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In the past the Omicron Collaboration has presented

a 1ist of possible experiments, the common factor being the requirement

of a large magnet containing suitably disposed planes of wire chambers

We have recently concentrated attention on a smaller group of experiments

from which we expect to choose our initial programme. These experiments

have been chosen as a balance between their physics content, the prejudices

of the people concerned, and the technical difficulty envisaged.

(A)
(B)
(C)
(D)
(E)

This document gives details of these experiments which are :

T, U scattering at backward angles on Tight nuclei.
Double charge exchange (n*, 7).

The branching ratio of the rare decay n° + ete".

Electron-positron decay of pionic atoms and B-decay form factor.

Low energy pion production w p + w 7 N.



For most of these experiments, detailed calculations of rates,
background, etc, have been made, and it is now clear what beam is
required, what arrangement of detectors will be necessary in the
magnet, how the equipment should be triggered, and what sort of
analysis will be required. Work is still in progress on two of the
experiments for which precise layouts are not yet available.

At the present time the collaboration sees its initial programme

as follows :
1st experiment : A above
2nd experiment : B above
3rd experiment : C above.

Detailed layouts have been prepared for all these experiments.
The logic is to start with an experiment which is not too demanding
technicaily and which will allow the smooth running-in of the apparatus;
hopefully this could be finished fairly quickly. We could then proceed
to a nuclear physics experiment of more physics interest, and then pass
to the very difficult w° - efe”™ to which attaches a very high level of
interest. |

It could be, however, that further considerations of rates or
backgrounds of these or other experiments, or the arrival of new results
from other laboratories will convince us over the next year that this
programme should be modified.

FOR THE OMICRON COLLABORATION

B. Allardyce
T. Bressani
N. Tanner
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SCATTERING OF PIONS (AND MUONS) FROM LIGHT NUCLEI
IN THE BACKWARD DIRECTION

In the comparison between theory and experiments on pion
elastic scattering by light nuclei (A < 20) wup to 280 MeV,
three separate energy regions must be distinguished.

1) Low Energies (£ 40 MeV)

A velocity-dependent potential! turns out to be rather
well suited for explaining data even at large angles,
due to the smallness of #N scattering amplitudes and
the dominant single scattering? °?.

2) Intermediate Energies (40 t0 120 MeV)

The velocity~dependent potential fails to fit data for
scattering angles larger than about 60°, Other models
such as the "effective radius™ and the '"matter radius"
behave no hetter.

3) Energies in the Region of the (3,3} Resonance:
120 MeV & Tw £ 280 MeV

Data can be more reasonably explained in terms of a
Glauber-type analysis® or even of more simple optical
models (viz. the "effective-radius' model). Such
models however feel the effect of their high-energy
derivation and rapidly become unsuccessful whenever
energies are not large enocugh to neglect the nuclear-
structure contribution.

In the intermediate-energy region, a phase shift analy-
sis carried out for the '2C target nucleus® by adjusting
iteratively the parameters of the various partial waves can
yield a satisfactory interpretation of the experimental re-
sults., In this case, however, different sets of phase
shifts fit equally well the existing experimental data up
to 120°, while they deviate at larger angles: at 1802 this

-difference may reach two orders of magnitude. Therefore

large angle and mainly backward-scattering cross sections
must be measured in order to be able to choose the correct
set of phase shifts.

Concerning the inelastic pion scattering, since the
pion-nucleus elastic scattering is reasonably well des-
cribed by an optical model, it seems that a multi-channel
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extension of the model should equally reproduce the inelastic
scattering, at least from the lowest excited states. The
most serious problem lies in the choice of the pion nucleus
interaction, since it is not uniquely determined by the pion-
nucleon t-matrix on the energy shell.  Wilkin® and Fildt’
have independently proposed a pion-nucleus optical potential
which, on the energy shell, becomes identical to the Kisslin-
ger one, Nishiyama and oOtsubo?, with plane wave impulse
approximation (PWIA) examined the inelastic scattering of
pions from !'?C and found a qualitative agreement between the
theory and the experiment. Lee and McManus?® investigated
the excitation of low-lying levels 2% and 3~ of '2C by =~ in
the distorted wave impulse approximation (DWIA)}. The conclu-
sions of the comparison of these calculations with the ex-
perimental data was that, although the qualitative features
of inelastic scattering cross sections can be explained by
the simple PWIA approximation, absolute values and the angu-
lar distributions depend upon the initial and final state
interaction of the pion, and the DWIA gives a gogd fit to
experimental data for excitation of levels with T = 0. The
wide angle data however {where they exist), sometimes exceed
the predicted cross sections by as much as an order of mag-
nitude,

From the experimental point of view, the most exten-
sively studied target nucleus was '?C, due to the rela-
tively large spacing between the ground and low-lying ex-
cited states. 01d measurements are due to Kane'!® with n*
of 31.5 MeV, Baker et al.!! with 7~ of 80 MeV and Edelstein
et al.!'? with #~ of 69.5 and 87.5 MeV. Indeed, the most
complete and careful experiment performed up to now was
done at CERN by Binon et al.!?®, with n~ in the region of
the (3,3) resonance (120 ¢ Twm g 230 MeV). They used a
double achromatic spectrometer with an overall momentum
resolugion of less than 1%. Measurements were extended up
to 1407,

Very recently measurements of differential cross sec-
tions for elastic and inelastic¢ scattering of 7~ in the
intermediate energy region (60 ¢ T® £ 90 MeV) on '2C in the
angular range 160°-180" were done at Frascati by Barbini et
al.'* This group intend to extend the measurements to lower
energies of pions and to a wider angular range; indeed they
cannot perform experiments in the region of the (3,3) reson-
ance due to the limitation in the energy of the pion beam'?®.

It seems interesting from the physical point of view
and quite easy from the experimental side to carry out
measurements of elastic and inelastic scattering of 7~ from
12C at the same energies as the experiment of the MSS Group'?,
and from 130° to 180 , using the Omicron spectrometer.
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Concerning the muon scattering by nuclei, Ericson'® em-
phasized the great interest of carrying out measurements of
elastic scattering of p* and p- from a relatively simple nu-
cleus like “He, in order to measure the nuclear polarizabil-
ity. This effect would introduce a difference between the
differential cross-sections for p* and p~ at large momentum
transfers, and for muons of low energy. This was initially
evaluated to be = 5% ( at 300 MeV ) at scattering angles
around 180° This number was evaluated by extrapolating the
1nformat10n obtained from the experiments!? on p~ capture at
rest by "He. Further insight into the probiem, done by Ber-
mabeu, Ericson and Wilkin, led to the conclusion that the
extrapolation from the bound state region to the positive
energy region could be dangerous, and the difference between
the differential cross-sections for u* and u- reduced to the
order of 1%. This last difference is obviously harder to be
measured, not essentially for counting statistic reasons but
because of possible systematic errors that could affect the
data and obscure any effect completely. It thus seems
difficult to propose this measurement as one of the first
Omicron experiments. A complete and careful knowledge of
the operation of the apparatus is in fact needed before
starting the experiment. Indeed, it could be possible to
do some preliminary measurements on u scattering by nuclel
with a more modest physics objective, and for preparation
of the future harder experiments on py scattering.

The less ambitious physics interest could be the study
of elastic and inelastic scattering to some well-known ex-
cited states (e.g. the first low-lying levels in '2C} in
order to test the radiative corrections that must inevit-
ably be applied in the analysis of electron inelastic scat-
tering. Muon scattering cannot of course compete with
electron scattering as a tool for extracting nuclear struc-
ture information, if we compare the beam intensities and
"the resolution of the spectrometers for electrons and muons.
But a drawback of the electron inelastic scattering is the
need for the subtraction of the radiative tails, which can
introduce considerable errors in the absolute values of the
differential cross-section. The amount of the radiative
tail for muon scattering is expected to be two orders of
magnitude less than for electron scattering; thus the com-
parison between the differential cross-sections for the
electromagnetic excitation of a well-known nuclear state
by electrons and muons could be used as a check of the
radiative tail corrections for electrons.

Let us discuss now how the Omicron spectrometer could
be used to measure pion backward scattering by !2C. Fig.Al
shows a sketch of the lay-out. Beams from 200 to 400 MeV/c
can be used essentially with the same geometrical arrange-
ment of the chambers, by increasing the magnetic field up
to the maximum value of 10 KGauss and displacing the posi-
tion of the target and the angle of incidence of the bean.
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The figure is related to the arrangement for 200 MeV/c. Pions
entering the magnet are signalled by a coincidence of the beam
telescope scintillators S, *{A;+A,}*S$,%5,*S, and the Disc coun-
ter. Their momenta are measured by the set of multiwire pro-
portional chambers labelled as Cl, C2, C3 and C4 in the figure.
Scattered pion momenta are measured by the set of multiwire
and drift chambers labelled as C5, C6, C7 and C8. The final
trigger will be given by anS;*(A;+A;)*S,*S3*S,*A3*Ss*S¢ coin-
cidence. The total energy resolution on the nuclear levels
must be of the order of 2 MeV to allow the separation of the
elastic and inelastic peaks. The intrinsic momentum resolu-
tion of each arm of the spectrometer would be better than
0.5%, thus some care is needed in the choice of the target
thickness. Due to lack of the knowledge of the interaction
point in the target, the thickness of a graphite target would
not exceed 0.5 gm /cm?® for the quoted resolution of 2 MeV.
Even if the expected magnitude of the cross-section is not
such as to impose the use of thicker targets, an improvement
will be the utilization of a plastic (CH)n scintillator as
target. The total energy loss (before and after interaction)
of the pion could be measured by the pulse height in the
scintillator and a target thickness of ~ 2 gm /cm? (Carbon
equivalent) could be used. Scattering of pions by protons

of the scintillator would not constitute a source of back-
ground, since the kinematics is quite different in the back-
ward direction, but on the contrary a useful check for the
normalization of the cross-sections. Furthermore, the use

of a live target could be a benefit for the study of highly
excited states, which can decay by charged particle emis-
sion, whose energy coculd be roughly determined by the pulse
height analysis.

We have calculated by a Monte Carlo simulation of the
experiment the angular acceptance for the chamber configura-
tion of Fig.Al. Fig.AZa) shows the acceptance for the azi-
muthal angle ¢, integrated over all the 6 values. Fig.AZb)
shows the total acceptance (i.e. taking into account cuts
on ¢ in correspondence of each interval of 8) as a function
of the scattering angle 8. Events corresponding to scatter-
ing angles from 130° to 180° and on the whole excitation
spectrum of 'ZC will be recorded simultaneously. Assuming
an incident beam of 3 x 10%m-/sec., a target thickness of
1 gm/cm?, a detection efficiency of 100%, extrapglating
the MSS data for the elastic scattering from 140° to 180°
and using the angular acceptance value inferred from Fig.
2b), we would obtain ~ 8 events/sec. in the elastic peak
at Tw = 120 MeV and ~ 0.8 events/sec., at Tw = 200 MeV,.
Similiar counting rates are expected for the inelastic
peaks. It is clear that good statistics could be collec-
ted in a short running time.

The above calculations were done on rather pessimis-
tic hypotheses about the beam intensity and the values of
the cross-sections.
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For muon scattering to the 4.43 MeV excited states in
'2C, at momentum transfers around 1 fm~! (angles around 40°
for Tp = 100 MeV), assuming an incident beam of 1085u*/sec.,
counting rates in the order of 0.5 events/minute are fore-
seen.

Our final remark concerns the competitivity of the Omi-
cron spectrometer with the high-resolution spectrometers that
will be soon in operation at the pion factories of LAMPF and
SIN. Omicron cannot complete for resclution; counting rates
are on the contrary comparable, due to the large solid angle
of detection obtained by placing the target in a big magnetic
volume. The resolution is indeed enough to separate single
levels in light nuclei ('*C, '®0). High-resolution spectro-
meters on the other hand cannot cover the extreme backward
angles (1600—1800), without additional arrangements of mag-
nets containing the target. It does not seem probable that
the first experiments of the high-resolution spectrometers
will be devoted to back-scattering of pions. Thus, if the
above measurement will be done in the first stage experimen-
tation with Omicron, it would be the first in the field. A
further, and maybe stronger, argument for doing this experi-
ment at the beginning of the operation of Omicron, lies in
the fact that it is the easiest one concerning counting
rates, analysis of the data, trigger etc. It could thus
be considered as an operational test of the whole apparatus.

No competition is expected for muon scattering. The
difference with pion scattering lies essentially in the
lower counting rates. Some care must thus be devoted to
the trigger, even if no particular difficulties are expec-
ted. This measurement must be done before starting the
design of the more ambitious and difficult lay-out of Omi-
cron able to measure the pu*, u~ back-scattering difference.
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DOUBLLE CHARGE EXCHANGE REACTIONS

Among the pion-induced reactions one of the less experi-
mentally studied is double charge exchange (DCX):

+ A i A
™ + ZX * ™+ Zizx (1)

The interest in studying these reactions was firstly
pointed out by De Shalit and Drell, while a comprehensive
revision of both experimental and theoretical aspects has
recently been done by Becker and Batusov'. The main feature
of DCX 1s the change of two units of the third component of
the isotopic spin of the nucleus AT; = * 2.

Of the many possible final channels of the DCX reaction,
the more interesting seem to be  those leading to nuclear
bound states. These events are unfortunately rather infre-
quent, but are those that give the greatest information about
nuclear structure.

Production of bound states in 'B* and %C * was observed
at CERN? in the reactions:

3t + "Li + 7B* + g~ ; gt + ?Be » 3C* + g (2)

at 0° and Tm = 195 MeV. However, no bound state production
was observed in a subsequent experiment done at Berkeley, at
8.5° and 16° and the same energy. There are no explanations
for this experimental discrepancy. A firm conclusion about
the existence and the properties of nuclei with large proton
excess could only be made with systematic experiments not
at a fixed angle, but with angular distributions.

[f we consider the rather poor energy resolution of the
experiments mentioned abovd about 10 MeV), and the intensities of
the pion beams used to induce the reactiong(~ 5 x 10%w/sec.
for the CERN experiment), we think that the SC2 and the Omi-
cron spectrometer are in a good potential for solving
the open questions about these reactions and these types of
nuclei.

Another very stimulating property of the DCX lies in the
possibility of exciting double analogue states in nuclei.
These could be reached by elastic DCX (1.e. with AT = G) or by
inelastic DCX. (i.e. with AT # 0). This last case has been
examined by Ericson® for nuclei with T = T;. As an example,
the DCX reaction on '?C c¢ould give:

m~ + '2C + w+ 4+ 12Be  or 7wt + 120 o - + 12Q (3)
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Thus from the nucleus '%C, which in the ground state is a pure
=0, T, = 0 state, we could obtain the extreme elements of a
= Z multiplet, with T, = -2 and Ty = +2 respectively. They

wil}zbe the analogue states of a = 2, Ty = 0 excited state

in C.

Searchesfor double analogue states have been made ®*°® for
51V and ®°Zr, with 7% of 195 MeV and 31 MeV. The results of
these experiments were rather discouraging, differential cross-
sections for the production of double analogue states were
small, and only upper limits for their values were reported,
they are 1 ub/sr for the experiment at 195 MeV and 0.5 ub/sr
for that at 31 MeV., However these quite low values could be
due. to an unhappy choice of the energy of the pions and/or to
the nuclear targets used and/or to the angle of emission of
the outgoing pions.

Theoretical predictions are in fact less discouraging
than the experimental results. In particular a very careful
recent work® is devoted to the calculation of the differential
cross-section for the production of the ground state of !%Ne
in the reaction:

rt + l8p - T + 18Ne _ (4)

This reaction is an interesting example of elastic DCX in
yhich the nuclear final state (the ground state of 18Ne) is
T,= 1, Ts = 1 and is the analogue of the '®0 ground state

(T =1, T3 =-1). The theoretical differential cross-sections
for this reaction are shown in Fig.Bl and Fig.B2, which
represent the angular distributions in the worst and best
situations in the energy range between 100 and 450 MeV ( which
is nearly the energy range covered by the SCZ beams),

Fig.B3 shows how the Omicron spectrometer can be ar-
ranged in order to measure the DCX reaction. The incoming
beam is detected by a coincidence between the scintillators
S1* (Al + AZ)*82*S3*S4 while electrons contaminating the beam
and which can give spurious effects are vetoed by the gas
Cerenkov counter C. Uninteresting pions and charged par-
ticles leaving the target in a solid angle different
from that accepted for the n produced in DCX are detected '
and vetoed by the scintillator A3 and another set of pro-
perly-shaped scintillators, not represented in the figure.
The multiwire proportional chambers Cl, €2, C3 and C4 allow
measurement of the momenta of the incident pions 7%, while
the proportional and drift chambers C5, C6, C7 and C8 anal-
yze the momenta of the produced pions w*. The total energy
resolution of the spectrometer for 7 of 200 MeV can be pushed
to the value of 1 MeV, which is enough to separate, in the
most interesting case of the 7+ + %0 » 71— + !®Ne reaction,
the ground state of '°Ne from the first excited state. The
trigger of the experiment is completed by a detector R
(which really consists of an assembly of several different
detectors) located after the last drift chamber and able to
distinguish pions from electrons coming out of the target.
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We have calculated by a Monte Carlo simulation of the
experiment the angular acceptance for the chamber configura-~
tion of Fig.B3. Fig.Bd4a shows the acceptance for the azi-
muthal angle ¢ integrated over all the 8 values, whereas
Fig. B4b shows the total acceptance (i.e. taking into ac-
‘count cuts on ¢ in correspondence to each interval of 8)
as a function of the scattering angle 8. Assuming an in-
cident beam of 3 x 10°n*/sec., a detection efficiency of
100%, the angular acceptance evaluated by the Monte Carlo
simulation, the theoretical differential cross-sections of
Lin and Franco®(Fig.Bl and Fig.B2) and a target thickness
of 1 gm/cm® of '°0 (water with the pure isotope), we obtain
counting rates of 1.3 x 107% ev/sec. in the worst case
(Tm = 130 MeV) and 1.9 x 107! ev/sec., in the most favourable
case (Tm = 450 MeV). The quoted target thickness would not
reduce the intrinsic momentum resolution because for DCX in
the forward direction there is no influence of the lack of
knowledge of the interaction point, but only the effect of
the energy loss in the target.

DCX on '®0 has been chosen as an example based on the
existing theoretical calculations, but the calculated rates
demonstrate that all the DCX reactions with differential
cross-sections of the order of 0.5 ub/sr could be easily
studied at angles from 0° to 20°. DCX reaction to bound
final states could be seen even if the cross-sections are
an order of magnitude lower. L

spectrometer it is certainly possible to perform some syste-
matic analysis of DCX reactions. We recall here that with
the study of the predominant mechanisms of DCX one could
obtain information about nucleon correlations, pairing
effects and shell structure in nucleil. '

The sources of background were discussed in a previous
document’. A rather realistic evaluation of the electron
background coming from annihilation of the protons from
the m° decays (w9 are produced by simple charge exchange
reactions) which seems to be the most dangerous can be in-
ferred from the data of Ref.3 . These authors detected
with a gas Cerenkov counter the electron background in a
10 MeV-wide energy range where DCX events were expected and
found a value of 0.005 ub/sr for 98% electron rejection
efficiency. Thus we can expect that the electron back-
ground in a 1 MeV energy bin amounts to 25 nb/sr. This
background level will be further lowered by the pion detec-
tor R.
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Fig. B4 : Monte Carlo evaluation of the angular acceptance for
‘ the chamber arrangement shown in Fig,., B3
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1.

THE BRANCHING RATIO OF THE RARE DECAY 7° » e'e”

Introduction

No experiment to measure the decay w° - e+e_ has been reported, but
estimates of the branching ratio compared to the two- -photon decay mode
have been made The various calculations of the branching ratio assume
different mathematical formulations for the pion form factor and it is
seen from Table 1 that values from 5 x 107 to 22 x-]O—_a are obtained.
The unitarity 1imit is model independent and consequently a comparison
with an experimental result is very important, since a value less than this
1imit would 1mp1y a phenomenon such as a CP violating current. If however,
the experimental result is in the range of a few times 5 x 10 » then it
could be used as a test of the model for the pion form factor, or as a
guide to the construction of future models.

Table 1 _
Calculated branching ratios for 1 + el

MD:Zia;:E;:ff B,ﬁa (Xlohs) Referenc:l
Unitarity 4.7 (b)
1.0 m, 4.7 (a)
1.4 m 4.7 (b)
3.6 m 6.7 (b)
3.7 my 6.4 (e)
6.95 m, 2.0 (a)
7.6 my 6.1 )
9.8 my 5.7 (b)
10.0 m_ 4.9 . (¢)
13.9 m, 2.0 (@
Barycn laop 14,0 (a)

a) S. Drell, Nuovo Dimento 11, 693 (1959).

b} S.M. Berman and D,A. Geffen, Nuovo Cimento 18, 1192 (1960).
¢) C. Quigg and J.D. Jackson, UCRL-18487 (1968).

d) M. Pratap and J.T. Smith, Phys. Rev. D5, 2020 (1972)
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It has been suggested that the high cross-section e'e” > hadrons
observed at SPEAR, CEA and Frascati can be explained by electrons having
hadronic cores. These could contribute to the decays of pseudoscalar
mesons into e'e pairs for which model-independent considerations1) show
that only pseudoscalar and axial vector couplings are possible. Decay
rates were then estimated in terms of the corresponding coupling constants,
fPS and fA , and these demonstrated that the measurement of the © s ee
branching ratio is the most sensitive test. The published data of those
experiments having large numbers of 7°ts and the means of detecting
e'e” pairs were then reviewed to abtain an upper 1imit on B o of < 8 x 10 .
This severely limits pure pseudoscalar coupling.

Any experiment will employ a very high intensity beam of some other
particle to make the n° within a high precision magnetic spectrometer
of large solid angle. One will trigger on 2 electrons and measure their
momentum and opening angle so as to construct their invariant mass;
° » ete” should then show as a peak super-imposed on the background of

internal conversion electron-positron pairs.

Methcds for copious 0 production have been examined elsewhere in
detaiTz) especially with regard to competing backgrounds. The most
serious backgrounds come from

. 0 + =
i} 7 ree vy.
ii) Any particle combination making a w° can also make a y which may then
internally convert. Consider T capture at rest; then the low

value of the Panofsky ratio , P = 1.6 gives

_ T p > °n » e'en

1
R 30

- +-
Tp+yn>een

for Egtg- =Moo ¥ 1%.

1) H. Burckhardt, R.K.P. Zia and J.D. Davis, J. Physics AZ, 40, 1974.
2) J.D. Davies, J.G. Guy and R.K.P. Zia, RHEL RI-74-092.
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Extensive Monte Carlo studies show that even in the optimal case,

° e+e—, would give a small enhancement on an enormous backgrounda).
At present, only 7 p - a°n at 180 MeV can give several hundred 1° + e'e”
at the unitarity limit free from large backgrounds. It has the large

o =48 mb since it is dominated by A(1236) production; background {i1)
is suppressed by the favourable 0.6% partial decay fraction of

4(1236) > yn, Measuring foreward angles exploits the different angular

distributions of the two processes so that R ~ 1] can be expected (see Fig. 1).

Event Rate

A Tiquid hydrogen target 10 cm long converts 2% of w at 300 MeV/c to a°
with a spatial distributionas[Po (cosa) + P2 (cose)] in the Taboratory
frame (see Fig. 1). Conservatively we expect to obtain a beam of
3 x 10° n-/sec yielding 6 x 10% wofsec. At the unitarity Timit of
Bjo = 5 x 10_5 » there would then be eleven o e+e" events/hour, distributed
over all angles and all momenta.

At forward angles, where the " intensity is a maximum and the back-
ground a minimum, the ° momentum varies slowly with angle and 1is close
to 300 MeV/c. The decay electrons, isotropic in the “o rest frame, are
thrown forward in the Taboratory frame and have an energy distribution which
is nearly rectangular, i.e. all energies for e (or e+) between the minimum
of 15 MeV and maximum of 315 MeV are equally likely. Fig. 2 shows a
possible arrangement of chambers in the Omicron magnet which accepts electron
momenta roughly in the range « 165 + 55 MeV/c. For these momenta the
opening angle ¢ of the ete pair falls in the narrow band y = 50 + 20,
and the angle of the more energetic electron (relative to 0 direction)

0

varies between 160 and 240. The n°, e+ and e are coplanar but this plane

is random relative to the m 7° plane.

3) W.P. Trower, private communication.
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The multiwire proporticnal chamber immediateiy after the target
is intended to accept electrons with polar angles (relative to the T
beam) up to 60° and all azimuthal angles. Taking the approximation
that the more energetic electron follows the 7 angular distribution
and that the opening angle of the pair is always 500, then an integration
gives the geometric acceptance as 18%. The protability of detecting
e, of the more energetic electron varies from unity for small 0, to 0.36
for 0, = 60°. The geometric efficiency for pairs varies rather more
stowly than linearly with the maximum electron angle allowed by the

wire chamber.

The momentum acceptance has been calculated neglecting the spatial
correlation of e+ e pairs, which neglect is unlikely to Tead to a large
error because of the distribution of 70 direction and the variation of the ete-
plane. In Fig.2 the drift chambers have been placed to optimize the acceptance of
electrons with the central momentum 165 MeV/c, assuming that drift chambers with
a useful vertical height of 70 ¢m can be accomodated within a magnet gap
of 85 cm. Rather surprisingly, the momentum acceptance is not
critically dependant on the initial angle (6,6) of the electron within the
geometric 1imit @ < 600, and subject to the further condition that the
angle of incidence on the drift chambers should be < 30°. Generally the
range 165 + 55 MeV/c can be accepted, i.e. about one third of the

electron energy spectrum.

Apart from trigger and chamber inefficiencies which are likely to be
small it should thus be possible to detect 6% of all w° » e*e” events which
gives a rate of 0.6 events/hour at the unitarity limit. A much higher
event rate of ~ 2.4 per hour could be obtained by using a 10 cm ®LiH target-
in place of liquid hydrogen but the cost is considerable. The ¢LiH target
is 0.10 radiation lengths, (c.f. 0.011 for hydrogen)which would be fairly
disastrous for the mass resolution. Furthermore the 7 momentum and
direction become unknown quantities and additional chambers would certainly

be required to avoid ambiguities.
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In the case of n-p »anree in hydrogen there are a large
number of kinematic constraints which can be applied to the electron
momenta p+ and p-

[P+] + |P-|

1
m
=
=]

i
-
=

Pro+ P-

P+ is determined uniquely by the angle {P+, Pﬂo), the angle (EIEPEE;)

ha@ing a known distribution.

P+ and Py~ determine P-,

[Pa=], |P+| and |P-| are sufficient in principle to determine
¥ and hence the invariant mass.

P+ x P- direction is uncorrelated with Pr® x Pr-,

Multiple scattering, plus nuciear inelasticity make ®LiH much less
attractive than 1iquid hydrogen despite the rate.

Mass and Momentum Resolution

The most important variable is in the invariant mass x of the electron
positron pair which is given by the expression

X2 = 4 [P+ [P-| sin® g/, n [P+ |P-|p?

where the electron mass has been neglected. Errors arise from

{(a) multiple scattering in the target :
an electron of 165 MeV/c suffers a 10 mr
scattering passing through 10 cm of Tiquid
hydrogen;

(b} multiple scattering by the argon filling
gas and the wires of the chambers amounting to
v 1.5 mr  for 300 MeV/c m and ~ 3 mr for
165 MeV/c electrons.
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(¢) spatial resolution of the wire chambers

{1 mm wire spacing).

Energy loss in the target is not a serious cause of error, particularly
as there are two outgoing particles with an opening angle of 50° to Tocate
the vertex.

As indicated above the variables observed are not independant.
The energy difference |P+] - |P-{ and the angle between a single
electron and the no, are rapidly varying functions of ¢. The latter
is plotted in Fig. 3 and it appears that the influence of target multiple

scattering can be minimized by determining 6+ {or 8_) rather than 9 directly.

- Overall it should be possible to determine x* to about 2% and the summed
energy |P+| + |[P-| to about 1%.

Background

The sources of background for 7° - e e with the 1° generated by

T p > mn at 300 MeV/c is discussed in detail in ref. 1.

(a) Single Dalitz Pairs

The branching ratio for
R Ye+e_
is 1.2% giving a total e+e' rate from this source of 700 e+e-/sec.
Characteristically these pairs have near zero opening angle and
small invariant mass. The branching rat104) for Dalitz pairs with

=9
x? within 2% of m; is about 10  and therefore negligible as a

background.

4) S.D. Drell, Nuovo Cimento 11, 692, 1959 ARE



Of the 700 small opening angle pairs per second, about 300/sec will
have momenta within the acceptance band of ~165 + 55 MeV/c. As these
pairs are confined within a cone of half angle 20° about the ﬂo momentum,
the geometric acceptance will be ~34% giving ~ 100 Dalitz pair events/second
which must be recorded as there is no opportunity to make a fact decision
{non-computer) on opening angle. In principle Dalitz pairs can be
suppressed by discriminating against the summed energy recorded by
Cherenkov counters, but with, say, 20% resclution for each of two counters
the cut can hardly be placed higher than 0.6 Eﬁu, in which case about
50 Dalitz pairs/sec. will be recorded, i.e. only a factor two suppression.

The rate of Dalitz pair triggers will be 106 times the 7° » e'e”
triggers which is a nuisance but does not pose very serious problems for
the analysis. Given a knowledge of the location of beam particles to
~ 1 mm, a wire chamber resclving time of 100 nsec and and instantaneous
beam rate of 3 x 10° x /sec (60% duty cycle), then all but 1 in 10° of the
Dalitz pair triggers can be eliminated assuming that A 20% of pairs
record like a single particie in the first chamber. The remaining events
can be reduced to zero by the requirements that the summed energy is
E“g within a few percent (the maximum for Dalitz pairs is 0.955 Eﬁu) and/or
the opening angle is 50° + 2° and/or the ﬁ_e+e- vertex is acceptable.

(b) Electrons in the 7 Beam

A 5% e contamination of the 7 beam could generate ~ 1 trigger/sec
from small angle pairs. This is simply a small addition to the
Dalitz pair triggers.

The rate for a Dalitz pair trigger, not spatially resolved in the
first chamber, accompanied by a chance scattered electron, resolved
from the initial electron trajectory and accepted by the spectrometer
momentum band, is of order 10“6 per second and therefore negligible
without analysis.
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{c) 7 p Elastic Scattering

If not otherwise suppressed elastic scattering will generate
a pair coincidence trigger rate of several hundred pek second. There
is-a choice between using an absorber (v~ 7 mm Al or ~15 mm CH,) to

stop the protons,or a Cherenkov counter as a means of suppression.

The rate of scattered  or protons accepted geometrically
by the first chamber is m]Oq per second and most of these will not
record in other chambers as they have high momentum (> 250 MeV/c).
Random coincidences with Dalitz pairs not spatially resolved in the
first chamber are n.2 x 1072 per second, 10% times the n° + e'e
trigger rate, and must be removed by detailed anaiysis of opening angle,

summed energy and vertex.

Radiative Capture w-p -+ ¥n

The cross-section at 300 MeV/c¢ is 0.66 mb yielding 8 x 102 v/sec
from 3 X 106 n /sec., onto a 10 c¢m hydrogen target with an angular
distribution as shown in Fig. 1. About 1% of the gammas will be converted
to small angle pairs in the target giving ~1 pair/sec into the
geometric acceptance. This is, in effect, an addition to the 100/sec
small angle Dalitz pairs already discussed, except that the summed
energy of the external pairs is within 1% of Eﬂo and they must
be recognized by opening angle.
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Internal Pairs by Radiative Capture

The internal pairs are also ~ 1% of the gammas giving a trigger rate
of ~1 pair/sec, mostly with small opening angle and near zero invariant
mass, But the invariant mass is not necessarily zero, as in the case of
external pairs, and can, with a small probability, be equal to m o and
therefore kinematically indistinguishable from =% » e+e_ pairs. This problem
has been examined in detail by Burkhardt et al 1) who argue that for
TP >N e+e- at 300 MeV/c the contribution from Tongitudinal
virtual photons is small compared with the transverse virtual photons

5)

coefficient integrated over all angles approximates to

in which case the expression for the differential conversion

o a . T+y® |Pol
dxdy 4y X |PY[ for x >> Me

and the spatial angular distribution is identical with that for
ﬂhp+ yn (see Fig. 1). Here Po and Py are momenta of virtual and
real photons, p is the internal conversion coefficient, o the fine
structure constant, methe electron mass, and x and y the kinematic

variables invariant mass,and energy partition respectively :

x% = 4 |P+]| [P-]| sin? y/,, for P+, P >> m_

= P+P- 11)2

where P+ are the electron momenta and y the opening angie, and

y = ([P+] - [P-] ) / [P+ +P-] for P+, P- >> m
= ([P+] - [P-] ) / |Po]
N.M. Kroll and W. Wada, Phys. Rev. 98, 1355, 1955 Jovnn
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and |Po| is the momentum of the virtual photon (= momentum of 7 for

x =mo ) and is nearly equal to |Py].

The range of y is - 1 <y <+ 1 and of x is 2 m <X gm& —.mn, where
mys m, are the masses of the A({1236) and the neutron, and p(x, y) has a
maximum {not described by the approximation above), at x = /6 mg, goes to
zero at x = 2m, and is down to half the peak value at x = 9 m/v2,

falling like x .

The internal conversiocn coefficient for a range 8x near x = m_0 and

all y is

2o , 8x |Pol

z}.pm-i-E X [Py

~ 1.3 x 1077 for &x/x = 1%

yielding 38 e+e_ pairs/hour distributed over all angles and momenta.

The comparable number for 1 > efe” is 1 per hour , giving a signal/noise
of 0.29. Because of the energy partition dependance (1 + y?)} for internal
pairs the momentum acceptance is smaller, by a factor ~ 7/9, for internal
pairs than for Wo > e+e",wh1ch is independant of y. The geometric
acceptance of pairs of opening angle y = 50° falling within a cone of haif
angle 60° is favoured by the w0 angular distribution (Fig. 1) giving

a further factor ~ 3.3. The net signal to noise ratio for the geometry

of Fig. 2 is expected to be ~ 1.4 for a mass resolution of 1% {2% for x*}.

It is worth noting that the internal pair "noise" can be determined
with negligible statistical error by the data for pairs with x # mo.
In addition some further advantage can be gained by weighting the pair
data around x = m 0 according to the values of y, the ° {virtual photon)
angle, and the angie between the e plane and the n°n~ plane 1) to enhance the
> ee signal. This might be worth ancther factor of two in signal to noise.
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Data Acquisition

It is necessary to record n 102 pair triggers per second with the HP21M
computer on line. Most of these triggers can be rejected immediately by the
requirement that the wire chamber immediately after the target has
recorded at least two particles separated by at least 10 mm and that
neither member of the separated pair is colinear with a beam particle
within the resolution of the chamber. It is necessary for the beam
chambers to have a resolving time greater than that of the post-target chamber

for this purpose.

The rate for triggers not immediately suppressed should be one or
two per minute Targely due tc a Dalitz pair and a random coincidence,
scattered m . Crude analysis within the HP2IM computer could reduce
the data to a few events per hour.

Calibration

It will be necessary to establish the momentum scale from the
neasured field of the magnet and the positions of the wire chambers
and to check the computed momentum and geometric acceptance using

m p elastic scattering.

The resolution of the system with respect to invariant mass x can
be investigated using the internal and external pairs from m p - ny, but
only in the region of the peak near x = Q0 which is rather a long way

from x = m_.
m

Conclusion

- The Omicron spectrometer allows the possibility of observing the
decay wo -+ e+e- at the unitarity 1imit at a rate of v 0.6 events per hour
with a signal to noise ratio of one or two, using a 300 MéV/c T beam of
3x 106 per sec. and a 10°cm 1iquid hydrogen target. A well focused
{2 or 3 c¢m) beam would allow a 20 cm target, and a beam intensity of
IO? w /sec. would be acceptable giving an event rate ~4/hour at the

unitarity limit and ~ 16/hour for a branching ratio of 2 x 10-7.
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ELECTRON - POSITRON DECAY OF PIONIC ATOMS

AND R-DECAY FORM FACTOR

The radiative capture of Tow energy pions in light nuclei is a well
established probe for certain aspects of nuclear structure(T). The basic
process m p + ny near the threshold is sufficiently understood that we
may deduce from it an effective Hamiltonian for the interaction which
can be used to calculate absorption on bound single protons in nuclei
via the impuise approximation. As a typical example of the type of physics
this Teads to,consider the predicted Panofsky ratio in 3He. In its most

simplified form this is

2 _ 2 2 2
P(%He) = (Kinematics) * |y (9°=0-054 m) / gi |
| |y (97=0.954 m2) / g,2|*

* P("H) (1)

wheregA/QV is the ratio of the axial to vector coupling constants for the
nucleus, and F‘.‘r and FA the vector and axial form factors of the *He nucleus,
evaluated at the momentum transfers appropriate for = charge exchange and
radiative capture respectively. Essentially then,the experiment can be
taken as a measure of the axial form factor of *He at the point g2 ~ mﬂz.
Note that the same matrix element occurs in g-decay at g% ~ 0 and 1in

muon~-capture at q? ~ mu2 .

Suppose now that instead of detecting a photon from these reactions
we observe an (ete”) pair. It was shown many years ago by Kroll and
Wada (2) that the branching ratio for this internal conversion is of
the order of 0,5%, and that in the vast majority of the events the virtual
photon is almost real. As will be discussed Tater, this suggests that
even in overall rates, the internal pairs provide a competitive means of
measuring the radiative capture, since the photon need not be converted.
In addition though, it is expected that about 3% of the events will have
mY2 > % mﬂ2 and hence g% < % mﬂz. The physics of the (eTe™) and the
y capture being so similar, by applying equation (1) to the (ete™) events
we can hope to measure the axial form factor of the nucleus as a function
of the momentum transfer, rather than at a few isolated points.
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A1l the arguments that can be given for radiative capture,
e.9. inducing transitions into the giant resonance region via
the electric-dipole part of the effective Hamiltonian ('), app1y
equally well for the internal pairs. The latter have the advantage
that even the polarisation of the virtual photon is measurable from
the energy partition and opening angle of the pair. In particu1ar
1 - 2% of the events will correspond to excitations with longitudinal
photons, which may lead to states which cannot be seen with real photons.
To exploit the transverse polarization information from a stopped pion
we must clearly detect another particle to provide a reference direction.
Although such a triple coincidence is not high on our Tist of priorities,
Omicron is the ideal instrument for it, and for example w~ d + e*te”™ nn

might yield extra checks on the nn scattering length.

A further motivation for this sort of measurement is the suggestiona)
that the longitudinal photons might be more prolific if the pion density
inside the nucleus is anomalously high, as it could be if there were a
pion condensate inside nuclei. This topic has received a good deal of
attention recently.

As 1is mentioned above, the yield of electron-position pairs from
internal conversion is expected to be of order 0.5% of the radiative
capture rate; typical numbers for this latter rate are about (.03 per
stopped pion in light nuclei, 0.3 for deuterum and 0.5 for hydrogen.

Of the ete™ pairs it is estimated that 3% will have large opening angles
(g% < % mﬂz, say) and it is these events which will provide the most
interesting information on the axiai form factor, the events with small
opening angles carrying no more information than radiative capture, unless
another particle is detected in coincidence.

Overall there should thus be of order 5 interesting events per miilion
stopped pions on 1light nuclei, and an order of magnitude more on deuterum
or hydrogen (where the prolific production of 5° might be a problem, but which
has great theoretical importanée). These interesting events are those
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in which the e* and e~ are of similar momenta but opposite in direction,
and they will be distributed over the whole 4w solid angle because the

m~ producing them is at rest,

In Omicron the geometric acceptance for these events should not
be less than 5%, and so assuming a target thickness of 1 gm/cm'2
a stopped picn rate of 105 per gm em™? per second, the resulting event
rate is about 100 per hour for light nuclei and an order of magnitude
more for D or H., Such stop rates should be attainable at the new SC.

Backgrounds have not been studied in detail yet, but it should
be possible to trigger only on et e~ going opposite directions. An
energy resolution of 1 MeV¥ wili be possib1e, being limited mainly by
multiple scattering in the target and the detectors. The experimental
arrangement is still being studied, but at present it is proposed to use
a thin slab of target inside the magnet, inclined at a small angle to the
incoming pions such that they see a total thickness of about 1 gm cm-2.
The electrons emitted approximately normal to this slab thus see |
very littie material in escaping from the target. The way
in which the stopping w~ beam should be produced is also still under

discussion (e.g. wedge absorber before the pions enter the magnet).

REFERENCES

(1) See for example :
J.P. Deutsch et al, Physics Letters 26 B, (1968), 315
J.P. Bistirlich et al, Phys. Rev. cs, (1972), 1867
P. Trudl, CERN Report 74-8, p. 63

(2) N.M. Kroll & W.Wada, Phys. Rev. 98, (1955), 1355

{3) T.E.O. Ericson & C. Wilkin, paper in preparation.



- E.1 -

LOW ENERGY PION PRODUCTION

mp>amN

_The il system is the first inelastic channel in wp scattering,
Because of the simple spin structure vis-a-vis NN it is the cleanest
three body system to be studied in particle physics, so that in the
foreseeable future one might hope to have some kind of understanding for
the reaction mechanism, at least at low energies where there are not
many partial waves. There have been many experimental investigations of
the different charge states but mainly at high energies where the cross-
section is healthy (many mb.). At low energies the primary motivation
for the experiments is to compare with the soft pion prediction of
Neinbergl) or Schwingerz). We shail confine ourselves here to a
discussion along these lines. The basic formulae at threshold are as

follows 3) 4)

(mp - LAY NC)
= |a {m, ™ Nc)!2 Q%x (Phase Space)

where Q is the cm momentum of the incident pion, and the phase space is
modified by a factor of two if the two pions have the same charge.

The m w scattering lengths in soft pion theory are given by

- = 2
2 a, 5 a2 {68/fw}

and a /a2 = {%—x V-7 /7 {y+ 2}

where ¢ is a free parameter, being § = O for Weinberg and ¢ = 1 for Schwinger.



- E.Z"

Taking the pion decay constant f1T = 82 MeV, the pion production

amplitudes are

a (~+n)=-1.36+0.6vy

a(00n)y= 2,01 -0.39

a(++n)= 2a(+0p)
= 2a({-0p)
= 1.51 + 0.6 ¢

To show the order of magnitude of the cross-sections invelved, we

4)

reproduce below the prediction from the Weinberg model

TABLE I
Kinetic | _o _o 0 49
Energy In P P L g o T E N n~ﬁ
MeV >T T h+T TN =T T P +T~T P
210 0.020 |]0.040 0.012 0.004
280 0.156 ]0.236 0.096 0,028
Soft pion cross-section for m N> 7w 7 N in mb.

However, in addition to the soft pion effects there are contributions

from hard pions, but these Tatter are expected to become small near threshold.

One therefore has the choice of working at very low energy with small
cross-sections where the theory is clean, or with the larger cross-sections
at high energies and trying to estimate the corrections, In practice

an extrapolation as a function of energy is the most reasonable apprcach,
and at present an experiment is in progress at Los Alamos which detects
oniy one of the produced pions. This should lead to the determination of

the energy dependance of the integrated cross-section with good statistics.

-
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On the basis of the present data,the most complete being rather old
Russian measurementsS) onmp+m w+n, a value of ¢ closer to that
of Weinberg seems to be preferred but to test the predictions completely,

good measurements are'required for all charge states.

Much more information can be obtained from a system such as Omicron.
The soft pion amplitudes are connected with definite angular momentum
states of the final particles { viz, S-states) so that if we can project
out these states from the fully constrained data, the extrapolation
to threshold will be less uncertain.

As will be seen from the table, the cross-section near threshold is of
order 10 ub for the case of two charged pions in the final state. For
a target of liquid hydrogen of thickness 3 mm, and assuming an incident
pibn fiux of 3 x 106 /sec, this results in an event rate of about 0.4/sec
for all angles and momenta. The secondary pions have energies of 10
to 30 MeV for an incident pion energy of 210 MeV that is, momenta from
about 50 to 100 MeV/c¢; the range of such particles is from about
3 to 20 cm in the target. The pions are produced in a cone of about
60° half-angie in the forward direction so that for this experiment
it is clear that the target will need to be at the centre of the magnet,
and the experimental arrangement will need to be very similar to that in

. 0 + - .
the experiment = + e e (see section C).

Such sTow pions will cause difficulties. For example the decay
length is of order 3 m, but the loss within the , 1 m dimensions of
Omicron will be tolerable. The multiple scattering will be serious but
the required resolution is poor in this experiment and a reduced number of
detection planes can probably be used. Estimating the total momentum and
geometric acceptance of the desired events as 5%, (although it could be a
good deal higher), the final event rate will be a few per minute,

fooen



Background should not be a problem because of the search for such low

energy pions, but this particular aspect is still being studied.

The other reactions , - p>a 10 pora p->n 70 n,
are very much more difficult to study than those with two charged pions
in the final state because of the short range of the proton, and the

Tow efficiency of wo and neutron counters. It is not intended to study
these reactions.

REFERENCES
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5) Yu. Barusoy et al, Dubna Reports JINR-P-1823 and JINR-P-1838.



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

