantly to the polar

ization .contribute only trivially to the differential cross section. 

In general, we seem to be in fair agreement with the predictions 

of Roper and Wright, particularly at the small pion angles. Although 

the statistical accuracy of the point for 88.5 deg is not good, its var

iation as angular criteria are changed (see Fig. 12) between 0.42 and 

. 0. 58 seems to corroborate Roper's prediction of a large negative 

polarization in the region of 6 *= 50 to 60 deg. Roper's crossover 
1T 

.point is around.101 deg, ours. appears to be about 105 deg. The great-

est discrepancy with prediction seems to be at the higher values of 
* . 6 11' • Here the general shape oftlie predicted curve is present, but 

the amplitude is low •. In this region of high-energy proton recoil, our 

ability to discriminate energy loss in the p-C scatter is not good. 

Therefore, an underestimate of the inelastic cross-section contribu

tion would tend to make our value of analyzability generally too hig~~ 
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This, in turn, would tend to systematically lower our value of polar

ization. We have revised our estimate of analyzability downward by 

what we. think is a reasonable amount in this region, but our results 

still seem short of predicted values. However; our statistical accu

racy here is not great, and a relatively small change, say, in phase 

angle between spin-flip and non-spin-flip amplitudes could well bring 

Roper's values within the limits of our curve. 

A secondary purpose of this experiment was to try the Vidicon 

system as a means. of rapid data reduction. The system had a few 

errors most notable of which was a lack of sensitivity, which un

doubtedly cost us some events. However, these .defects reflected 

lack of experience, and the "bugs" which are present in any new and 

previously untried device. The Vidicon was in principle a good instru

ment, and it worked exceedingly well for a tool· so new. We are sure 

.it-will. prove an extremely useful instrument for future experiments. 

B. Summary 

-~ou:t prominent states are present at 365 MeV in 1T' -p inter-

actions. · The P 
33 

amplitude has already passed through resonance, 

but still remains quite large. The P 11 amplitude has risen prom

inently in the 300- to 400-MeV region. It is the interference of these 

two states that figures most notably in the polarizatio~. Two other 

amplitudes, the s
11 

and n
13

, are beginning to grow toward resonance 

in, the 600~MeV region, but are still relatively small at our energy, 

particular 1 y the D 13• 

Roper's phase-shift solutions seem to fit our information 

fairly well. It is most nearly in agreement in the lower pion angles, 

but less so as the, pion angle exceeds 110 deg. However, our statisti

~al accuracy in this region is not very good. 

.. 
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In order to definitely ascertain the phase -shift parameters 

there is need for information on polarization as well as inelastic 

scattering over the 300- to 700-MeV energy range. As previously 

mentioned, there is a dearth of experimental work in the range be

tween that of Vik and Rugge 
4 

at 310 MeV and Eandi 5 at 523 MeV. 

Some fruitful experimentation could be done in this region • 

--";;.~>~··' . 't:r•;· 
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APPENDIX: ESTIMATE OF POLARIZATION ERROR 

In planning a polarization experiment, one must decide upon 

a reasonable estimate of the errors to be expected as based upon 

prior knowledge of the analyzing power of the medium used for the 

second scatter and the available counting statistics. 

We shall approach this by thinking in terms of a counter po

larization experiment where we are concerned with left scatters 

versus right scatters. For a particular angle of second scatter we 

have a known value of analyzability, A. The key, simplifying as

sumption we now make is that the polarization produced by the first 

scatter is the same, whether it originates from the target protons . 

or is a proton from the surrounding target structure, i.e., target

empty effects. {This makes the asymmetry equal in both cases, 

which simplifies the algebra considerably.) 

The expression for the error in polarization is 

where € is the asymmetry, A is the analyzability, P is the polar

ization, and, of course, 

€ = PA = left scatters "" right scatters 
left scatters + right scatters · 

The error in the analyzability, b.A/ A, is presumably known from 

prior sources. Examining the error in the asymmetry in terms of 

. left and right scatters, we have 

,, 



6.€2 

8€ 
8L 

,. 

and 

8€ 
8R 

Then it follows that 

and 

2 
6.€ 

= 

= 

= 

= 

= 
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(~~ALY + (~~ ARY 
1 (L- R) (L!Rr 2R 

L+R - = 
(L + R)2 , 

-1 
- (L- R) (L!R r = 

-2L 
L+R (L+R/ . 

4 [ R 2(AL)2 + L2(AR) 2] , 
(L+R)

4 

21R [tAJ;)2 + ~~Rrr2 
(L+ R) 2 

i 

We are most interested in the total good counts; N0 = L + R = Nfull-

. Nmt (total full - total empty). We will now develop expressions for 

L, l:!..L/ L, R, and l:!..R/R in terms of N
0

• Putting 6.€ in terms of 

full and empty counts (since this is what is actually measured), 

we have. 
.- 1/2 

l:!..R 2+ l:!..R 2] 
+ f e 

. - R2 

Since .the statistical error in a number of counts, _n, is equal to 

~. we may say 

AL 
2 

f = Lf 

l:!..L 2 = L e e 
&t2 

f = Rf 
and 

&te 
2 

R = . e 

.. 
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In order to do a full-empty subtraction, we must consider full scat

tering and empty scattering for equal lengths of time. To simplify 

calculations, let us compute the number of full counts· (and empty 

counts) we would. obtain if we ran the whole experiment with target full 

(or empty). Preparatory to this task, let us examine the following 

helpful relationships: 

write 

and 

If k .is the target-full to target-empty ratio, then we can 

k full counts = r-"1 real counts 

k 
K-1 = empty counts 

real counts 

To optimize errors, one normally runs the experiment so that 

the ratio of full running time to empty running time is equal to ~ . 

Observe that 

1+~ = 
Jk 

full time - empty time _ total running time 
full time - full time 

and 

1 + ,.Jk = full time - empty time_ total running time 
empty time - empty time 

Now, remembering that 

No 
L = T .(1 + E:) 

and 

.. R 
No = T (1 - E:), 
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we then have 

Lf 
No k e::') AL£

2
· = 2 (1 + €) k -1 = 

N 
k e~J AR 

2 
Rf = __Q (1 - €) 1<=1 = 2 . f 

L 
No 1 (i+·~J AL. 

2 
= 2 (1 + €) k -1 = e e 

and 

R e 

N 
= __Q (1 - €) _1_ 

2 k -1 
AR 

2 
e 

Substituting this into our expression for, AE and simplifying 

we obtain 

A€ = [~+ 1 
~k-1 

-2 ]1/2 
(1 - € ). 

No 

Observe. that [(~ -~ 1)f(~ ---1)]
1
/ 2 . is equal to 1. 73 for k = 4 

and approaches unity asymptotically for larger values of k. The 

number E is usually no)(iZ"ger than j).25, _which_makes .1 .,. E
2

= 0.937. 

Hence, the error in asymmetry is most heavily dependent on N0, the 

number of real counts. 

!1'~ .. -- .. 

• 
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