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PROPOSAL TO MEASURE THE PHASE OF THE PION=NUCLEON SCATTERING AMPLITUDE
AT VARIQUS EINERGIES AND AT NON-ZERO MOMENTUM TRANSFER
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Surmary
A study of the differcnticl cross-section of plon~deuteron
clastic scattering should provide information on the phase of
the pion-nucleon scattering enplitude at non-zero monentun
transfer, toking advantage of the interference betwecn single

and double scattering.

An experinental set-up is herc proposed, consisting of
scintillation counters and wire spark chambers with magneto-
strictive read-out, which combines a large angular acceptance
and o good accuracy in the determination of the momentun

tronsfere.
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INTRODUCTTON

The ain of the experiment is to measure the phase of the pion-
nuclecon scattering anplitude at high energies and non-zero momentum
transfer; more precisely, to measurc the ratio of the real to the

imaginary part of the symmetric #p scattering amplitude

o(+) =-%|:T+ +T__jl
T p T D

at a momentun transfer of the order of Itl = 0.35 (GeV/c)?, by
the measurcnent of a dip in the elastic pion-deuteron angular dis-
tribution at this value of t.

This nethod has first been proposcd by Francoi), in the franc-
work of o gencral method discussed by Glauber and Franco ;» and
then applied to the clastic pd scattering at 2 GeV incident
encrgyj by Coleman and FrancoA), and to the elastic pﬂdHo scat-

tcrings by Czyz and Lesniak, and Bassel and Wilkin®’.

The physical basis of the method is as follows. In the high-
energy region, the pion-dcuteron scattering amplitude is expressed,
in the Glauber theory, as & sun of terms in en impulse scories,
whose nain terms at smell momentun transfer are the single scat-
tering term and the double scattering term. In the Glauber appro-
ximation (impect paresmeter approximation for the pion-nucleon

scattering), high energy has the following meaning:



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 peak, whose corresponding "optical radius" has

also to be smaller than the deuteron size.

These conditions are satisfied in the pion-deuteron scattering when the
energy of the incident pion is larger than, say, 800 lieV. 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 effccts of the recoil of the
deuteron; howevef, this condition can be relaxed if the Glauber theory is
reobtained starting from a Feynman diagrem approach7), which allows one to
take care of thelrEGOil and relativity corrections; in this way the theory

can be expected to be valid in a range of momentum transfer
05 |t]s1 (Gev/e)? |,

In the Glauber theory, the pion-deuteron scattering amplitude is given
by l

-»,

@) = £,@)0 (-g-) * fP@’)G(— §> +

. -> - q -
+ oo fdaqu(aafn@ i q’) fp@ = )

where £ (4) and fn(ﬁ) are the pion-proton and pion-neutron scattering
emplitudes, G(q) is the deuteron form factor, which can be expressed as

the Fourier transform of the square of the deuteron bound state wave function

«

6@) = [a%x Ju(x)| 2 &10°%,
J
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The variables are such that { is the momentum transfer vector (4 = =t in
the Breit system), and, if K is the momentum of the incident pion in the
lzb system, ¢’ is a two-dimensional vector, orthogonal to ﬁ. The first
two terms correspond to single‘SGattering, where the pion interacts with
only the proton (or the noutron) inside the deuteron; the third term is

the double scattering term, where the pion interacts with both nucleons.

At high energy, where the pion-nucleon scattering shows a forward
peak, the single and double scattering term have a completely different

behaviour with theé momentum transfer.

Firstly, in the forward direction, the single scattering terms are
much more important than the double scattering term; it is known that at
t = 0, applying the optical theorem, the first two terms express the nd
total cross-section as the sum of the wp and mn total cross-section, and
the third gives rise to the Glauber shadow correction, proportional to the
product of the mp and mn total cross-section, which turns out to be a few

per cent correction.

At non-zero angle, the single scattering term decreases very fast with
t, while the double scattering term has a much more gentle slope. A way
of estimating the slopes is to take both the deuteron form factor and the
pion nucleon scattcring amplitudes as exponentials in t:
G(-t/l) = ebit, £{t) = £(0) ¢, Then the values of b and by can be taken
as by = 8 (6eV/e)™®, b = 4 (6GeV/c)™®, With this parametrization, the sin-
gle and double scattoring amplitudes have the behaviour with

b t | blt

Toingle(t) = T5(0) & ° 5 "Tyopi(t) = T4(0) o s

with b = 12 (GeV/e)™%, by = 2 (GeV/c)™®. The fact that T_(0) >> T,(0)
means that for some valuc of t, t = to, the absolute values of Tsingle
and Ty 16 coincide, If the deuteron form factor is properly computed
from a deuteron wave function which reproduces well the rapid decrecase of
the clastic cross-section at small ¢, and including the proper amount of
D=wave function, the wvalue of to can be estimated to be of the order of

tox -0.35 (GeV/e)2.

67/755/5
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If the pion-nucleon scattering amplitudes;are supposed to be purely
imaéiﬁéry, with positive imaginary ﬁart, for all valucs of t,'then it is
éééy to seétffom formula (1) that the single and double scattering ampli-
tﬁdés are both purcly imaginary and?of the opposite sign. The two contri-

hutions therefore tend to cancel.

As a result the elastic pion-deuteron angular distribution will show
é zero for t = tg. In genoral,'if'the real part of the pion-nucleon scat-
tering amplitude is non-zero, instead of a zero the angulaf 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-@leuteron 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-shif't
analysis is possible due to the large number of angular momenta involved,
there is actually no way of measuring expecrimentally the phase of a scat-
tering amplitude, except at t = 0, where one can obtain the real part from
the Coulomb interferecnce experiments, The fact that the deuteron has iso-
spin zero has the result t&at the relcvant remi_part is that of the.symmet—

ric pion-nucleon amplitude ‘.

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

tude, which depends on five invariant amplitudes.
e think thot 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).

* A

. ) The syrmetric amplitude is the only one which is present in the
singlec scattering term. The double scattering contains also the
square of the antisymmetric contribution; however this effect,
being a quadratic onc, is small at high cnergies.

67/755/5
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The edin of thoe intermediate cnergy experinent is twofold. First
of all, it is an encrgy at which one can still have a good knowlecdge
of the pion-nuclcon scattering amplitude, obtained from the elastic
scattering end polarization moésuroments for ﬂip scattering. One can
thorefore, using the existing lmowlcedge of the deuteron wave function,
predict the actual pdsition, width and decpness of the dip at t = to;
the nmeasurcnent will in this wey be a cheek of the Glauber theory.

In this connection, it would bc uscful to perform also an accurate
neasurencnt, at the sane cnérgius, of the clastic wip angular dis-
tribution, which will also havc a separate interest for the phasc-
shift analysis of pion-nuclecon scattering* « On the other hand, the
deuteron parcneters are not so well known in the relevant interval of
nonentun transfer; a recent annlysis by the Gourdin group of the
elastic elecectron-doutcron scattering and of the deuteron photo- and
clcctro—disintugrations) shows that one has sone knowledge of the
dcuteron parcnmeters till a valuc of g% x 10 £ 2 ~ 0.4 (GeV/c)? but

_8till the uncerteinty of the parancters is large. The intermediate

energy cxperinent will therefore allow also a botter determination

of the deuteron parcncter. Since at all the cncrgies the relevant
velues of t arc the sanc (the position of the dip is constent with
the encrgy), the sanme values con then be used at high cnergies. We
think that a nconingful analysis of a high-cnergy pion-deutcron scate-
tering rcquires o prelininery experinent at int;rmédiato cnergy, in
order to "ecelibrate' the theory. The high-cnergy experiment will, of
course, give information about the phase of the seattering anplitude
at non-zero t in an cnergy region vhich is typical of any high-energy
nodel, It is not necessary to strecss the inmportance of the knowledge
of this quantity; as an cxanple, we shall only remember that in the
framoworls of a Regge pole theory, it will give a dircet information

about the t dependence of the Pomeranchuk (P) and the p’! trejectories.

*) It is importent, however, to choose cn cnergy far enough from a wp
resoncnce, sincc near o resononce the Galuber theory shows some
difficulties, connected with the ropid variation of the scattering
amplitude with the cnergy.



As a side remark, we shall say that it is not possible to
interpret the dip predicted by the previous interference theory,
as the dip and the following secondary maximum which are present,
at moderate energies, in the elastic ﬂip angular distribution, and
which could have an effect on the elastic 7-d scattering. In fact,
the positions of the two dips are quite different [ltle 35 (GeV/c)2
for the interference dip, |t|~0.6 (GeV/c)? for the dip in 7 p
scatterlng]. Moreover, the secondary dip, which in Eq. (1) will
affect the single scattering terms, will not show up in the actual
7-d distribution, since at |t| = 0.6 (GeV/c)? the single scattering
contribution is already overwhelmed by the double scattering con-
tribution, on which the secondary dip and maximum have negligible

ef'fect.
Let us now discuss briefly the limitations of' the theory.

A first limitation is the neglect of the spin-flip effects,
since in the Glauber formulation all the particles are treated as
spinless. The spin-non-flip and the spin-flip amplitude being in-
coherent, the presence of a substantial spin-flip contribution will
have the effect of reducing the deepness of an eventual dip. This
difficulty can, however, be taken into account by reformulating the

shadow theory with a correct treatment of the spin variables.

Another limitation comes from the fact that one always considers
the deuteron as coupled only to the proton-neutron system; this effect has
been analysged by GrossT), who has found that it is small when the

momentum transfer is not too high.

A third and more drastic limitation comes from the fact that in

the double scattering term one neglects inelastic intermediate states.

For all these reasons, we think that a check of the theory in
the intermediate energy region would be very importaht. In the
high~energy experiment one has also the possibility of an indirect
check by looking at the large-angle scattering, well after the dip
and the subsequent shoulder, since there, in the Glauber theory, the

magnhitude of the differential cross-section depends almost on the

67/755/5
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total 77 p cross-sections and on the deuteron parameters, while its
+
t-dependence is a function only of the (known) slope of the 7 p

elastic differential cross-scction.

THE EXPERTIMENTAL 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, hecause of
the fact that at high energy the particles are much more concentrated

forward, and the general background will be very different too,

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 elastic scattering
datas. In the range of momentum transfor we are interested in, the
cross-section does no? depend very much on the kinetic energy of the
339310

incident proton « The dependence of the p-d elastic scattering

cross-section on the momentum transfer is showm typically in Fig. 2,

for a proton kinetic energy of 2 GeVB). The superimposed curves are

the theoretical predictions of Coleman and Franco¢), taking into

account double scattering.

The angular correlation between 7 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 elastic scattering on a proton at rest. In Fig. 4 the quantities

relevant to the detection of deuterons acre shown.

We propose to perform the low-enecrgy experiment 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 diameter image is
obtained, with a flux of 107 T ver 3 x 1011 interacting protons,
corresponding to a momentum bite of = 0.5%11 « At the imagé the bean
has a horizontal divergency of * 35 mrad, and a vertical divergency

of * 5 mrad.



The liqﬁid deuterium target is the one used in the p-my experiment,
3 em diameter, 10 om length. The total thickness in a direction normal
to thc beam is 0.343 g/cm®; that is 0.37 x 1077 rad.lergth (sec Appendix 1).
Therefore 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
0.5 g/em®, while the multiple scattering angle is ~ 12 mraed. The spark
chambers and the path in air give a contribution to multiple scattering
of the same order, but an exact calculation has still to be performed,
taking into account the energy losses in the various matcrials, and their
different weight in the track determination. The situation becomes bet-
tor at higher momentum transfer; for instance, at 0.3 (6eV/c)? the multiple

scattering is two times smaller,

The detector consists of threce systems of threce wire spark chambers
cach, with magnetostrictive read-out, plus scintiliation counters, for
triggering. Part of thesc chambefs has alrcady been built and tested in
the laboratory and in a beam. Some partial description has been given12).
The accuracy for locating a spark is 0.3 mm, Tho resolving power for two
nearby sparks is 2 mm for the smallcr chambers and 4 mm for the larger one.
However, the cxisting rcadout and data acquisition system limit the resolv-
ing power to 4 mm and the aceuracy of location of a spark to 0,5 mm. The
efficicncy”of the chambers does not change when the angle between the tracks
and the wire planes is increased up to values as large as 50°, while the
standard error in the location of the sparks does not increase 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 increase the efficiency against
spurious sparks. The central chamber will be placed slightly rotated in
a plane parallel to the other two in order to solve, as usual, the

ambiguitics when more than oné 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 em®, 10 x 10 x 1 em® with a central window
2 x 0.5 em®, 15 x 15 x 1 cm®, respectively. The counters 4 and Lbis con=

sist of 5 scintillator strips cach, 130 cm long. The position of the



counters take into account the variation of time-of=-flight with the re-
coil angle, and the velocity of propagation of the light in the scintil-
lator. The delay between the zero time, given by the incident particle,
and the counter 4 pulse is the same for all deuterons, in the accepted
solid angle., It differs by at least 6 nsec (see Fig., 6) from the time-of-
flight of the recoil proton going at the same angle in the elastic w-p
scattering. A time selection allows the separation of p from deuterons,
already in the trigger. Furthermorc, the counter 5 consists also of five
strips of scintillator 50 om long, each of them in coincidence with the
corresponding strip of counter L4, so as to allow a rough check of coplana-
rity at the triggering stage. In order to cover the same range of azimuthal

angle, the strips of counter 4 are suitably shaped.

We assume that the most important background at this encrgy is the
pion-proton quasi-elastic scattering. Due to the smallness of the deuteron
binding energy, the cross-section for the quasi-elastic scattering on a
bound nucleon will be much larger than the cross-section for elastic w-d
scavtering in the momentum transfer region we arc considering. To give an
idea, the p—p13) and p—d4’14) cross-sections on which information is

available, have been plotted in Fig. 7.

The precision in the mcasurement of thé: track directions will allow us
to e¢liminate this background in the analysis. liorcover, the coplanarity
requirement, and the time-of-flight sclection should greatly reduce the
spurious triggers. Only on the basis of time-of-flight, the tail of the
Foermi momentum distribution of the proton (calculated assuming the Hulthen
wave function as the correct description of the dcuteron state) would cause
in the trigger a signal-to-noise ratio of 1:1 if the w-p elastic cross-
scetion is 50 times larger than that of the 7-d, and if our time resolution
.1is £ 1 nsec. When onc considers the coplanarity requirement imposed to the
trigger by the suitable coincidences between the corresponding strips of
counters 4 and 5, this ratio becomes even better, although the exact figure

has not yet been calculated.
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Qur system should be able to locate the dip in the w-d elastic scat-
tefing cross=—section ﬁith high éccuracy: ‘the error in the momentum trans-
fer due to the spread of momentuﬁ of the incident beam and to the errors in
the measuremént of the various pafticle trajectories is about 2%, Moreover,
an accurate calibration of the apparatus can be done relatively easily, fil=-
ling up the target with H, and measuring elastib 7=p scattering: therefore
we believe we can measure the absolute value of the g-d differential cross=-
section to a few per cent (including both statistical and systematic errors),

Assuming an average cross~seoﬁi6n for 7-d of 50 pb/sr and a solid angle
of 0.3 sr.we get: number of event/burst‘= 0.6%10° % 0.5% 10-4><O.5><0.8 =1,
Qur system can be triggered about 5 times/burst, the limitation being due
to the writing on a magnetic tapo. ‘Thcreforé, one could expect ~ 2 x 104

events/day boetween 0,15 and 1.2 (GeV/c)2.
To analyse 5 x 10% events, 50 hours of 3800 computer time is required.

The possibility of performing the same kind of experiment on 4He tar-
get is being taken into consideration, as well as using protons as incident

particles, °

READ-QUT ELECTRONICS

The read-out electronics for the magnetostrictive wire spark chambers

has been intensively tested during a couple of months in the g, and s g
test beamsis), 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 coordinate in nine chambers, a total
of 18 amplifiers is required, '
The whole information is then serialized in a set of magnetostrictive

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

lent length of 400 psec, negligible jitter, and a resolution of 800 nsec.,

The whole information regarding one single coordinate (one reference pulse

plus the sparks) is then contained in a time interval of 400 usec; the control
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unit, essentially a sophisticated stop scaler driven by the timing unit
(one single delay line 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;
vith a set of 30 scalers we will then allow the occurence, for instance, of
on¢ 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 thec num-
ber of sparks recorded for each coordinate, The display of these registers
gives an immediate check=-up of eventual failures in the system.

The whole writing process requires less than 8 msee; about 40 mses 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

Target (existing)

Spark chambers walls

)

wire

Air path (over 1.5 m)

¥) 62.5% C;  33.3% 0;

*‘-’.4)

g/cm?

0.2610
0.0187
0.0270
0.0014

0.0347

0.056

0.1068

0.2

Le2h Ha

AFPENDIX T

D2

*
mylar /(target wall)
Al heat shicld
mylér'aluminized

mylar vacuum

mylar (6 x 0.009) |

Cu

air

The wire is 0.1 mm diesmeter Cu, the interspace is 1 mm.

units

of

rad. length

22.,50x10™%

457
1.13
0434
8.48

14.00

78.00

59.00

it

For 12 wire

planes, the average thickness traversed Ly one particle is 0.12 mm,

9 ¢
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Figure Captions

Fig.

Fig.

Fig.

Fig.

Fig,

Fig.

Fig.

Fig.

1

2

Experimental set-up, as seen in the horizontel plane. S5 ... 5
are two gaps wire spark chambers with magnetostrictive read-out,

Ci s+« Cs are scintillation counters.

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

Differential cross-sections in the lab syétem for e¢lastic pd scat-

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

prediction, using nucleon-nucleon data, when double scattcring is
treated (neglected). The dotted curve is calculated with the
experimental lower limits for apn and qpp,.and the dot-dashed
with theoretical predictions for apn and app; they both 'include

double scattering.

¢ Angular correlation between pion and deuteron (proton) for elastic

pion-deuteron (proton) scattering at an incident pion momentum of
900 #eV/c. The momentum transfer (-t) of the deuteron is also

shown, a8 a functién of the deuteron scattering anglei

Momentum transfer (kinetic energy), range in deuterium, and mul-
tiple scattering anglc for unit of radiation length, vs. deuteron

momentum.

4,1 beam layout at C.F.S.

Deuteron (proton)_timo—of—flight por metre and range in carbon as
a function of deuteron (proton) scattering angle in pion-deuteron

(~proton) elastic scattering at 900 MeV/c.

Differential cross=section in the laboratory as a function of' the
solid angle of the recoil particlc in p-d and p-p elastic scatter-
ing at 2 GeV. .

Block diagram for the read-out clectronics.
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