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1. INTRODUCTION

‘The aim of the experiment is to measure the phase of the pion-nucleon
scattering amplitude at high energies and non-zero momentum transfer; more
precisely, to measure the ratio of the real to the imaginary part of the

symmetric mp scattering amplitude

(T + T _:]
_ TP T P

at a momentum transfer of the order of |t| = 0.35 (GeV/c)?, by the measure-

. ment of a dip in the elastic pion-deuteron angular distribution at this

o (+)

T =

NS JEN

value of t.

. 1
This method has first been proposed by Franco ), in the framework of

a general method discussed by Glauber and Francoz), and then appliecd to the
glastic pd scattering at 2 GeV incident energy’’/ by Coleman and Franco®’,

and td the elastic p—4He scatterings) by Czyz and Losniaké).‘

’ The physical basis of the method is as follows. In the high-energy

region, the pion-deuteron scattering amplitude is cxpressed, in the Glauber

theory, as a sum of terms in an impulse series, whose main terms at small

) momentum transfer are the single scattering term and the double scattering
term. In the Glauber approximation (impact parameter approximation for

the pion-nucleon scattering), high energy has the following meaning:
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i) the wavelength of the incident particle is smaller than the deuteron
size;
ii) the elementary pion-nucleon elastic cross-section has to be concentra-
ted mainly in a forward pesk, whose corresponding "optical radius" has

also to be smaller than ‘the dsuteron size.

Thesé oondltﬂonu are satisfied’ 1n the plon—aeutcron SQattcrlng when the
energy of the 1nc1dent pion is larger than, say, 800 ieV. In fact, at the
corresponding energy, the pion-nucleon scattering amplitude already shows

a forward "diffraction" peak,

The small momentum transfer condition is given by the necessity, in
the Glauber approximation, of neglecting the effects of the recoil of the
deuteron; however, this condition can be wrelaxed if the Glauber”ﬁhedrywis
reobtained starting from a Feynman diagrem approach7), which allows one to
take care of the recoil and relativity corrections; in this way the theory

can be expected to be valid in a range of momentum transfer
0% |41 (Cev/je)? |

In the Glauber thPorv, the pica-deutevon scattering amplitude is given
by

-5\

-5
e - (Do .E\~L - (2 5(1 ay
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where £ (§) ard f (q) arc the plon-proton and pion-neutron scattering
amplitudes, G(q) is the deuteron rorm factor, which can be expressed as
the Fourier transform of the square of the deuteron bound statc wave function
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rnhe vari iables ar2 such LAMU q is 'the momentum transfer vector (i = -t in

k is rh monenthm off the 1nc¢dunt plon 1n the

b,

. o

the Breit System), aqu if

RV o
1ab.system5 gl us a *Wf cirensic NJL vwctor, ﬂrthogonal to k. Thc flrst

. two'termSAcorrGSPQnu %0 sin 1gi& oCauuU“lnp, wnere the p¢on 1nueraots w1tn
'l H . .

only the proton (or the Q%uzron) inside the Feutﬁron° +the +h1rd term is

the double scattering term) vhere the pion lnteragtu with both nuc Leons .

At hlgh epe“gy, deﬂ( the pion-n Uclcon scatterlng shows a forwurd
peak, the single and dOublb soatter¢a~ tprm have a completely dlffercnt

behav1our with the momenbum uranslcr

‘ Firstly, in the .LO].’M&""‘d direction; the single scattering terms are
much more important than the double scattering term; it is known that at
= 0, applying the optical theorcm, the first two terms express the nd
total cross-section as the sum .of the mp and 7n total cross-section, and
the third gives rise to the Glauber shadow correction, proportional to the
product of the 7 and 7m total .cross-section, which turns out to be a few

per cent correction,

At non-zero angle, the single scattoring term decreases very fast with
'+, while the double scattering verm has a much mors gentle slope. A way
of estimatin~ the slopes ls tc “ake both the dewteron form factor and the
pion nucleon scattoring amplitudes as exponentials in & .
G(~t/y) = ebqﬁ, £(%) = £(0) Pt Then the valucs of b and by can be taken
‘ as by = & (GeV/e)™". b w L (GeV/6)™2, With this parametrization, the sin-

gle and double scattering amplitudes. have’ the behaviour with ¢
bt ‘ bt

2. m 58 m : . T d
) =1.(0) ¢ 7 Taoub1elt) = T4(0) e ’

Tsingle( /

with b = 12 (G eV/e)7®, by = 2 (GeV/e)™. The fact that T (0) >> T;(0)

’ means that for some value,of t, t' = to, the absolute values. of Tsinglé
and Tdouble poincideq - If the deuteron form factor is properly computed

from a de uuevon wave function wn;ch reproduc es well the rapid decrcase of

: the elastic cross-gection at small. t, an@.lnclud1ng the proper amount of.

D-wave function, the val lue of te can be egtimated to be of the order of_>

tox -0.35 (GeV/e)®
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If the pibn»hubleon séattefing amplitudes are supposed to be purely
imaginéry, with positive imaginary ﬁart, for all valucs of t, then it is
easy to see from formula (1) that the single and double scattering empli-
tudes are both purcly imaginary and of the opposite sign. The two contri-

butions therefore tend to cancel.

‘As a result the elastic pion-deuteron angular distribution will show
a zero for t = to. In general, if the real part of the pion-nucleon scat-
tering amplitude is non-zero, instead of a zero the angular distribution
will show a dip; this dip is filled up very rapidly when the real part is
increased from zero. Therefore, the form of the elastic differential
cross-section of thc pion-deuteron scattering is very sensitive to the
real part of the pion-nucleon scattering amplitude at a value of t close
to to. One has to stress that at high energics, where no phase-shift
analysis is possible due to the large number of angular momenta involved,
there is actually no way of measuring experimentally the phase of a scat-
tering amplitude, ecxcept at t = 0, where one can obtain the real part from
the Coulomb interferonoe experimcnts, The fact that the deuteron has iso-
spin zero has the result that the relcovant real part is that of the symmet-

ric pion-nucleon amplitude.

The reason for choosing a pioaneuteron scattering instecad of proton-
deuteron (where one could have much more intensc beams), is that the
theorctical analysis is far easier when the elementary intcraction is
the pion-nucleon scattering amplitude, which depends only on two invariant
amplitudes in the spin space, in contrast with the nuclecon-nucleon ampli-

tude, which depends on five invariant amplitudes,

e think thoat it is important to perform two kinds of experiments,
one at rather moderate cnergies (typically below 1 GeV), the second one
at high cnergies (starting for example at 6 GeV).

The aim of the intermediate energy experiment is twofold. First of
all, it is an encrgy at which one can still have a good knowledge of the
plon-nucleon scattering amplitude, obtained from the elastic scattering

. + .
and polarization measurements for # p scattering. One can therefore,

6 1 /RGVe
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using the existing knowledge of the deuteron wave function, predict the

actual position, width and deepness of the dip at t = to; the measure-

ment will in this way be a check of the Glauber thcory. In this connec-

* tion, it would be useful to perform also an accurate measurement, at the
same energies, of the clastic Wip angular distribution, which will also

- have a separate interest for the phase-shift analysis of pion-nucleon
scattering. On the other hand, the deuteron parameters arc not so well
known in the relevant interval of momentum transfer; a recent analysis by
the Gourdin group of the elastic clectron-deuteron scattering and of the
deuteron photo- and electro—disintegrationa) shows that onc has some know-
ledge of the deuteron parameters till a‘value of g® =~ 10 £7% x 0.4 (GeV/c)?

. but still the uncertainty of the parameters is largc. The intermedinte

© energy experiment will therefore allow also a better determination of the

deuteron parameter. BSincc at all the encrgies the relevant values of t
are the same (the position of the dip is constant with the encrgy), the
same values can then be used at high encrgies. e think that a meaningful
analysis of a high-encrgy pion-deuteron scattering requires a prcliminary
experiment at intcrmediate energy, in order to "calibrate" the theory.
The high-cnergy cxpcriment will, of course, give information about the.
phase of thc scattering amplitude at non-zero t in an cnergy region which
is typical of any high-cncrgy model. It is not necessary to stress the
importance of the knowledge of this quantity; as an example, we shall only
remember that in the framework of a Regge Pole theory, it will give a
direct information ebout the t dependence of the Pomeranchuk (P) and the

P' trajectorics.

As a side remork, we shall say that it is not possible to interpret
the dip predicted by the previous interference theory, as the dip and the
following secondﬂry maximum which are present, at moderatc ¢nergics, in
the clastic w p angular distribution, and which could have an cffcet on
the elastic 7-d scattoring, In fact, the p051tlons of th¢ two dips are
quite different [|t]~0.35 (GeV/e)? for the interfercnce dip,
|t| = 0.6 (GeV/e)? for the dip in ﬂip scattering]. lMorcover, the sccondary

‘ dip, which in Eq. (1) will affcct the single scattering tcrms, will not
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show up in the actual m-d distribution, since at [t|>:,0.6 (GeV/c)® théw
single scattering contribution is already overwhelmed by the double scat-
tering contribution,'on which the secondary dip and maximum have negligible -

e‘ffect .

2. THE FXPERIMENTAL SET-UP

The apparatus shown in Fig, 1 will allow us to measure the differential
cross-section for m=d elastic scattering in a range of momentum transfer
from 0.15 to 1,2 (GeV/c)?, for an intermediate value of the kinetic energy
of the incident pion; in particular, the pion momentum has been taken to be
900 MeV/c. The experimental problems connected with the detection of the .
deuterons, which is the most delicate part of the experiment, are identical,
however, at low and high energy. The pion branch will be different, because
of the fact that at high energy the particles are much more concentrated

forward, as well as the general background.

In order to get an idea of the magnitude of the cross-section we want
to measure, let us look at the existing p-d elasticbscattéring data. In
the range of momentum transfer we are intercsted in, the cross—éectidn does
not depend very much on the kinetic energy of the incident protoh3’9’1o).
The dependence of the p-d elastic scattering cross-section onithe momentuﬁ
transfer is shown typically in Fig. 2, for a proton kinetic energy of
2 GeV 3). The superimposed curves are the theoretical predictions of
Coleman and Francoa), taking into account double scattering. ' | ‘
The angular correlation between m and d is shown in Fig. 3 for a
0.9 GeV/c incident momentum, as well as the 7 and p correlation in the elas-
tic scattering on a proton at rest. Tn Fig. ! the quantities-relevant to

+the detection of deuterons are shown.

e propose to perform the 1ow—enérgy eXperigent in the 4y beam. The
experimental area available at present is shown in Fig. 5. At 2.8 m from .
the centre of the last lens, a 7 mm diamcter image‘is‘obtained, with a flux
of 10° 7 per 3 x 10"7 interacting protons, corresponding to a nomen tun v
bite of = 0.5% ”). At the image the beam has a horizontal divergency of

+ 35 mrad, and a vertical divergency of * 5 mrad.
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The liquid deuterium target is the one used in the p-my cxperiment,
3 cm diameter, 10 cm iéng%h. Tﬁe total thickness in a direction normal
to the beam is 0,343 g/cm?, that is 0.37 x 1072 rad.length (seé Appendix 1).
Thercfore the deuterons come out of the target if the momentum transfer

is larger than 0.08 (GeV/c)?; at 0.15 (GeV/c)? the residual range is

O.SVg/cme, while the multiple scattering anglc is ~ 12 mrad, The spark

chambers and the path in air give a contribution to multiple scattering

of the same order, but an cxact calculation has still to be performed,

taking into account thc energyvlosses'in the various matcrials, and their
different weight in the track_determination. The situation becomes bet-
ter at higher momentum transfer; for instance, at 0.3 (GeV/c)® the multiple

scattering is two times smallér.

The detector consists of three systems of thrce wire spark chambers
cach, with magnetostrictive read-out, plus scintillation counters, for
triggering. Part of thesc chambers has already been built and tested in

12).

the laboratory and in a beam. Some partial. description has been given
The accuracy for locating a spark is 0.3 mm. Thc rcsolving power for tﬁov
nearby sparks is 2 mm for the smallcr chambers and L4 mm for the larger one.
However, the existing recadout and data acquisition system limit the résolv—
ing power to 4 mm and the accuracy of location of a spark to 0.5 mm. The
efficicncy of the'chambers does not change when thc angle betwecen the tracks
and the wire planes is increased upito values as large as 50°, while the
sterdard error in the location of the sparks does not increasc appreciably

up to values of 20°~ 25°.°

The reason for having three spark chambers on cach ionizing branch is
to allow reconstruction in space and to ihcrease the efficiency against
spurious sparks. The central chambor will.be piaced slightly rotated in
a planc parallel to the other two in order to solve, as usual, the
ambiguities when more than onc spark is prescnt.

The trigger is given by 1, 2, 3, 4, 5. The counters 1, 2, 3 have
dimensions 12 x 2 x 0.5 cm?®, 10 x 10 x 1 cm® with a central window
2 x 0.5 cm®, 15 x 15 x 1 cm®, respectively. The counters 4 and 4bis con-

sist of 5 scintillator strips each, 130 cm long. The position of the
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counters take into account the variation of time-of~flight witﬁvthe re-

coil ahgle; and the veloéiﬁy 6f'br0pngatibn of the light fn'fhé sbiﬁti1~

léﬁof. The delay between the zero time, given by the incident partlcle, -
and the counter L pulse is the same for all deuterons, in the accepted

solid angle. It differs by at 1east 6 nsec (see Fig., 6) from the time-of-

flight of the recoil proton going at the same angle in the elastic m-p
scattering. A time selection allows the separation of p from deuterons,

already in the trigger. Furthermore, the counter 5 consists also of five

strips of scintillator 50 cm long, each of them in coincidence with the
corresponding strip of counter 4, so as to allow a rough check of coplana-

rity at the triggering stage. In order to covcr the same range of azimuthal ‘l’
angle, the strips of counter 4 are suitably shaped. o - '

We assume that the most important background at this energy is the
plon-proton quasi-elastic scattering. ‘Due to the smallness of the deuteron
binding energy, the cross-section for thé’quasi—elastic scattering on a
bound nucleon will be much larger than the cross—secﬁibn for elastic m-d
scaftering in the momentum transfer region we arc obnsidering. To give an
idea, the p—p13) and p-d4’14) cross-sections on which information is
available, have beon plotted in Fig. 7. | | |

The pfééision in the mcasurement of the- track directions will allow us
o eliﬁinate this background in the ahalysis. lioreover, the coplanarity

requirement, and tho time-of-flight sclection should greatly reduce the
épurious triggers. Only on the basis of time-of—fiight, the tail of the ‘
Fermi momentum distribution of the proton (calculated assuming the Hulthen
wévé function as the correot'déséripfion of the deuteron stafe) would cause
in thé‘trigger a signal-to—noiséjfafio of 1:1 if the m-p elastic cross—
scetion is 50_times largef than thét‘Of the 7-d, and if our time resolution
is * 1 nsec. When one considers the coblanarity requircment imposed to the
trigger by the suitable coincidences'bétween the corresponding strips bf ,
counters 4 and 5, this'ratio becomes even better, although the exact figure

has not yet been calculatcd.
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Our Syétem should be able to locate the‘dip in the 7-d elastic scat-
tering cross-scetion with high accuracy: the crror in the momentum trans-
fer due to thﬁ33pread of momentum of the incidoent beam and to the errors in
the measurement of the various particle trajectories is about 2%. loreover,
an accurate calibration of the apparatus can bc done relatively easily, fil-
ling up the target with H, and measuring elastic 7-p scattering: thercfore
we believe we can measurc the absolute value of the 7-d differential cross-— -

section to a few per cent (including both statistical and systematic errors).

Assuming an average cross-section for 7-d of 50 ub/sr and a solid angle

. of 0.3 sr-we get: number of event/burst =
0.6 x 10° x 0.5 x 107% x 0.3 x 0.8 ~ 1. Our systcm can be triggered about

5 times/burst, the limitation being due to the writing on a magnetic tape.

Therefore, onc could cxpect ~ 2 x 10% events/day between 0.15 and 1.2 (GeV/c)2,
To analyse 5 x 10% events, 50 hours of 3800 computer time iS‘reqhired.

The possibility of performing the same kind of cxpofimenf on “He tar-
get is being taken into considcration, as well as using protons as incident

particles.

3, RLEAD-0UT ELECTRONICS

The read-—out clectronics for the magnetostrictive wire spark chambers
has been intensively tested during a couple of months in the 9 and q,,

. test beams, and needs no modification for the experiment we are proposing.

The magnetostrictive signals, picked up by suitable coils at one end
of the reading wires, are amplified and shaped giving standard 400 nsec,
2 V pulses. Since we read the x and y coordinatc in nine chambers, a total
of 18 amplifiers is required.

The whole information is. then serialigzed in a sct of magnetostrictive

. delay lines, according to Fig. 8. The delay lincs have a standard equiva-

lent length of 40O usec, ncgligible jitter, and a rcsolution of 800 nscc.

The whole information regarding one single coordinate (one reference pulse

plus the sparks) is then contained in a time interval of L00 usec; the control
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unit, essentially a sophisticated stop scaler driven by the timing unit
(one single delay linc with recirculation), then starts and stops a number
of successive scalers equal to the number of sparks. In other words, we
do not assign "a priori" a fixed number of scalers per electrode, but only

the total number of sparks we expect to have.

In the present proposal the number of sparks we cxpect to have is 18;
- with a set of 30 scalers we will then allow the occurence, for instance, of
one extra track in a telescope and a total of six spurious sparks anyWhere

in the system.

Two 24~bit indicators, mounted as standard CERN scalers, give the num-
ber of sparks recorded for each coordinate. The display of these fegistérs

gives an immediate check-up of eventual failures in the system.

The whole writing process requires less than 8 msec; about Lolmsec are
-then needed to record the contents of the scalers on an IBM 7330 magnetic

tape unit, using standard CERN interface.
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MATERIALS ON THE DEUTERON PATH

g/cm? units of
rad. length

Target (existing) 0.2610 D» . 22.,50x107%

%
0.0187 mylar )(target wall) k.57 "

. 0.0270 Al heat shield 1.13 »
0.0014 myler aluminigzed 0.34 "

0.0347 mylar vacuum. 848 M

Spark chambers walls 0.056 mylar (6 x 0.009) 14,00 "

wirem+) 0.1068 Cu 78,00 "

Air path (over 1.5 m) 0.2 air 59.00 "

¥) 62.5% C;  33.3% 03 L.2% H.
#*) The wire is 0.1 mm dismeter Cu, the interspace is 1 mm. For 12 wire
planes, the average thickness traversed by one particle is 0,712 mm.
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TIME SCHEDULE

a) Low-cnergy experiment

1 September 1967

The installation of the
experiment is to be star-
- ted in CI meohanlf

cal'alignment

b) High-energy experiment -

After shut-down 1968

c) Data amlysis

- 12 -

October-December 1967

Electronics set-up

and background tcst

APPENDIX II

January 1968

Data taking

Part of the analysis could be porformed with the 7040 computer in

Trieste.
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Experimental set-up, as seen in the horizontal plane. 51 ... S
are two gaps wire spark chambers with magnetostrictive read-out,

Ci1 .o+ Cs are scintillation counters.

[From V. Franco and E. Coleman, Phys.Rev. Letters'iz, 827 (1966)].

Differential cross-sections in the lab system for elastic pd scat-

“tering at 2.0 GeV. The solid (broken) curve is the theoretical

- prediction, using nucleon-nucleon data, when double saattering is

treated (neglected). The dotted curve is calculated with the
expcrlmental lower 11m1ts for apn and aéé, and the dot-dashed
with theoretlcal predlotlons for apn-and gpp;.they both include
double soatterlng.

Angular correlation bétwééhvpiOn and deuteron (pfdfén) for elastic
pion—deuteron'(prdton) scattering at an incident pion momentum of

900 MeV/c. The momentum transfer (~t) of the deuteron is also

.shown, as a functlon of the deuteron scattering angle.

Momentum transfer (klnetlc energy), range in deuterium, and mul-

tiple scattering angle for unit of radiation length, vs. deuteron

momentum.

9, beam layout at C.P.S.

Deuteron (proton) time-of-flight pcr metre and range in.carbon as
a function of deuteron (proton) scattering angle in pion-deuteron

(—prouon) elastic saattorlng at 900 MeV/c.

leferentlal cross-sectlon in the laboratory as a function of the
solid angle of the recoil partlclo in p-d and p-p elastic scatter-

ing at 2 GeV.

Block diagram for the read-out clectronics.
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