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I. Introduction 

The extensive phase shif t analyses of fip elastic scattering carried 

out over the last few years have suggested very complex behaviour of many 

of the partial. wave amplitudes. 1 In addition, most of these amplitudes 

appear to be rather inelastic. The motivation for the experiment, therefore, 

is to carry out an extensive systematic study of 3(p inelastic scattering 

in order to determine the branching ratios of the various nucleon isobars 

into inelastic channels and to provide:% G more complete understanding o-f the 

flp interaction. 

* 
Work performed under the auspices of the U. S. Atomic Energy Commission. 

*A. 
Present address Dept. of Physics, U.C. Riverside, Riverside, California 

*x* 
Presen-t address T. C. Division, CERN, Geneva 

/ Present address Naclear Physics Laboratory, Oxford University 
Oxford, England 

(Presented at XIVth International Conference on High Energy Physics, 
August 28 - September 5, 1968, Vienna, Austria) 



. . ._. ..- . 

The experiment will eventually cover the range from 1150 to 2OOO 

MeV/c, in approximately 110 McV/c steps , The scope of the experimcht 

is illustrated -in Fig. 1. Iii this paper we wish to report a preliminary 

study of the data from 720 to 1180 I#leV/c where we have analyzed 

approximately 100,000 P-prong events, rdprescnting about 50;' of the 

existing mea.surcments. A further 200,000 events are being measured in the 

higher momentum region. 

In section II we discuss the procedures involved in the analysis of 

the data. In section III we discuss the data for the elastic and 

inelas-Lie scattering reactions. Finally, j-n section. IV, we present a 

preliminary discussion on interpretation of the data. 

II. Data Processing 

We have used exposures taken with the 72" Alvarez hydrogen bubble 

chamber and tlne 30" bKJM hydrogen bubble chamber. The film was scanned 

twice and the 2-prong events were measured on the Berkeley Spiral Reader, 

after which they were processed through the POOII-1.'LTC;P-S~~J~~~~-AI~~O~: system 

of programs. 

The measuring and fj.lter{ng effi.ciency of the system was estimated 

from a sample of m 17,000 cveil-t;s whi ch were measured twice. The success 

rate was found to be S2$ percent after one measurcmelit and better than 

9'$ after measurement of the failures. We conclude therefore that ou1 

total sample is unbiased sjncc: the failures appear to be random. 

l'hc reaction channels were first separated on the hasis of the 

ki.nemaCcal. X2 for each hypD't,hsi s, al::ny:; prcfrrring -the four-c:onsti~u-i.n1.1~~ 



elastic scattering fit to the other one-constraint hypotheses. The 

remaining ambiguities amonc one-constraint fits amounted to 13% of 
v 

the data and this was reduced to less than 1% by using the ionization 

X2 obtained by an analysis of the pulse height measurements by the 

Spiral Reader. The selection criteria applied are as follows: 

a. 4C elastic fits: 

accepted if X2 (kinematic) < 14, 

b. 1c rm*lr- / p&Co unique fits: 

accepted if X2 (kinematic) <_ 7, 

c. 1c n2Y / prr-x0 ambiguous fits: 

(1) accepted if [X2 (bubble) of nfi'Jr-/pn-n'] <_ 

[X2 (bubble) of pfi-fi" / nJ;-fi- - 3] , 

(2) accepted if difference between XV bubble) for these 

two channels is less than 3 but [X2(kinematic) of 

nfl'fl-/pa-x'] <_ [X2(k* lnematic) of pfl-JrO/nJ;Ffl- - 1.33 , 

(3) accepted if above tests fail to distinguish between 

ambiguities but[X2 (bubble) of nn+n-/pri-fl"] <_[X2(bubble) 

of p?-r-n'/nfl+n -1. 

Applying the above procedures tre obtain the following samples: 

K-P -+ n-p 41,264 events 

Jr-P 
I- - -+fir[n 21,563 events 

Jr--P 
- 0 +pfi 7[ 14,247 events 

The X2 distribution biases, topological measurement biases, and 

scanning biases for each channel are treated as described below. 
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III. Data Analysis 

a. Elastic Scattering: 

The 41,264 elastic scattering events obtained as described above 

were corrected for the loss of short protons due to the azimuthal 

scanning bias and also for the X2 cutoff used in their selection. 

These corrections were applied at each momentum and at each production 

angle separately. We show in Fig. 2 the elastic scattering differential 

cross sections for 12 energies between 1300 and'1770. The curves through 

the data points are the best fits using a Legendre polynomial expansion 

where the fits were performed up to the 6th order. The expansion 
7 

coefficients agree very well with those obtained by Duke et al. '* -- 

throughout this same energy region; The absolute normalization for 

these plots together with the total elastic cross section is obtained 

by normalizing our data tothe central region of the elastic scattering 

data as measured by the counter experiments. 3 That is, we compare the 

fit to our angular distributions in their region of production angle 

from -.8 in cos 8 through to -l-.7 and normalize our relative angular 

distribution with respect to the absolute counter data points in the 

same angular region. The total elastic scattering cross section was 

then obtained by fitting to all of our angular distribution da-ta and 

normalizing the relative yield by the above number. This is shown in 

Fig. 3 as a function of energy and is plotted together with the data 

of other counter experiments. As can be seen readily, the agreement 

is rather good. It is noteworthy that the cross section of this 

central region used for our normalization varies very slowly with energy 

throughout this region, and that the rapid variation in the total elastic 
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cross section seen in Fig. 3 is almost entirely due to the forward 

and backward scattering peaks not used in our normalization. It is 

also interesting to note that the normalization region represents 

PO-j@ of the total data in the angular distribution. Therefore the 

agreement between our data and the counter data is a measure of how 

well we measure the elastic scattering distribution. We show in 

Fig. 4 the forward elastic scattering differential cross section obtained 

by extrapolating our best Legendre polynomial fit to the forward 

direction. Again our points compare very well with those points obtained 

by using the dispersion relation calculations 
4 

which are also shown in 

Fig. 4. 

We have used the elastic scattering measurements so far only in 

the cross section normalization and have not yet used this data in our 

preliminary phase shift analysis, nevertheless we plan to incorporate 

elastic scattering data together with inelastic scattering data in our 

complete fits shortly. 

b. Inelastic Reactions: 

As described above, we have identified 21,563 events of the type 

5(- p --,nfl+Jc- and 1.4,247 events of the type or-ri'p. This data has also 

been corrected for scanning biases and -i%e X2 cutoff, which amounted 

to about 5$, and are constant with respect to the production angle. 

The reaction cross sections are shos:in in Figs. 5 and 6 for n-g'n 

and fl-fl'p reactions, respectively. Here again the same normalization 
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procedure as described earlier has been used in obtaining the cross 

sections. Also shown in these figures for comparison are the 

existing measurements of other experiments. 5 Figs. 7 and 8 show 

our data separately. Due to the better statistics and the most 

systematic coverage of this energy region, our measurements reveal more 

concretely the detailed structure in the cross sections. The 

discrepancies between the measurements in the 72" LRL chamber and the 

30" MLJRA chamber is possibly due to the preliminary nature of the data 

analysis of the MLJRA chamber film at present. We hope to complete our 

analysis of 30" MURA HBC film and also to include measurements near 

1600 MeV and 1720 MeV regions in the near future. 

The reaction fi-fi'n is dominated by strong ~~(1236) production as 

illustrated by a typical Dalitz plot at the energy 1685 MeV in Fig. 9. 

The contributions of the quasi two-body processes 

7r p -+2n- 

+ a-n+ 

have been evaluated using a maximum likelihood program MLJIU'LE#'BERT, 
6 

assuming the reaction flc-Jr'n is an incoherent superposition of these 

resonant channels together with phase space. We show in Fig. 10 (a)-(c) 

a typical set of spectra for the square of the effective mass of nn-, 

-I- 
nfl j and K'JI- respectively, at the energy of 1685 MeV. The curves 

represent the best fits to the data with contributions of 57.6 percent 

Tr+n- , 7.2 percent 3(-n-, 0.3 percent p'n, and the rest being y-body phase 

space. The masses and the widths of the resonances are fixed in this 
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fit to be M(A) = 1236 MeV, r(A) == 130 MeV. 

Mb) = 765 MeV, r(p) = 130 MeV. 

In Fig. 11 we show the cross -I- - sections for the channel n A over our 

energy region, where we have used the above fractions obtained from the 

likelihood fit to determine that portion of the A- present. It is 

clear that this reaction shows an‘enhancement in the region of 1680 MeV, 

and this may be associated with the decay of one or both of the D 15' 
F15 resonances into the AR channel. 

The overall center of mass production angular distributions for 

the outgoing n' with respect to the incident r[- have been examined in 

terms of Legendre polynomial expansions wit.h the resulting coefficients 

shown in Fig. 12. All existing data from all other experiments are 

also shown in Fig. 12 for comparison. 7 It is evident that our points 

match very well with other experiments. We further investigate the 

production angular distributions of the quasi two-body n+A- channel 

by selecting events with 11.110 MeV 5 M (nfl-) <_ 1320 MeV. In Fig. 13 

we show these production angular distributions which demonstrate noticeable 

changes in the energy regions 1500 to 1650 MeV and 1.690 to 1770 MeV. We 

show in Fig. 14 the co rresp2nding Legendre polynomial expansion coefficients 

of these distributions. It is interesting to note that there is very little 

structure in the angular distribution coefficients throughout that region 

where the elastic and the inelastic cross sections show a rather large 

peak. There is, however, clear evidence of activity around the 1520 MeV 

region in & angular distribution, despite the fact that the cross 

section shows no strong structure. 
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The flatness of the Legendre coefficients throughout the 

1600-1700 MeV region implies that whatever amplitudes dominate this 

bump region must have roughly constant phase differences in this region 

(since activity in these coefficients are directly proportional to the 

rate of change of the phase angle between any two interfering amplitudes). 

The alignment of the A- is studied by examining the Adair angular 

distribution for the decay of the A. These are shown in Fig. 15 where 

the data is averaged over all production angles of the A. 

Sinc'e we have established above that the rate of change of the 

phase angle between the various amplitudes contributing in this region 

must be small, and since the cross section does not show two separate 

bumps in this region, we do not expect a large polarization term in the 

interference of the amplitudes, and therefore do not suspect strong 

alignment of the A. To investigate more fully we show the same Adair 

angular distributions for A decay for those events produced at small 

angles. These data are shown in Fig. 16, where some evidence of 

structure may be seen in the regions around 1660 MeV, and around 1700 

MeV. These are not yet completely understood. 

IV. Interpretation of Data 

Starting from the well established resonances we may deduce a 

qualitative picture of the fip interaction-in the region by inspecting 

the Legendre coefficients displayed in Fig. 14. 

The region from 1500-1600 MeV will be dominated by the Dl3 (1520); 

from 1600-1700 the Dl.:,( 1680) and F15(1690) will take over and finally 

above 1700 we expect some effect due to the low energy tail of the 
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F37090) - If we assume that we have a genuine quasi-two body final 

state it is possible to relate the contributions from the interferences 

of the partial wave amplitudes to the Legendre coefficients. The 

contributions from the dominant waves. are shown in Table I. The 

table assumes that ISS++l = 1. 

Between 1500 and 1600 we expect the interference of the D13(1520) 

with the two spin 5/Z resonances to contribute positively to Al and AZ. 

In fact we find strong negative contributions decreasing as the energy 

increases. This would imply that the "13 couples with a negative 

relative sign to the Fl5 and D15. 

The behavior of the coefficients between 1600 and 1700 MeV is 

consistent with the presence of the two spin 5/Z' resonances. The absence 

of any dramatic variation of A3 and Al suggests that the phase difference 

between these two amplitudes changes very slowly, confirming the results 

of the elastic scattering data. Above 1700 MeV we do not have 

sufficient information except to say that the upward trend of Al together 

with the negative A6 could be at leas-t partially due to the tail of the 

F37(1920) which is only one full width away. 

With this input information we have attempted to make a partial wave 

fit using the three resonances D 13(1520), D15(16%0), and F15(16gO) with 

masses and widths as quoted in the "Rosenfeld" Tables by Bar-ash-Schmidt 

et al. 
8 

-- In addition, we added s, p, d, and f wave backgrounds. The 

resonances are parameterized by Breit-Wigner forms while the backgrounds 

used are of the type a -f- b (p,.,.) h w ere a and b are complex numbers. 

All parameters, including resonant masses and widths, are allowed to vary. 

-g.- 



I :-.. 

The results, which gave a X2 of 286 for 252 data points and 23 parameters, 

are shown in Table II. Using the elasticities quoted by Lovelace for 

the three resonances, we obtain the following branching fractions: 

Pl3(1520) + An 
- ZZ .12 

ALL 

~15(1680) -> AS 
- z *I-5 

ALL 

F 15 (1690) -+ ti 
ZZ -19 PST-r 

We have also succeeded in fitting the same data by just using the 

resonances suggested by Lovelaze between 1500 and 1750 MeV (except for the 

S,,b535) and S11(1710)). The X2 for this fit is 330 for 252 data 

points and 24 parameters. The results are shown in Table&II. 

We must emphasize again that these two fits are not to be considered 

final in any sense, but serve only to illustrate our quasi two body 

approach to the understanding of the fip interaction. Currently we 

are exploring the approach further with various different parameterizations 

and systematic searches. We shall shortly extend our program to use more 

sophisticated models analysing the entire Dalitz plot and to undertake 

some multi-channel analyses. 
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Figure Captions . ..s--_- 

1. The total and elastic rr-p scattering cross sections as a function 
of laboratory incident momentum. Markers represent the momentum 
range covered by this experimert. 

2. Elastic scattering differential cross sections at 12 energies. 
The curves correspond to the best fits to Legendre polynomial 
expansions, 

3. Total elastic scattering cross section measured by this experiment 
and counter experiments of Duke et al.., and Helland et al. -- -- 

4. Forward differential cross sections from this experiment and 
from calculations using dispersion relations. 

5. Production cross section of n-p - -I- -+fi 3c n measured by this experiment 
and other experiments as listed in Ref. 5. 

6. Production cross se&ion of n-p -+fi-ti'p measured by this experiment 
and other experiments as listed in Ref. 5. 

7. Production cross 

8. Production cross 

9. A typical Dalitz 
energy of 1688 MeV. 

10. Mass-squa$ed distributions of nn-, nn', and ti'fl- for the reaction 
n-p ->JI-~ n at 1685 MeV. The curves correspond to the best fit in 
this reaction as described in the text. 

11. Product-ion cross section of the quasi-two body channel 
rl p ->3I a- (1236). 

12. Legendre polynomial expansion coefficients obtain in this experiment 
and other experiments as listed in Fig. 5 for the reaction 
r[ p -+z-X+n. 

13. Production angular distributions of the quasi-two body channel 
3(-p -+fl-‘A- as selected with 1140 MeV <_ M(nl-r-) 2 1320 MeV. 

14. 

15. 

Legendre polynomial expansions to the distributions shown in Fig. 13. 

The distributions of the Adair angle of the A- over all production 
angles. 

16. The distributions of the Adair angle of the A- in the regi.on of 
production angle 0.8 < cos 0 < 1.0. - 

section of 7(-p -->fi-fi3-n measured by this experiment. 

section of fi-p +n-ri"p measured by this experiment. 

plot for the reaction ~r-p --->fi-~~'n at the c.m. 
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TABLE II 

F15: Mass = 1690 MeV 

Width 

Jx,x,~ I 

131 MeV 

0,348 

,fm = 0.025 

D15: Mass ZY 1680 McV 

Width 

Jxexn(( 1 

170 MeV 

0.245 

@pzg- = 0.014 

D : 13 Mass = 1520 MSV 

Width = 115 MeV 

dm) = - .264 

Backgrounds 

S wave = (0.08 -k .22x Pcm) + i (-.ll + .15x Pcm) 

P wave = (-.09 - .03x Pcm) + i (.OOl - .13x Pm) 

D wave = (.12-t .08X Pcm) + i (-.oE3 - .09x Pcm) 

F wave ZZ .013 - ix.002 



TABLE III 

Fly Mass = 

Width = 

JqgTE-~ = 
Jyig6$-) = 

D: 
15 

Mass ZZ 

Width = 

J-m = 
+JS= 

D13: Mass = 

p33: Mass ZI 

Width ZZ 

$g- = 

s31: Mass = 

Width = 

J XeXA = 

D33: 
Mass = 

Width = 

4X,X, (DS3) = 

JxexThDD?) = 

p : 11 Mass ZZ 

Width zz 

J XeXA 

1691 MeV 

147 McV 

0.365 

0.024 

1667 M~V 

188 MeV 

.226 

.020 

1496 l>qeV 

112 MeV 

- ,386 

1730 MeV 

273 MeV 

- .15 

1634 M~V 

179 MeV 

- .09 

1679 MeV 

269 MeV 

~65 

-03 

1752 MeV 

329 MeV 

-17 



. 

l 
I 

I 
I 

* 

- - 

* 

-*- 
- 

* 

* 

* +- 

* * 
-- 



., 

. 

8.0 

6.0 

4.0 

2.0 

b 
z 
\ 0 

(a) 

Ec.rn. = 1501 MeV 

I792 events 

-g 10.0 r id) 
1629 MeV 

537 events 

6.0 

2 .o 

0 
1.0 0 -1.0 1.0 0 -1.0 1.0 0 -1.0 

COS 0 (T-out, Tr-inc ) 1121Dll 

7r-p--VT-p 

ib) 
1533 MeV 

234 8 events 

F 
(4 

1593 MeV 

/ 
591 events 

i (4 
)I 

1647 MeV 

5482 events 



IT- p -‘- 71-p 

8.0 

6.0 

b 
3; 
> 

0 

E IO.0 

uic: I u-0 
8.0 

6.0 

4.0 

2.0 

0 

(g) 
E c-m.= 1669 MeV 

5127 events 

(h) 
-I 1674 MeV 1685 MeV 

4398 events 

(1) 

r 1766 MeV 
Cj) 

:r 1695 MeV 

j 2206 events 1733 events 

Fig. 2 



---I-- 

tD
i 

tD
i 

-G
 

b 

cl 

l-2-i 
a 

-& -e 
- t- % 
W

 
> lx 
k X W

 

z m
 

Iz 

6 C
T 

3 > 0 ro 

t- %
 

III 
. . . 
,c’ . 
_I _ 
cc 
l& 
X W

 

g al 
- 0 o- 
k> 
- 

5 

0 s: 

0 lo 
ln 
N

 
0 

u-l 
0 

16) 
0 

cd 
- 

(qu) 
1%

 
- 



I 
. 

. . 

I 
I 

I 
I 

4 

I-D
-I 

i---D
-l 

&, 
l-3x-i 

W
D

i 

. 
-- u 

. 
-6 

- 
s-i 

0 E2 
- 0 o- 
-G

 
- 

z 

0 



15 

2 IO 
E - 
b 

5 

0 

4 1 

77-3 ---77--Tin 

$ THIS EXPERIMENT (72”ALVAREZ HBC) 

6 THIS EXPERIMENT (30”MURA HBC) 

4 BERTANZA et al. 

$ BURNSTEIN et al. 

$ CASON et al. 

4 FEMINO et al. 

8 GENSOLLEN et al. 

KIRZ et. 

OLIVER 
PICKUP 

POlRlER 

VITTITO 

al. 

et. a I. 

et. al. 

et. al. 

E et. a 

1400 1500 1600 1700 1800 
EC, IMeV) 112186 

Fig. 5 



15 

IO 

5 

0 

7T-p- 7f-77-o p 

P THIS EXPERIMENT (72” ALVAREZ HBC) 

$ THIS EXPERIMENT (30” MURA H BC) 

$ BERTANZA et al. 

5 BURNSTEIN et al. 

$ CASON et. al. 

8 GENSOLLEN et al. 

f! OLIVER et al. 

P . FEMINO 

* PICKUP et al. 

POIRIER et al. 

VITTITOE et al. 
T 

T 
Q 

9 d 

P P 

I 
P 
P 

G 

I I I 

I400 1500 <I 600 

E,,WeV) 
1700 1800 

112185 

Fig. 6 



I5 

IO 
25 
E - 
b 

5 

0 

I I I 

-n--p -- 7T-7T+n T 
0 
1 

4 72"ALVAREZ HBC T i!i T 

$ 30"MURA HBC 0 Tl 

1 
T To P 

2 01 

I 

T 

p h 

1400 1500 ( 1600 
Ecm (MeV) 

1700 

c 

1800 

112187 

Fig. 7 



. 
. 

l-o-i 
l-0-i 

cl 
0 I= 
I k f C

L 
I k 

l--c---i 

0 
co 

- 
W

w
J 

0 
!j 

0 
= 

83 

0 0 b - 0 0 I-r) 

0 0 d- 
0- 

L 





I 

8 
0 Lo 

-- 
- 

cd 
- - 

- l-0 
(\j 

cn 

If-l (\J 
7 s - T- 
k c 
- 

- - 

SlN
3A3 

JO
 

t17avm
v 



_ _ -. -..-...-- I-.,~-x-,i-..~-.-__._TxII ---.__ - 
11*-....“-~- _,-. . ..^ --_ __.__.._.. 

IO 

z E - 
b 5 

, 

0 

I i 

--+A-(1236) 

J d -72” ALVAREZ l-l E c 

P 30” MURA HBC 

T 
p P 

a 
I 

1400 1500 1700 

Fig. 11 



P 
0 



. . . . : I 
. , , 

‘K- p ---i” n- +a- 1236) 
1593 MeV 

r 
(d) 1629 McV 3 E cm= 1501 MeV 

559 events60 

b, 1533 MeV 

745 events - 30 
272 events 3. 

60 

40 

20 

-I 

Tf) 1660 MeV r (9) 1669 MeV -U-d 1674 McV 

932 events 
I50 - 

I667 events I 5. I711 events - 

P 
iI5 
> I50 
W 

g 100 

cc’ 

g 50 
22 

z" 0 

i-4 1647 MeV 

2120 events - 

Y 
50 

- 

00 

h’;h 
100 

-L 

50 - 50 

1 - 0 
-1.0 0 1.0 - 1.0 0 1.0 -1.0 0 1.0 -1.0 0 1.0 

Ti) 1685 MeV 

_ 1462 events 6. 

ik) 1740 MeV (I) 1766 MeV 

571 events - 

(j) 1695 MeV 

120 

80 

120 

80 

40 

-1.0 0 1.0 -1.0 &O( 1.0 -1.0 0 1.0 -1.0 0 1.0 

t-1 
7Tf*uf, 7r 3-d 1121c12 

Fig. 13 



I 

06 

04 

77--p -+ 7r+n- 

dc - = C, A,P, dR 

02 
A 

Iok 

A0 
-0 2 -Y-+-- 

-04 - P -06 I-I--- 

-06 ’ I I 
06 r 

1500 1600 1700 1500 1600 1700 

Of3 r 

- 0 6 I- --I--- 

04 

02 

Lo 
A0 

-0 2 

-04 

-06 

-0 8 
06 

04 

02 
A6 
n,O 

-02 

-04 

-06 

06 

04 

02 

E cm (MeV) 

Fig. 14 

Ecrn (MeV) 
21010 



l ! 
. 

YT- p--n-+A- (1236) 

e, 1674 MeV 
(0) 

E c.m. 1629 MeV 

4 - 

- 

id 1660 MeV 

dlb 

9( 

b) 1647 MeV 

60 - 

80 
(g) 1695 MeV 

d, 1669 MeV 

2c 

60 

3c 

C 

, 6( 

3( 

I ., 

-1.0 0 1.0 

8C 

I 

60 i - 

n 

. 

f) 1685 MeV i) 1766 MeV 

\O 

‘0 

IC 

C 

: 

6C I- 

i 

__I__-__ --I 

COS a C T-(-JJ~, -IT- inc I Adair -_ 
1121c14 



- ‘a 

+k- t a 

‘k 

0 
0 

0 
0 

d- 
ro 

s 
- 

I 
. 


