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Abstract 

pn annihilations into three and five charged rrlesons with or without 

neutrals have been studied in order to rrleasure the contributions of the 

various final states to the 5.5 rrlb enhancerrlent discovered in the total 

I = 1 NN cross section at 2190 MeV total CM energy. Fits have been 

perforrrled to the cross sections as functions of the incident P rrlOrrlentum 

with background plus a resonant terrrl. The fits show enhancerrlents in 

several final states, the statistically rrlost significant one being in the 

- + -reaction pn-w, 2w (0.51 ± 0.13 rrlb over a background of 1.4 rrlb). Less 

significant effects are also found in all other pionic annihilation final 

states regardless of their G-parity. 
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1. Introduction 

We report a study of the pd interactions at p momenta of 1.0. 1.1, 

1.2, 1.3, 1.4, 1.5 and 1.6 GeV Ic. in the 81 cm CERN bubble chamber 

filled with deuterium. 

The experiment was designed to study the I = 1 pn interaction in the 

region of the broad enhancement found by Abrams et al. (1) at a total CM 

energy of 2190 MeV, in the pp and pd total cross sections. The height 

- , 
of the enhancement, in the I = 1 NN cross section, was 5.5 mb over a 

background of about 100 mb. More recently, Alspector et al. (2) 

studying pp cross sections found an enhancement at the same energy 

with a cross section of about 2.3 mb. in agreement with the pp data of 

Abrams et al. 

The energy region around 2190 MeV. commonly 1!eferred to ,as the 

"T region". has been the object of several experimental studies~ 

Experiments have been performed to see whether the enhancement in 

the NN cros s section in this region could be ascribed to the formation 

of a resonance. or whether it could be due to some threshold effect, in 

particular, the production of the :6.N and .6.N final states, whose 

threshold lies at about the same energy. (3) 

The results indicate that: 

a) the single pion production (.6.N or t-.N threshold effect) cannot be 

responsible for the enhancement. This is true for pp interactions(4) 

as well as for pn interactions. (5) 

b) For pp annihilations, only weak evidence has been found for struc­

ture in any of the final states analyzed so far. (4. 6.7.8) 
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c) For pn annihilations. in the cros s sections for the production of 

resonances, no evidence has been found of structures capable of 

explaining a: significant part of the 5.5 mb enhancement. (9) 

In the following we shall give the details and present the results of 

an analysis of the pd interactions resulting in a final state containing a 

proton stopping in the chamber and an odd number of charged mesons 

(prongs). We shall give the topological cross sectionsl for both:- odd'arld 

even topologies and the pn reaction cross sections for final states con-

taining an odd number of charged mesons with and without neutrals. 

Results on the production of one pion(5) and on the cross sections for 

production of resonances(9) have already been publish~d. A preliminary 

analysis of the data to be discussed in this paper has been presented at 

the 1971 EPS Conference. (iOa) The present analysis replaces entirely 

the preliminary one. More details on part of this analysis can be found 

in ref. (1 Ob) . 

We shall also present in this paper the results of fits to the data of 

an incoherent superposition of background and two Breit- Wigner func-

tions. one at 2190 MeV • the other at 2350 MeV (the second I = 1 enhance­

ment observed by Abrams et al. (1) whose low energy tail extends into 

our energy range). To decrease the uncertainty in the energy dependent 

background function we included in the fit the data of Eastman et al. (8) 

who performed an experiment similar to ours at higher p momenta. 

2. Exposure and Scanning 

The exposure consisted of 370.000 pictures of the CERN 81 cm 

bubble chamber filled with deuterium. The primaries were antiprotons 
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of seven different m.om.enta from. 1.0 to 1.6 GeV Ic in steps .of 0.1 GeV Ic. 

The Ferm.i m.otion of the neutron in the deuterium nucleus gives a 

spread in the totalpn center of mass energy equivalent to a s-pr.ead of the 

beam. m.om.entum. of about ± 60 MeV Ic: The details of the expo sure are 

given in Table 1. Two different beam. set-ups were used, one for 1.0 and 

1.2 GeV Ic, the other for the rest of the picture~. 

The pictures were scanned at Padova, Pisa and Torino, for all in-

teractions within a fiducial volum.e 40 cm. long in the cham.ber and all 

entering beam. tracks were counted. Interactions were recorded according 

to the num.ber of "prongs". In our term.inology a prong is any track 

em.erging from. the interaction vertex which cannot be identified as a 

proton stopping in the liquid. A" spectator" (or recoil) proton is then 

not called a prong if it stops in the cham.ber but is if it leaves the cham.-

ber. The raw scan data were corrected for the three effects: 

a) Contam.ination of the beam.. We m.easured the fraction of "light" 

particles am.ong the beam. tracks by searching for delta-rays. This 

contam.ination turned out to be 3% at 1.0 GeV Ic, 9.7% at 1.2 GeV Ic, 

and less than 0.5% at the other m.om.entum. settings. At 1.2 GeV Ic the 

9.7% contam.ination was estim.ated to consist of 6.2% !-LIS and 3.5% TTl s 

from. interactions of tracks with delta- rays. Using this inform.ation 

and the known TT- d topological cross sections for that energy we corrected 

the 1.2 GeV Ic data. For the 1.0 GeV Ic data, we used for the correction 

a si·milar com.position of the contam.ination. No corrections were 

applied to the rest of the data. 

b) Scanning efficiencies. By res canning about 10% of the film. 

(36,000 pictures) we determ.ined our scanning efficiency, which is 81 % 
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for the O-prongs and about 93% for each of the other topologies. The 

inefficiency for the O-prongs is due to actual losses. For the other 

events we found t,hat some were listed under different topologies in the 

two scans. The overall scan efficiency for non-zero-prong events is 

96%. We did not determine the efficiency for counting beam tracks but 

assumed it to be equal to 100% for the purposes of comparing our raw 

total cross sections with the more accurately measured cross sections 

of Abrams et al. (1) . 

c) Small angle one- prong interactions. The efficiency for detecting 

small angle one-prong interactions decreases rapidly as the projected 
I 

angle approaches zero. From a study of this efficiency performed at 

all beam momenta, (11) we estimate th~t the number of events lost for 

thi s rea s on is 9 ± 2% of the total number of events found. To thi s 

accuracy, the fraction lost is independent of beam momentum. 

3. Total and Topological Cros s Sections 

Cross sections were determined independently for scans made at 

the three different labs. The resulting total cross sections agree among 

the"mselvesand the combined results are shown in fig. 1. The errors 

shown take into account statistics and the uncertainties in the corrections 

described above but they do not reflect uncertainties in our beam track 

scan. For comparison we show in fig. 1 also the more accurately de­

termined cross section of Abrams et al. (1). The agreement is good if 

one allows for the systematic difference in the overall normalization 

of about 6%. 

For the purpose of calculating the topological cross sections, we 

normalized the total cross sections for each lab separately to the pd 
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total cros s section of Abrams et al. (1). The three sets of topological 

cross sections were then compared and found to be statistically com-

patible for each topology. The weighted averages are shown in fig. 2 

and table 2. 

A comparison of our even prong (0,2,4,6) cross sections with the 

corresponding topological cross sections measured in pp interactions 

reveals differences due in part to scanning techniques and in part to the 

presence of the spectator nucleon. 

For our zero-prong cross section we find essential agreenlent with 

pp experiments. Averaged over the momentum range of our experiment 

we find 7.7 % 0.2 mb compared to 7.4 %0.1 mb for published 'p-p experi­

ments. (4,6) This agreement may just be a fortuitous cancellation of 

various effects. 

For 2-prong cross sections no meaningful comparison can be made. 

In pp experiments, small angle scatters with no visible recoil are taken 

as two-prong events and constitute a large fraction of the cross section. 

The corresponding elastic scatters are classified by us as one prong. 

Our 4-prong and 6-prong cross sections are higher than those in 

hydrogen(4, 6, 12, 13) (by about 4.5 mb for the 4-prong and 3 mb for the 

6 -pro ngs ,at all beam momenta). As a check on what the excess 

events are, we have measured and analyzed a sample of 6-prong events 

at 1. 6 GeV/c where our 6-prong cross section is about two times the 

pp cross section. We had a cross section for events with a proton in 

the final state of 3. 5 ± 0.3 mb.. These events are pn annihilations 

with protons that have been called prongs in the scan. Most of 

; .... 
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them are probably due to initial or final state scattering on the proton. 

In addition to scattering, some transfer of events to even prong 

topologies takes place just because the spectator proton has sufficient 

momentum from its motion in the deuteron to be called a prong. Based 

on the McGee wave function for the deuteron(14) we estimate that this 

effect contributes less than 1 mb to the 4- and 6-prong cross sections. 

The experiment of Eastman et al. (8) includes the measurement of 

pd topological cross sections at 1.6 GeV/c. Their definition of "prongs" 

in scanning differs from ours in such a way that we can only make a 

comparison of the summed 3 - plus 4-prong and 5- plus 6 -prong cross 

sections. In these two cases the experiments agree within the quoted 

errors (54.2 ± 1.2 mb and 17.0 ± 0.6 mb respectively for ref. 8 and 

55.2 ± 0.6 mb and 17.8 ± 0.3 mb re spectively for this experiment). 

4. Measurements and Processing 

All 3- and 5-prong events and i-prong events with projected scat-

tering angle larger. than 20° (as measured in scanning) were selected 

for measurement on the Berkeley Spiral Reader. We shall consider 

here only the analysis of the 3- and 5-prong events of the final states 

that can be obtained from them. 

After measurements the events were processed with the POOH-

TVGP-SQUAW program chain. All events that could not be processed 

successfully were remeasured once. The overall passing rate was 

80% for the 3-prongs and 70% for the 5-prongs. The failures were due 

to one of the following cause s: 

a) the operator at the Spiral Reader rejected the event because it was 
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TIlislabeled or could not be found in the picture or for similar 

reasons (170/0 of the failures); 

b) processing failed due to an operator's mistake in the :measure:ment, 

often a failure to "flag" the stopped proton track (100/0); 

c) the filter program could not find or sort out the tracks, in general 

because of the poor quality of the picture (21%); 

d) the geoTIletry progra:m could not reconstruct "j!3. track (11%); 

e) the interaction pri:mary had a :mo"mentu:m or a direction not in 

agreeTIlent, within errors, with the average of the beam (240/0); 

f) the kine:matics program could not find a successful fit or perforTIl 

for the event a successful :missing mass calculation (170/0)' 

The hypotheses tested by the fitting progra:m were: production of 

p~ons, annihilations into pions, annihilations into K's and pions. Re­

sults on the production of one pion have already been published. (5) 

Production of :m.ore than one pion is negligible, even at our highest 

mOTIlentu:m (1.6 GeV Ic). We shall. therefore,· concern ourselves only 

with annihilations. 

The results of the fits were used for a first assigmnent of the events 

to the various reactions on an event-by event basis according to the 

following criteria: 

a) no event was accepted if some of the quantities (:mo:menta or angles) 

were not TIleasured or were measured poorly, so that the :missing 

:mas s squared could not be co:mputed. This happened for 3% of the 

fits. 

b) Events were accepted as good fits if the confidence level was larger 

than 10- 5 for 4c fits with only 1T'S in the final state (4C1T), 10- 3 for 

.-
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1c fits with only 'TT'S (1c'TT) and 10- 2 for fits with K's in the final state. 

c) Any event that had a good fit to a 4c'TT hypothesis was accepted as a 

4c'lT (i. e. all aTIlbiguities between a 4c'TT and any other hypothesis was 
'-

resolved in favor of the 4c'TT. When either a higher confidence level 

cut for 4c'TT or a choice based on best confidence level between 1c'TT and 

4c'lT was tried some events were found in the 1c'TT saTIlple with a distri­

bution in TIlTIl
2 

vs missing energy that was peaked around zero in 

both variables. In general. the lower confidence level for the 4c'TT 

hypothesis for these events could be correlated with a rather large 

unTIleasured spectator TIlOTIlenturn (75 to 150 MeV Ic). 

As a final check on the selected 4c'TT events. they were re-fit 

with no constraint on the spectator TIlOTIlentUTIl. The distribution of 

the resulting spectator TIlOTIlenta is compared with the prediction of 

the McGee wave function(14} folded with the TIleasureTIlent error for 

these events in fig. 3. No cOTIlparable procedure was possible for 

events with one or TIlore TIlissing particles. 

d) For the reTIlaining events, all those that gave a fit to a 1c'TT hypothesis 

were accepted as a 1c'TT, and those that gave a fit to a 4c hypothesis 

with K TIlesons were accepted as 4cK. ATIlbiguities between these 

two classes were resolved on the basis of the confidence level. 

e) Events that were not a 4c or a 1c'TT and for which the cOIllputed missing 

mas s was consistent with two or Illore TIlissing 'TT°'S, were considered 

as all pion events with TIlore than one neutral ("TIlTIl'TT events"). 

£) All remaining events that gave a 1cK fit were accepted. 

g) Events that have not been included in any of the previous categories 

were accepted as "TIlTIlK events" if the cOIllputed TIlissing TIlas s was 

cOTIlpatible with the hypothesis. 
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The low priority assigned to the 1cK hypothesis is due to the 

fact that the num.ber of K's produced is sm.a1l and that for m.ost of 

them. there is am.biguity between various 1cK hypotheses and be-

tween the 1cK and rn.rn.'IT' hypotheses. For these reasons, a1l our icK 

and m.m.K cross sections should be considered as lower lim.its. 

The criteria outlined above were not sufficient to discriminate 

events with a single 'IT'0 from those with 2 or more 'IT'0 's on an event by 

event basis. The distribution of mm? calculated from unconstrained 

track measurements for'the events chosen as fc'lT' events according to 

the above criteria showed a marked skewing towards high mm 
2

. We 

therefore separated the events in these two categories statistically by 

fitting the combined mm 
2 

distribution to a theoretical distribution 

consisting of a delta function near the 'IT'0 mass squared (allowances 

were made for slight shifts in the experimental'lT'° mass) and a 2 

body phase space for 2'1T'° from threshold to a high mass squared cut 

2 2 
off (0.3 GeV for 3-prongs and 0.2 GeV for 5- prongs). The maxi-

mum likelihood method was used for f~tting and the error in mm 
2 

was folded with the theory on an event by event basis. Figure 4 

shows the resulting fits for .3- and 5- prongs for ~ll mqmenta. The 

resulting corrections were sizeable; .Oll the avez:age, 320/0 of the 

events originally chosen as 'IT'+2'1T'-'IT'° were transfered to 'IT'+2'1T'-mm and 

150/0 of the events originally chosen as 2'1T':3'1T'-'IT'° were transfered to 

2 'IT' + 3 'IT' - mm. 

5. Reaction Cros s Sections 

In order to obtain the cros s section of the various reactions, we 

need to know the fraction of events of a given topology that belong to a 

certain reaction. The events used for the determination of these 

, : 

I 
!: .. 
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branching ratios were those assigned to the hypotheses according to 

the rules described in the previous section and that satisfied the further 

condition of having the spectator proton mOlnentum less than 150 MeV Ic. 

That is, we accepted all those "fitted" events that had no visibl~ spectator 

and those whose visible spectator proton had a momentum, as measured 

by range, less than 150 MeV/c and discarded all others. This was done 

in order to reduce the probability that the proton had been involved in the 

interaction, since we are interested in pn annihilations. 

From a study of the first and second measurements with successful 

fits or Inis sing mass calculations we have deterInined that the combined 

efficiency of Ineasurement and processing is, to the precision of our 
,. 

measureInents, independent oLthe particular reaction within a given 

topology for a spectator momentum less than 150 MeV Ic. 

Using this sample of events we estimate the reaction cross section 

for each channel as the product of the corresponding topological cross 

section and the fraction of events in this channel. The cross sections 

for the various reactions with 3 or 5 charged pions plus zero, one and 

more than one neutrals, and those for the two reactions with charged 

K Inesons and no neutrals are given as a function of the incoming mo-

mentum in table 3. 

In trying to derive pn cross sections from deuterium data one has 

to take into account two facts: first, the total pd cros s section is 

smaller than the sum of the pp and pn cross sections due to the fact 

that part of the beaIn is absorbed by one nucleon before it can interact 

with the other (shadow effect); second:, sOIne of the annihilations on 

neutrons really involve interactions with both nucleons, which may be 
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either annihilations on the neutron with successive interaction, of the 

annihilation products with the proton, or scattering of the antiprotons 

on the .proton and subsequent annihilation on the neutron. We shall call 

this effect re- scattering. 

A first order correction for the shadow effect can be obtained, fol­

lowing Glauber, (15) by assum.ing that the correction term is inversely 

proportional to the average inverse square distance between the nucleons 

in the deuterium. nucleus . With this hypothesis, Abrams et al. (1) de­

term.ined that the pd cros s section is sm.aller than the sum. of the in-

dividual pp and pn cross sections by an average factor of 1.114 between 

1.0 and 1.5 GeV Ic. With the further assumptions that the pp and pn 

cross sections are equal and that the sam.e factor applies to all topol-

ogies, we increase all of our cross sections by 11.40/0. 

For the rescattering. as we already mentioned (see Sect. 3). some 

of our pn annihilations are to be found in the 4- and 6-prong topologies 

due to the fact that the proton had enough energy to leave the cham.ber 

and was counted as a "prong". If we ignore 'TTN charge exchange re-

actions (they should result in events changing topologies in both di­

rections tending to cancel) ,(16) and assume that the elastic 'TTp and 

initial state pp are the dom.inant effects we can m.ake an approximate 

correction for this effect. The correction term. is computed by re-

quiring that the even prong cross sections in deuterium be equal, after 

correcting for the shadow effect, to those in hydrogen. In this way, 

the correction factors by which our three and five prong cross sections 

should be m.ultiplied are 1.30 and 1.27 respectively. The combined 

effect of the shadow and rescattering corrections is then to increase 
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all our eros s sections derived fro:m 3-prong events by a factor 1.45 and 

those fro:m the 5- prong events by a factor 1.41. 

The assumption under which these corrections have been estimated 

are naive and they do not take into account differences in corrections 

for reactions within a given topology. We therefore apply the correction 

and warn the reader that there are systematic errors on each reaction 

cross section that may be large due to unknown details of the rescatter-

ing process and the shadow effect. 

In figs. 5 to 12 we plot the corrected cross sections. The errors 

do not include the systematic error due to uncertain ties in the above 

corrections. Whenever possible we have plotted together with our data 

the data of East:rnan et al. (8). In the next section we will present the 

results of a fit to these cross sections. 

6. Analysis and Conclusions 

As can be seen fro:m figs. 5 to 12, several of the reaction cross 

sections show some structure at or around 1.3 GeV Ic. It appears also, 
, 

however, that no single reaction can be responsible for a burnp of a 

size comparable to that observed by Abrams et al. (1). The largest 

deviations from a s:mooth curve are of the order of one :mb, and the 

most s.ignificant (in ter:ms of standard deviations) are considerably 

smaller in absolute magnitude. Even if one tries to combine all the 

states of equal G parity the situation does not change, either in the size 

or in the significance of the bu:mps. Of course a quantitative state:ment 

about the presence or height of bumps in the cross section can be made 

only if one knows the behaviour of background. For this reason we have 

:made a fit to the data of a linear combination of a 2190 MeV Breit:-~ Wigner 
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resona.nt term 85 MeV wide and a background term. For the background 

we have chosen a dependence o~ the total CM energy such as to obtain 

the correct general behaviour of the cross section with p momentum 

(see ref. 17). The amount of resonance resulting from the fit depends 

strongly, of course, on the shape of the background. This, in turn, 

especially on the high mass side of the resonance, de'pends on the 

presence of the second bump found by Abrams et al. (1) at 2350 MeV, 

which, due to its large width of·f40 MeV, extends~well into our energy 

region. To optimize our estimate of background we then included, in 

the fit a second Breit-Wigner term at 2350 MeV, 140 MeV wide. 

The function we used was of the form: 

a(E) = A Ph~p + B BW(2190) + C BW(2350) 
pE 

where E is the total CM energy, p is the p CM momentum, PhSp is 

the n- body relativistic phase space for the reaction considered, and: 

A cross section to compare with our measured cross sections was 

calculated by folding the above function with the CM energy spread 

induced by Fermi-motion in the deuteron taking account of the variation 

of the II flux factor" as well. 

We have performed various fits to this functional form. First we 

have fit our data alone for all the measured eros s sections. The re-

suIt of these fits are given as fit a) in table 4. Because of the limited 

range of momenta of our data and the fact that the 2350 MeV resonance 

occurs just above our highest data point we find a strong correlation 

__ i 
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between the amount of this resonance arid the background term. To de-

.crease this correlation and improve our estimate of the energy de-

pendence of the background we have whenever possible done a second 

fit including pn annihilation cross sections of Eastman et al. (8) between 

1.6 and 2.9 GeV Ic. This second fit we report as fit b) in table 4. The 

result is, in general, to lower the error on the amount of 2350 and the 

parameter b as expected. In the case of the:rr +2:rr::rr O final state it was 

not possible to get a satisfactory fit of type b to the two samples of data. 

Since we have found this channel most ambiguous with the :rr +2:rr-mm 

channel as described in se~tion 4., and the selection criteria of Eastman 

et al. (8) differ from ours, we expect this may be the source of a sys-

tematic difference between the, two experiments. 

In any event, the experiments are certainly subject to systematic 

normalization difference in each reaction due to the different procedures 

used to derive the cross sections. For this reason, we have performed 
'. . 

a third fit to the combined data allowing for a normalization difference 

between the two experiments for each final state. The third fit we re-

port as fit c) in table 4. 

In that table, one can see from the value s of X 
2/Nb tha t the function 

chosen describes the data well. This is apparent also £:fom figs. 5 to 

12, where the solid curves display the result of the indicated fit. The 

parameter b, which gives the dependence on the eM energy, was left 

free in the fit and comes out nearly equal for all final states except 

+ -2:rr 3:rr mm, where the absence of data at higher energy reduces the lever 
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arm for a good estimate of the· background behaviour. (*) The table als.o 

gives the normalization factor between our data and those of ref. 8 for 

fit c). This factor is significantly different from 1 only in the case of 

+ - 0 the TT 2TT TT state, where our cros s section is significantly lower than 

that .of Eastman et al. (8). 

The first column of the table shows the cross section found by the 

fits for the BW at 2190 MeV, with its error, computed with the CERN 

program MINUIT as the change in cross section for a variation of 1 in 

2 
the X (one standard deviation). For the purpose of testing the statistical 

significance of'the amount of 2190 .. in our data·we choose fit c) when it 

exists and otherwise fit a). Fit b) may be used to appreciate the vari-

ability of the answer with respect to the relative normalization of the 

two experiments. 

An inspection of the table shows: 

a) the TT + 2TT - final state yields the rn.ost significant contribution, a 

3.9 standard deviations effect: O.S1±0.13 rn.b, 22% of the total 

cross section in this channel. 

+ - Of' 1 b) The TT 2TT TT Ina state gives the largest cros s section of the 11 pure" 

final states: 1.20 ± 0.S8rn.b, a 2.1 standard deviation effect, and 

11% of the cross section. 

c) The 2TT+3TT- final state shows a 1.6 standard deviation effect: 

0.37 ± 0.23 mb, and 8% of the cross section. 

+ - 0 . 
d) The 2TT 3TT TT final state shows a rather large cross section 0.82 

(*)Leaving out the phase space factor in the bac.kground leads to numeri­
cal results differing from those reported by as much as one standard 
deviation, however no conclusions are changed. 
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± 0.48 mb, a 1. 7 standard devlatiorl effect and 9% of the cross section . 

e) 
... + - + -

The two final, states with more than one neutral, rr 2rr mm and 2rr 3rr 

mm show rather large effects, L81 ± 0.88 mb and 0.74 ± 0.50 mb 

respectively. Their statistical significance maybe misleading 

because the background estimate for these final states is not too 

reliable as we lacked data at higher energy. 

f) The final states with K's have avery small cross section and do not 

make significant contributions to the 2190 MeVbump. 

We find then, that a statistically weak signal is present in each of 

our 6 different pion annihilation channels. One might think that the re-

suIt was induced by a normalization error - except that the bump in the 

total cross sections of Abrams et al. (i) is only about 2.5% of the total 

signal anq our total cross section before normalization to theirs shows 
, 

a similar size bump. Therefore, our results ,which range from 6% 

to 22% of the respective cross sections, Gannot be due to our normalization 

procedure. 

The fact that the signal ·may be present in several final states of 

different characteristics, in particular in a 3 pion (G = - 1) and in a 

4 pion (G = +1) final states raises the possibility that the 2190 MeV 

bump may not be due to a single resonance. 

Table 4 also shows the amount of the 2190 MeV Breit-Wigner term 

given by the fit if we combine some of our reactions together. The 

signal of course becomes stronger, but its statistical significance does 

not change. One can observe, also, that the sum of all our final states 

shows a large signal (2.5 mb for the 4c plus 1c cross sections, 5.4 mb 

if one adds also the mm cross sections, which are, however, unreliable). 
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Thi~ implies that a large part of the 5.5 mb observed by Abrams et al.(1)' 

shows itself in the three and five prong pn annihilations although not in 

any state of definite quantum numbers. 

Table 4 shows the results of our fit for the 2350 MeV bump and the 

results of ref. 8 for the same bump. The two determinations for the 

same cross section agree within errors. The variability of our results 

between fits b) and c) shows that they are sensitive to the relative 

normalization of the two experiments and should be viewed with due 

caution. 

In conclusion, from our analysis of the final states with 3 and 5 

charged mesons with or without neutrals, we find that a substantial 

part of the 5.5 mb bump observed at 2190 MeV in the I = 1 pn total cross 

section shows itself in several final states. The most significant bump 

shows in the ,/ 21T - final state, where its cros s section is however small, 

(0. 51mb). The presence of the bump cannot be excluded in various final 

states of opposite G parity which leaves its interpretation as a single 

resonance open to question. 
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Figure and Table Captions 

Fig. 1. Total pd cross sections for this experiment compared with 

those from ref. 1 (solid line). 

Fig. 2. Topological cross sections for even prong events (a) and odd 

prong events (b). See text for our 'definition of prongs and for 

details on the way these cross sections have been obtained. 

Fig. 3. Distribution of the momentum of the spectator proton for 

+ - + -1T 21T (a) and 21T 31T (b) final states. The curve is computed 

using the deuterium wave function from ref. 14 and is nor-

malized to the experimental distributions up to 150 MeV Ic. 
Fig. 4. . + - 0 +-Separation of 1c and mm events. a) 1T 2 1T 1T and 1T'2 1T mm 

2 + - 0 +-events as a function of mm b) 21T 31T 1T. and 21T 31T mm 

events as a function of rnrn 2 . Curves show the results of our 

fit. 

Fig. 5. - +-Reaction cross section for pn-+1T 21T . The solid line displays 

fit b) described in the text. The dashed line gives the con-

tribution of the background plus a Breit-Wigner term at 

2350 MeV. The dotted line gives the contribution of only the 

background term. 

Fig. 6. - + - 0 Reaction cross section for pn-+1T 21T 1T . The curves cor-

responding to fit c) have the same meaning as those in fig. 5. 

Fig. 7. - + -Reaction cross section for pn ..... 1T 21T rnrn. The curves for fit 

a) have the same meaning as those in fig. 5. 

Fig. 8. Reaction cross section for pn-+21T +31T -. The curves for fit 

b) have the same meaning as those in fig. 5. 
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Fig. 9. - + - 0 Reaction cross section for pn--21T' 31T' 1T' . The curves for 

fit b) have the same meaning as those in fig. 5.-

- +-Fig. 10. Reaction cross section for pn-2~ 31T' mm. The curves for 

fit a) have the same meaning as those in fig. 5 . 

. ' ,- + - -
Fig. 11. Reaction cross section for pn-K K TT • The curves for fit b) 

have the same meaning as those in fig. 5. 

- + - + -Fig. 12. Reaction cross section for pn .... K K 1T' 21T' . The curves for 

fit b) have the same meaning as those in fig. 5. 

Table 1. Details of the exposure. 

Table 2. Topological eros s sections. 

Table 3. Reaction cross sections not corrected for shadowing and· re-

scattering. The correction factors used to obtain the data 

plotted in figs. 5-12 are 1.45 for the 3-prongs and 1.41 for the 

5-prongs (see text). 

Table 4. Results of the fits. 
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TABLE 1 

P'ab E c.m. No. of pictures EvelltsffLb (-) 

1.0 2.08 I 24000 0.25 
1.1 2.12 25000 0.20 

1.2 2.15 130000 1.40 
1.3 2.19 56000 0.50 

1.4 2.22 56000 0.60 
1.5 2.26 46000 0.50 

~---

1.6 2.29 30000 0.50 ._._----- ---

(*) Part of the film has been excluded f,-om mea.'Surement 

due to the bad quali ty of the picture. 
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TABLE 2 

TOPOLOGICAL CROSS SECTIONS (mb) 

0 2 4 6 8 1 
1.0 8.54: .30 32.56'- .54 36.97' .59 5.99 '.16 0.12 .: .02 84.49':1.44 ... _._. 

1.1 8.50·: .29 32.74': .53 37.71 : .59 6.60: .20 021':.03 78.34: 1.38 ._. .-- . - ... 

1.2 7.37 .:. .21 31.95·: .41 35.54': .45 6.56 : .11 0.17 .:. .01 76.60:1.29 
---"""" 

1.3 7.90':' .23 30.31 ':'.42 35.38': .48 6.75 :.14 0.19 .:. .02 74.91: 1.29 

1.4 7.61 .:..23 29.91': .41 33.71 .: .46 6.92 : .14 0.19 : 02 72.54:.1.25 .. 

1.5 7.33 :.22 29.55 ':.42 32.92.:. .46 7.25 .: .15 0.21 :. .02 69.52.:. 1.23 

1.6 7.32 '.22 28.84':' .41 3236.:. .44 7.26 :. .15 0.30': .02 66.94:1.21 

3 
27.94i.48 

24.55 !.44 

25.01 ':.33 -._-_ ... _---
24.77 .:..36 . _._--

24.16 '-.35 

23.47.:..35 

22.87: .33 

TABLE 3 

REACTION CROSS SECTIONS (mb) uncorrected 

5 7 
11.52 !.26 0.36.:..03 --"---_ . 
10.70 :'.26 0.38 !.04 

11.33.:.17 0.37 .: .02 
.. _-.---
11.02 .:.19 0.36.: .03 . __ ._-_ .. 
10.62 ~ .19 0.38 .!. .03 

10.42.: .. 19 0.36.: .03 -- ... ---
_1O.5~~ .1~_ ~_~ 

1.0 1.1 II 1.2 1.3 1.4 1.5 1.6 
_ pp Jt~._ .. 0.08 " .02 2.95 .:. ,12 3.54 .:. .13 

Jt+ 21'(- 0.86 ~ .05 0.74 .:..05 1:6 S. ....:':!.~ ~_':'_.:..:.'-=-O -+-,-1. 2c..:7_':'---'-.:.0...c4-+..:.:' ·-,IC 9~_=--' ..:c' 0:...:6,,-,-1.c:.0 .::..3 _.!. -'C. 0:..:5'--1f-=-=---'-'-=--t-=-'-'-_':"';"':--i 

Jt+2Jt-Jt° 7.50 : .38 6.11 .:. .32 5.66 : .25 ,5.67 :.. .27 5.22 :.. .25 4.60 :.. .23 4.15 .: .21 

0.11 .:. .02 0.15 .: .02 .. 
0.25 .: .04 K+K-Jt-

~--- -_ ..... - 0.19 .: .04 10.23 : .,,,-02-11--,-0 • ...:..:'8:... : .02 0.13 .:. .02 

Jt+2Jt- MM 17.92 ~ .48 16.16 .43 16.61 .:. .33 15.83 ~ .36 15.20 .:. .34 14.54 .:. .34 13.85 •• 32 _. -- --. -- -------

2n + .1n - 2.87 : .14 2.54 ~ .14 2.59 : .07 2.52 .:. .09 2.29 .:. .08 2.23 .:. .09 2.14 .. 09 
~.. _. . . .. - . _. ._-_._- ._--
~3!·3n-n: 5.38 : .25 5.06 : .24 5.18 -=....:.1.I!. ~06 . .:.20 5.17 .:. .20 4.81 ,.19. ~1 .:_~ 

K ·1'T'+K-21'T'· 
". ". 0.1 .. 1_ .. _.:. :9.:3... ~~~.-.':..03 ~13_::..:.0"" 0~--=-.:9.~~~.=_.~.<J.15 .:..02 0.17 :.02 

2n+3n-MM 3.18 : .22 2.98 .: .21 3.42 .: .17 3.23 ,.18 2.97 .:. .18 3.16 .:..18 3.37 ':'.18 
~. . f--'--- .--. "'-~-

.. 
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TABLE 4 

scale C,L. Fi nal 
state 

• BW(2190J % of the b 
- JJ cross 
- mb • section factor % 

BW (2350) 

fit ref.8 
0,42 : ~::~ 
0,34 ± O,OB 0.05±O.l6 

I.BI±0,51 

/a! 0 91 + 0,63 I 14 ! 1 3 ... 4 , I --- 1 25 / 3 ! 41 I 01 + 0,31 :J 1C ' - 0.58 ' - 1,' " ' - 1,07 

+ Ibi 0,12!0.24 i 10 : 6,5!0.z 1- - 15.6/12 ; 21 0,53±O.l5 

"--~~---- ~ LJ~~~~~ ____ I_I --t ~~;.QJ-1--==---~~~ _~ __ 0.36 :t~ 
-I n a I 2,5 ! 2,5 J 12 10,4 ~ ~:~ I -- i 2,5/ 3J 41 3.3 ~ ;:~ 

+ b NO 1cceptab e fit 1 
H 1C __ c09 !O,!~ t ___ B ___ J4 ±02 I_==- t-t ~I __ Zl 2.16 :to.44 

:J+-I1C a 5.1 ~~:~ I IB II.B ~~ri -- I 2,6/3 ! 46 1,8 ~U 
-+- b NO ~cceptable fit I 

S-+-61C C 2.54±.0,BI: 9 9,2±0,2 -_ 10,5/11 49 2.51±0.4B -.. ------- ---.----- ' ------H---· ----------- J4-~t.J 
:J1[+MM : 2.9 :l:: B 6,0 ±2,2 -- 1 5,6 13 13 . -3.4 

S1CMM 
c 

* Fit a) Fit to our data only 
Fit b) Fit to our data plus those of ref. 8. 
Fit c) Same as b) but with a variable scale factor for the data of ref. 8. 
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r------------------LEGALNOTICE--------------------_ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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