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SEARCHING FOR o° MESONS

1. = Theoretical background

It is well known that there are some successfull classification sche-
mes of the elementary particles in terms of a few quantum numbers and
that these schemes are not completely filled by observed particles.Among

(2)

the others, the Gell Mann - Nishijma (i) and the Schwinger’s one are
the most famous as providing a convincing set of intercorrelations bet-
ween similar particles and selection rules for production and decays.The-
se two schemes are essentially the same: the first is based on the assi-
gnment of three quantum numbers, the isospin T the strangeness S and the

baryonic number B; the second on the assignment of T, B and the hyper

charge Y. The charge of the particle is given by

the Schwinger "s scheme has the merit that the quantum numbers can be in-
terpreted in terms of ‘geometrical’ symmetries of a 4 - dimensional eu-
clidean formulation of field theories.

We must stress that no explicit relation is given between mass;spin,
parity etc. of the elementary particles and these quantum numbers.Never-
theless, everyone knows that mesons, having zero baryonic number,have at

the same time integer spin; and so on.



People usually explores the following range of values of T, S, B (3)

2
s=0, +1, + 2 (1)
B=20, + 1

but the schemes allow for a numerable infinity of particles: there are ho-
wever some guiding principles (by no means firmly established till now)li-
miting the number of possibilities. One the these principles says that the-
re are no doubly (or more) charged particles so that
1 1 1
T, +—B+—5| = |T3+-—-—YI£1
2 2 2

The mass seems to increase with the strangeness.

The baryonic number distinguishes particles from antiparticles and
there is no meaning at present for |B| > with the just mentioned limi-
tations, it seems that the most promising holes in the schemes are those
in the ranges (I)= We will fix our attention on the missing T= 0, S = 0,
B = 0 particle and call it in the following p°

No prescription follows from the aforesaid scheme about the mass of
the p° the spin and the intrinsic parity.

The mass value determines essentially, through the threshold energy,
the possibility of production with a given accelerator. For instance,with

the Frascati 1 Bev synchrotron (%) and according to the reaction

Y+ p—=p + p°

the upper limit of the mass value one can observe is about 720 MeV.



Moreover, the mass value, together with the spin and parity, selects
between a large variety of possible decay modes those which are compati-
ble with fundamental conservation laws.

Now, to restrict the possibilities for all these dynamical parame-
ters-not included in the classification schemes, one must collect a num-
ber of physical arguments emerging from known (or, better, badly-known)
facts; the goal is to allow for saiyng: well, we need the same p° forall
these reasons, let us try to observe it.

In what follows we will be mainly concerned with the role of p° as
common remedy for a lot of failures of current theoretical methods inex-
plaining experimental facts. One must mention that there are some models
of elementary particles calling for such a meson: for instance in the Fer-
mi Yang model (5) there is room for two kind of mesons, the isotopic tri-

plet

1
n = ph , n® = — (pD + nn) , T

V2

I
(=1}
-]

and the isotopic singlet

S 1
p— = T
P}
Whether this model or another one is the right way to approach theoreti-
cally the elementary particles problem is just, at present, a matter of
opinion; one can just say that it sounds very attractive,

In this paper we will be mainly concerned with the efforts people

has done to improve the matching of current theoretical methods with ex-

perimental data, by introducing a new, but non-freakish, meson.



2. - Connection with the experimental situation.

-

We should have mentioned in the preceeding paragraphs that iﬁ most
cases a valid substitute for p° mesons woeld be an adequate two ©r more
pibns bound state, that is a m-n interaction. An unstable bound state with
a fast decay can simulate almost all the main features of processes ia-
volving.p° mesons. But, assuming tﬁat the ¢lassification scheme for ele-
mentary particles applies to such particles in strict sense {as distin-
guished from compound particles), we will speak of p°‘mesons having in
mind that there is 3 pictorially different possibility,

The p° has a long story, on the Phyéicél Review time scéie; In 195&
Teller and Johnson (6) made some calculationslon the properties of nu-
clear matter by assuming thsat nucleans are linked together by a suitable
boson field. It is an entireiy classical approach, in the style of Tho-
mas Fermi theory. We review it here for completeness, being aware thdt
the strength of such anargument is quite doubtful. Briefly -said, the as-

sumptions of this picture are:
1} that the shell model is a reasonable one

Z2) that a boson sea can produce a 'smooth self-consistent potential for

the nucleons,

On this ground, if one takes for the interaction term an expression

gy 0, v, (non relativistic)

{where g is an interaction constant, y the many-nucleons wave function ,
Oi an operator built from nucleon variables and @i the boson field (or
‘a functional of the hoson field}) by requiryng that the interaction be

invariant and inserting for y shell model wave funections,one obtains that



the field @i (like Oi) must be a scalar, isotopic singlet. @i could oh-
viously be a complicated functional of well known boson fields, thus re-
presenting some sort of collective behaviour of pions due to mm interac-
tion (like phonons in a crystal lattice). Were it a particle or a quasi-
particle, this scalar, isotopic singlet meson should have an effective mass
500 MeV; moreover the interaction constants involved in nuclear data fit-
ting seems to be of the order of the pionic one.

Sometime after this proposal by Teller and Johnson, a scalar neutral
meson has been tentatively suggested by Gupta (?)o He had in mind the pos-
sibility offered by the Gell Mann scheme and in order to take advantage of
it, he looked for nuclear phenomena resembliyng a mortice with onemissing
piece in current theory. Anomalous magnetic moments of the nucleons be-
long to this class and Gupta shows that adding to n and K particles con-
tributions the contribution of a p°® meson there results a trend toward the
right answer. A few graphs are included in the calculation and the main
assumption is that the p° s coupling constant is the same as for =-N, g2

2 and a coupling constant for K particles, f2, are determined from

Then g
the experimental values of the magnetic moments and, as a check of the sui-
tableness of the improvement, they must agree with the expected value (at
least for g2)¢ In fact, they do, quite insensitively to the p° ’s mass in
the range of a few m masses.

Next, Gupta considers () multiple pion production in high energy e-

vents as NN collisions or N N annihilations, There are three main points:

1y the multiplicity of n is usually greater than foreseen by Fermi theory

2) Fermi theory gives a ratio 3.3 : 1 for the processes
+ -
n+p-—n+0onp+mn + W
n+p—=p+p+n +nw

whereas the observed ratio seems higher



3) there sscems to be some angular correlation between charghed @ in mul-
tiple production,
Gupta’s scalar p°, were it heavy enough, should have a fast decay ac-

cording to

The intermediate step of the process

N+ N —» N+N+ p® == N+ N+ + 2"

goes immediately in favour of points 1} 2) and 3Y. In particular,for point
2} the intermediate step is effective for the first of the two reactions
only. As for point 3), the correlation comes out from the fact that in the
p s c.m. system the two pions fly 1&0° apart, {(As we said at the begin-
ning of this section, suitable mr interactions could accomplish the same
task as p® s 1in multiple production}.

Further comments can be found in Gupta’s paper (8)9 Quite recently
(9)3 Gupta remarks that a scalar p° provides an adequate spin-orbit cou-
pling between two nucleons; a second order calculation of £his coupling
(based on a coupling constant like pions and o mass somewhat more than two
pions) gives practically the same potential as the one bhenomenologically
introduced by Marshak and Signell to account for experimental dats.

Before going to examine Nambu’s proposal (10) (which the next para-
graph is devoted to) we must mention two neutral mesons, whose existence
has been recently suggested for special purposes. They are Baldin*s ng(i”
and Schwinger’s o° (iz),

mg : Baldin has made an attempt to mend the fault of coherence in mat-
ching the data from low energy = photoproduction - scattering and the Pa-
nofsky ratio by introducing a T = 0 meson, the isotopie singlet partnerof

the usual triplet n¥-°, This neutral meson should have a mass somewhat li-



ghter than n” and should be the one emitted in n~ absorption by Hydrogen.

(2!2

There seems to be no direct experimental evidence about its existence

o® : in order to provide a theoretical basis for the large p meson
mass, Schwinger hypothesizes the existence of a neutral scalar field; this
o - field is coupled with the lepton field through a moderately large cou-
pling constant and, to avoid undesired non-electromagnetic properties of
the p meson, is supposed to have quite a large mass. Further calculations
(12) show, for instance, that the hypothesis is compatible with the essen-
tially electromagnetic behaviour of p mesons if the o -field has medium
strong interactions with mesons and baryons and a mass of some (~3) nu-
clear masses; besides {I3), there is the possibility to arrange at the sa-
me time for self mass and anomalous magnetic moment of the muon by means
of a heavy scalar ¢ ~field. This neutral meson, because of its mass, can-

not obviously be observed directly with the Frascati machine.

3. - The vector po meson -

0
10) meson because of

We have deserved a whole paragraph to Nambu’s (
a lot of vague reasons. As doctor Nambu points out (14) it “should enjoy
more individuality (like =° or Z°) because the decay can occur only with
the help of the electromagnetic interaction®’. In fact, if this p° had a

mass MO c:(mﬁ, SmE) (mﬂ = pion mass) it should decay according to
p® —> w° + vy (or 27 + Y)

A 3y coincidence is indeed the event we hope to detect and to clas-
sify as a p° meson. We are strongly tempted to assume M, <3 m_ so dismis-
sing the troublesome ghost of an unstable 3w bound state.

Such a particle fails to provide a basis for the explanation of mul-



tiple pion production anomalies (Gupta' s argument (8)}; this is not a trou-
ble, however, since one can appeal to suitable wn or =N bound states (14)
(quite independently of Nambu’s %) to fit the data.

The vector p® meson is called for essentially the following purposes

(10),

1) to allow faor the interpretation of the form factors of the nucleons

2} more successfull evaluation of the snomalous maghetic moment of the nu-

cleons

3) interpretation of the second maximum of nN scaitering {around i BeVias

resonant p° production according to

o+ p —n+ p°

43 better agreement of the ratio of charged to neutral components in high

eneregy reactions

5} field-theoretical basis for the phenomenological hard core in nuclear
forces, Besides. a vector meson provides, in a natural way, a spin-or-

bit coupling between the nucleons.

This is Nambu’s list of possgibilities offered by his p”e One more

specific request for a neutral vector field comes from a theoretical ar-

(15).

gument based on the law of conservationr of baryons assuming inva-

riance of all interactions under baryon gauge trasformations B {(which mul-

tiplies one-baryon states by e*% and one-antibaryon states by emla) in

order to get invariance of the free baryons lagrangian one must introduce

a neutral vector field pg transforming like

pi —e p& + B

it



thus matehing the baryon®s trasformation. This neutral field must interact
in the same way with all the baryons (N, A, %, =). Unfortunately {from our
point of view) such a neutral vector field should have zero mass,at least
if it satisfies a Klein Gordon equation.

Let us examine more closely the situation with a vector meson. Rough
perturbation calculations of relevant effects have been done by Huff (i6)
K particles contributions are not included in these calculations. pg’s 8-
re assumed to have vector coupling with nbclecns; moreover, a direct vec-
tor coupling with electrons is hypothesized.

Consider first the-situation with the decay modes;we will distinguish

between M, > 3m_ and M < 3m_.

ad Mo ;.ans Ag we saidn this ‘unfortunate’ case would lead to the decay
po—-»3'n',

It would be very difficult to identify an elementary particle in such

a prolific mother of pions unless its life is unexpectedey long.
) M0‘<'3mnn The main decay modes should be
p—= T+ Y 2n + v
There are other modes of small branching ratio:
o

.pe__> 2n , 2e , 2w , e o+ 2e

The reason why the branching ratioc 1s small is obvious for all the
mentioned processes but perhaps for the first: we want to add some comment

on it. Consider first the decay

p°w~b2n°



'7):theclo~

—~

This preocess should not cccur at all by FPurry’s theorenm

sed nuclecn line (fig. 13

has three corners, namely two neutral mescn external lines and onep°= niu-
cleons vector coupling vertex, So, according to one of the rules (ref.17)
the process is strictly forbidden.

Next consider the decay

If the p° meson coincides with it*s charge conjugate, tﬁe process is
forbidden at all orders by charge conjiugation. (ig) Nevertheless, chargs
independence assures forbiddeness at lowest order without any particular
assumption on charge conjugation properties of the parent p°ﬂ

According to Nambu’s paper (!®) the lifetime of the main decay RIS AL

=20

+ v should be in the 10°'% _ 10 sec range. It obviously depends on mass

and coupling constant; moreover the process
o]
p e iAW + Y

should have a comparable rate, if energetically possible., We do not di-
scuss the consequences of the p® hypothesis on nuclecon properties because
0f the arbitrariety of the theoretical methods involved. To end this ssc-
tion we just say that the p° seems a convenient tool but it must be still
invented how to handle this expediency: everyone will agree it is bhetter

to observe p® first.



. - Kinematics of p° photoproduction and decay.
The processes we are interested in are
Y+ D—Dp + p° (production P)
p® —» 7 + y (decay D)

The feature distinguishing the kinematical calculations refering to
P from the usual m case is the unknown meson mass. The mass Mo will in-
deed be the main parameter of all the tables or graphs.

First of all, we give threshold energies @ _ of the y rays for pro-

t

cess P (M is the proton mass, ﬂ =c¢c=1)

that is
M (MeV) w, (MeV)
200 220
300 350
400 485
500 630
600 790
700 960

Drawing the graphs, we assume we are able to measure the following

quantities in the P process:

ep} proton angle ep with the y ray direction
Tp) proton kinetic energy '1‘p {or proton momentum p)

90} the angle & of the e° line of flight with the y ray beam axis.



The knowledge of ep and Tp fixes the value of the Y ray energy {in

the bremsstrahlung spectrum) as a function of MO only {(fig. 2,lab system)

M% + 2t
o P

1

q_):——-
8 =T

2 p cos T

{Graph n. 1 at the end of the bpaper, for the particular case SP = 30%

Fig, 2

At the same time 90 is fixed as a function only of the parameter Moa
We made a lot of polar diagrams (graph n. 2 to 5): the radial coordinate

meastres energies or masses of the particles, while angles in the North

3

West quadrant refer to the p° line of flight. In these graphs one finds
simuitaneous values of O, M_ and T, (p®'s kinetic energy) for afixed pro-
ten angle ¢30°y and four typical TP values {(small arrows in the North-East
quadrant).

Now, if we suppose for a moment we are able to detect a p°, the di-
rection of its line of flight holds all the information we need: that is
essentially the mass Mo

Obviously, because of the short life and no eleectrical charge, detect
p° direction is a foolish task, So. we must apply fo the decay products

and dispose of them in order to squeeze from their kinematics a memory of

the line of flight of the parent. At sach one of these subsequent steps



the available phase space fraction narrows fearfully, and one must be ca-
refull to avoid unnecessary constraints.

Let us consider D process

p%—s m° + v

This actually means observation of 3 y rays, whose energies and an-
gles are correlated in a very involved way. This correlation becomes very
simple in the particular case the first occurring y ray (Yo) brings out
all the momentum of the parent in the lab system whilst the n°® is produ-

ced at rest. In this case:

p =k =vy"'s momentum

1
(pi + Mi}é = m_+ Kk

The y rays from the n° fly 180° apart but their line of flight points
completely at random over the whole 4m sphere; moreover, their energy is
1
fixed and equals —m_.
2 Tt

The main points of this simple case are:

a) ) flies in the same direction as the p°, thus bringing the desired in-

formation about eo

b) the momentum of the p° is fixed by it’s mass

Because of the last sentence b) we must reconsider the situationwith
the data concerning the P process: take again ep fixed. Now, from conser-
vation of energy in the P process, Tp is no longer a free parameter since

PD is not. Thus. the measurement of the proton energy is not necessary in



this case: the only care ome must take is to do not operate at such apro-

ton angle ep exceeding the maximum proton angle given by

2
MG w M0 "
cos emax =— (1 4+ = -~ =
w M 4M2

(this is an inplicit relation since the primary x-ray energy w depends on
cos € ). Eventually the condition 0,<0 .y Must be checked against the
observed value of the mass M, -

To summarize the situation, we write down now the equations linking

measured to unknown kinematical parameters:

w2 + pi -~ 2w D, coseo = p2 cons, of mom. I)
2 2 - 2 :
w® + p° - 2w p cos ep =p, cons, of mom.II)
— 2 241
w = Tp + (p] + Mo)é cons, of energy III)
M2 - m2
o ™ )
D, = —“z;——“— condition for the special de-
m
% cay with a n® at rest(lab sy-

st.} IV)

From II) and III) one eliminates w and Tp {or p); as a consequence I) gi-
ves 90 as a function of M, only, if one studies the particular case in
which PO is given by IV},

We remark at this point, though perhaps unnecessary.,that we will deal
in the following anly with the special case distinguished by condition IV,

To end this section we add a few words about the D process. A vector
meson could be polarized in the production process by some interaction we
do not know:; this’ in turn could influence the angular distribution of the

decay products. We forget this possibility in the following by assuming



that the gdistribution of the decay products in their center of mass sy-
stem (p® decaiyng at rest) is isotropic {that is we average over the spin

of the parent). The w=° momentum in the c.m. system is thus

2
o

M- mg

pT = 2M
One must choose the p”’s momentum in the lab system according to 'S
in order to compensate p*, so to speak. for a n° fliyng in the backward
direction (in the c.m.).
Let us eczll eY the angle Y, {one of the direct D products) makes in

the lab system with the p°’s 1ine of flight. The assumption of isotropic

c.m. distribution now gives for the lab. angular distribution

i
P (SY) =
4 {(1-p_ cos eY)2

where ¢ _ is the velocity of the parent p° in the lab system. That is

2 2
po MO R

B, = o o 1 2 2,21 %
o (Mz + Pzﬁ% [4[31% + (MQ - mTE) ]

havirg inserted for P, the value given by cendition IV). S8ince we are in-

terested in forward produced Yo’sy the relevant gquantity 1is now

The smallest 1»30, the highest the P(0) value: for instance, in the case
Mo=2m, B, T 0.83 and P (0} = 10.8/4xn.
The angular width of the y counter will eventually fix the proba-

bility of the special decay; needless to say that P(GY} igs quite 1insen-



sitive to GY values arocund eY = 0 untill

2
8y < 1-¢

2

5. - Competitive backaground.

There is a process whose outcomes are exactly the same as in p%s

detection, namely

Y+ p—ep+ w° +y {4}

A process contributing as unavoidable background to the counting ra-

te is

Y+ p=ep + 2® + 7° (B)

Finally we mention the process (see par, 3)

p® =7 + 1% + vy (c

which, though involving a p° mesons, does not contribute to it's detecta-
bility. This process could even be more frequent than the main decaypro-

cess we are interested in

o Q

p°—en’ + ¥ (D}

C) and D) do not exclude one the other, so we relegate C)} in the backe
ground. What one must examine is: 1) the possibility of discrimination of
process D) against A); 2) the possibility of discerimination of Diagainst
B}.

1 - Process A} - We mainly refer to the case in which the final state con-

tains a hard y -ray. This event should be quite unfrequaent as compared



with non-radiative single ©° production (Ig)= On the other side we do think
that a p® experiment based on the abovesaid line can be successfull if the
production rate of the new meson is not to low as compared with single pions
production,

Let us consider the kinematics of process A) in the lab system (for
the case in which the n° is at rest). In correspondence of the first three

equations I) II) III) par.4 we have

2 2 _ .2
w” + kK - 20 k cos e, =D (Ig)

2 2 ) - .2
®w“ + p“ - 2w p cos ep = k (IIA)
w = Tp +m. + Kk (III,)

(k is the secondary photon energy).

Condition IV) is missing and this makes a discrimination possible.In
fact we have y rays at every value of the angle 80 since in this case o,
Tp, k are unknown quantities (whereas in the case of 0% s production, D
playing the same role as k, was fixed by the condition *=° at rest’, IV°®).
Thus, unless the angular distribution of the y rays coming from A) is a-
nomalously peaked in some direction, its contribution should be aflat back-
ground. Whether this background is really harmless or not could be further
checked by suitable Tp or k measurements {(a rough biassing window in a Yo
counter, for instance). This seems unnecessary however, at least in the

first trials.

2 - Process B) - We believe this will be the main background.

Discrimination against this background can be performed as for pro-
cess A) because there is one more y ray destroyng nearly at all the memo-

ry of the fliyng n° direction (once again, one of the % s is at rest in



lab system). Moreover the condition IV is missing in this case too and we
do not measure the proton energy. Also in this case the y rays angular di-
stribution as a function of eo shounld be flat thus allowing for discri-
mination of a possible p° s peak.

A trouble could arise with a Y, counter so large as to accept both
the v rays coming from the pion: but at the energies we deal with, this
trouble is certainly not sensible.

In spite of the different angular behaviour, process BY could give
such a rich background as to render a veak indistinguishable from fluctua-

tions. We have no means to predict what will happen, unless we are content

[»]

with phase space comparisons. We want to report such a calculation since
it seems a favourable circumstance. The ratio of avallable phase space for

the two cases

Y+D =D 3+ p°

Y+DP —=D+ 21

is approximately given by(zg)

where M is the nucleon mass and

w2 = M2 + ZoM

w being the energy of the primary quantum in the lab system (as hefore}).

£ has a maximum as function of w in correspondence of the value:

2 2
_ w’max ”
“nax oM
5 4
Wmax = M-F"‘STMQ *?mn



The maximum is quite high over the interesting range:

Ny Chax Bnax
330 MeV 450 MeV 200
400 600 24
460 T80 6.7
530 970 2.8

A formula for g as a function od M_ is
max o

3
M

%max E 20

3
(M - Zmn)

We agree one must not give much credit to this result; nevertheless one

can accept it as an agreable aperitif.

6. - Sketch of the experimental arrangement.

In this section we want just describe a more realistic experimental
situation. Namely, we want to examine the influence of energy and geome-
try spreads, introduced by the counters, around the central values used
in the preceeding sections, in order to decide whether it is possible to
resolve a p°® peak in the ©° -distribution without lowering to much the
counting rate, or not,

To do this, we refer to fig. 3. The only approximation we make is to

have a point target t©



x ray beam t E]

Yo

Fig. 3

Y1: Yo are two counters in coincidence, giving‘a pulse ever&once they a-
re traversed by vy rays whose energy is mn/z + Ak, Moreover, the 1linear
dimensions of vy, (yy) as seen from the target correspond to an angulara-
perture o. The proton counter Cp centered at GP coilects protons from an
angular interval + Aep wide; the counter Y, collects vy rays from an an-
gular interval + Aeo around 8,0

Obviously, we can arrange any number of Yi- Yo balrs provided that
we select coincidences from proper pairs (the line joining each pair must
pass through the target and every pair must converge to an independent
coincidence unit).

Consider first the definition of the *n° at rest’: the n° can have
a non-zero momentum along the line yy ty, because of the uncertainty Ak.
It can have a non-zero momentum orthogonal to the line Yy t Yy because of
the non-point geometry of the counters. By properly adding the two un-

certainties one has

20



iy = (4 Ak 2 + ol mi)]"2 (1. 6)

o

as a measure of the momentum uncertainty for the *n° at rest’. The angle

GY (see back, end of par. 4) makes a deviation frem the true eo(refering

to the line of flight of the p®) by an amount

where Po is given by IV par. 4. As a conseguence aeo can be choosen to be
at least as large as AB, (see below).

The angular spread Aep in the geometry of the proton detector deter
mines the width of the energy interval of the primary bremsstrahlung spe-
ctrum of the synchrotron that contributes to the production in this ar-
rangement.

In fact, from II and III par. 4, one can deduce {see Appendix A)
dw Bw
Aw = [{ —— 32 pa? 4 (—3? AP2] A (3. 6)
P &P

where &PD APn = PD A6 Actually, aep is strictly related to ABO {not

Yﬂ
to be confused with ABT): in fact, loocking back to the equations I to
IV, par. 4 we see that having fixed p_. determines the value of the other
variables, in particular eo. Thus we can say that to every value of e

corresponds a center ® of the peak in the angular distribution of p°% ’s

The width of the peak is given by (see Appendix A):

86

[#]
)2 aei )%

A0 = (A9$ + ( (4.6)

° 60
P

where aeY and aep are independent quantities: AGY comes from that partof

2%



the device operating on the decay Lkinematics (D process), whilst Aep GG~
mes from that part operating on the production kinematics (P process).
Eventually, a few words on the coplanarity of the primary X ray beanm,
YO and the proton., For a perfeclity c¢ollimated X ray beam the only devia-
tion from coplanarity comes from the definiticn of the n° at rest; thus
an angle AGY is allowed for the Yo direction out of the proton - ¥ ray
plane. This essentially fixes the lowest angular dimension of the Cp and
Y, ¢ounters along the azimuthal coordinate measuring rotations around the
X ray beam axis. These azimuthal dimensicns could be quite large; but one
mist defer the decision about them to the ccnsideration of the actual
background counting rate (process B involves cssentially non-c¢oplanar v
rays). It 1Is obvious that a coplanarity test can he used to check a suc-
cessfull result, This test, together with the fact that, changing Gp, 90
{center of the peak) must displace according tc a perfeclty known law (I

to IV par. 4), provides the best control of the data, being based on pu-

rely kinematical grounds.

7. = Considerations about the counting rate.
526 :
Let us call ———— (& , T ) the cross section per unit solid angle
SQSTG e @
and snergy interval for production of a p® by a photon (on a proton)

at ah angle GQ and kinetic energy TOE N is the number of hydrogen atoums
per unit volume in the target; t is the thickness of the target.

The X - ray spectrum will be approximately given by

, dw )
N {0} do = @ — (1.7}
[43]

where @ is the number of equivalent quanta per minute frcm the synchro-

o W P . o
tron (Qmmax = J' met oN{wydw in generall.
]
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The p° direction points into a solid angle &QG as given by 4.6 com-

bined with the considerations on coplanarity: that is
AQ = AB A
o Y Lo}

where the sign refers to the possibility of increasing the factor A6
{end of par. &}.

Thus the number of p® s per photon in this range will be

per unit energy. Now, we select a narrow energy interval by condition IV

par. 4 and 1.6, so that the number of p““s per photon will be

2 aT
(AR AP

Ow dPO T

Nt

482 4T
o]
To have the counting rate we must account for:

19 The number of photons of right energy, This 1is simply

A .
Q — per minute
w

according to (3.6} and (L.7}.

93 the geometrical efficiency of the counter pair yjYge If there are v

such pairs, the efficlency is

ol

Y {fig. 3}
27

2) The fact that only a few po”s of the right momentum D give a ©° at

rest; this is expressed by a probability {see and of par. 4y
P (0) A8
v
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Combining all these factors, one obtains the counting rate per mi-

nute

d2 aT A mz

o ]
n =Nt —— {AQ)—— AP Q—wv
deTQ( *’)"‘c‘iPO m ® 27

2
P(O}AGY (2.7

This number must be further lowered by a factor measuring the detec-
tion efficiency of the wvarious counters.

FPormula (2.7} can be used as a starting point to decide the minimum
dzﬁ/deTolone can measure by this method.

One ‘can add the following practical remarks:

.a) from {(1.6) it can be seen that & can be quite large if Ma {and D, in
consequence) isg large enough, In any case, dne can make a,::Ak/mnﬁﬂwi

is perhaps a0.15

b} for the same reason t can be as large as the yy{(yy) counter lineardi-

mensions,

c) Aep must not be too .large, so that the width of the peak is mainly com-

mitted to AGY

d} the other factors in (2.7) are all practiecally frozen by the necessi-

ty of taming the three body kinematics,

For comparison, we shall derive a formulas equivalent to (2.7) for
the case of double =% production {that 1s for the background counting ra-
te nzﬁg}. Once again one of the =% g is 8% rest in the lab systen.

Let us denote by index 1 the n° at rest, index 2 the n° flying with

its momentum at an angle 62 with respect te the primary X ray beam. This

(n°)2 lies in the saeme plane as the proton and the primary photon since
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the process is essentially equivalent to a two-body one. If we call

o0

dQ, dT; dT,

the cross section for production ofa pair of n° mesons (having integra-
ted over the possible directions of (=°);). putting PO{GY} AQY for the
probability (n°)2 produces a y ray at an angle 9T with its line of flight
into the 'solid angle AQ_, we obtain

¥
dT dg 3
Ap 1 d°¢
Nt j ® dp; e j _Ip (8, - 08y) _—0C
9] dpl 92 dQ2 9 ° d 92 dT2 d Tl

for the number of y rays arriving at the y_ counter per photon and per
unit energy. Actually one must integrate 0ver2the X - ray spectrum from

o
the machine; finally inserting the factor .v= for the efficiency of the

27
YiYy pair of counters, one has
n = Nt Q.v — A8 T odp; — ar dQ, x
27[.0 T P 5 1 dD (o] 92 2
d3U dQY dT, dw 1
X = 3 P (6, - 92) -y * _dT reima (3.7)
Q d w
dRydT,dT, 2 p 2

The integration over 92 is practically an integration over 82;that

is, one can put d92:£,A8 dez° Besides, we shall put

Y
2 3
d UDO ﬂpn d.Tl d GGO
s dpy s (5.7
sz de o dpy dse, dT2 dTl

EU

The ratio np°/n2 is (from 2.7, 3.7):
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L
AB  Ap P{o} Ad
n_o Po 89, APp 49 4T ® Y
P _ a (o]
m m 2

n_ . T2 '62 d 96 1 dw dgy
2% AD ef dT, w; 6y P (B v 89} —rmmom

P o 0 e ° ARy ATy w dep dy

T3 is the maximum kinetic enersy of (%), (mainly depending on the o

of the X ray spectrum and Bblﬂa Bg is the maximum angle of {n°)2; it is
obviously a function of Tge

The ‘averaging (5.7) represents a substantial decrease of ‘the back-
ground evants. Nothing more precise can be said .bscause the cross section
for 2n° production 'is not known: one cane make more or less arbitrary
guess on-the denominator of the ratioc (G.7).

What one obviously learns from (6.7} is that a further reduction of
the background can be achieved by requiring the -energy of the proton :to
sbe :in a narrow interval. In fact, if this interval is properly chosen -it
‘should .not influence the characteristic angular distribution of ¥ rays
coming from p° mesons while restricting the integration range over Ty in
{3.7). The proper proton energy must however be found by repeated trials
if no definite enough M0 value comes out of a first experiment performed
without this expedient.

To end this survey, one can tentatively choose some of the parame-

ters appearing ‘in (2.7). Let us assume

& = § cm
ABY = OQZfram(AQ)Cm ::3(AQ)lab
AGP=Q<AGT (see appendix A)

Ak = 20 MeV

o

1

Q = 5% 10 equiv, quanta/minute
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0.2 rad

_—= 0,2 (a reasonable order of magnitude for M 2 2mm)
w

Then it follows

2
d%c counts/minute

g5 v (——)
o dQ_ dT
© "% yubarn/sterad MeV

If &GY does practically coincide with &eo as here assumed (aep<< &ey),the

peak width should be=10° and the determination of the mass M, of the o

(o]

should be in error of

' 2 2,2
éMo 1 dMO (Mo = mﬁ)

iR

AB

]

o
M Mo deo 4p° Mi (Mi + '“12;)

(having assumed ep small enough; see appendix B), That is for Mozz 2m1ﬁ

Ag, = 0.2

AM

o

M

[}

~~ a few percent

Appendix A.

We give here formulae for the quantities

Sw 5w 60

N v M

BGP 8p, SBP

appearing in {(3.6) and (4.6}.

27



Instead of usging I to III par. 4 it is simpler to start from the fol-

lowing equivalent formulsae:
P sxnep = p, sin 90

P Ccos Bp + b, coseD = ®

3
!
|
+
=
—
=
H
=
)
+
3
Q N3
e

Sw L L o
- P p P (1. 4)

&e cose_ -~ B - sin6 tg €

P P p P o
Bw B
— = - ( L ) (2.4)
3 Jof1s! 050 - - ing g 6
b, coSs {cos b 3P sin 5 tg o
59 (1 - cos O

o p ( B, o
Sep cos 60 {cosep - Bp - 51nep tg 80)

The common feature of these formulae is the denominator which deter-
mines the order of magnitude of the three derivatives. Note that the first
two contains g factor @p which can make them quite small. Actuallywe want
{1.A3 and (2.A4) to be large, while (3.4} must be as small as possible@sig
ce L.A and 2.A determine the number of photons intervening in the detec-
ted reaction while 3.A determines the width of the peak in the egndistrin
botion.

Now, vanishing of the denominator in (i, 2, 3.4) is just the condi-

tion for the angle ep tc be 2 maximum for a given D, In fact

¢e 088 _ - - gin tg ©
i c - @p si Gp ig

d ing + cos® & &
P b s p p g
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Clearly the prescription is to stay far from the maximum proton an-

gle as we already remarked in par. 4. By putting

:T.IH

= - -~ gind S|
cosd, (cosdy - By sind  tg 9.)

we can further write

S
= wB_ siné H {5.A)
1¢] P °
Sw
= - 3 H (6. A)
3p P
5o, P
mem— = {l-g cos6_3} H (7. A)
50 D p p
p [+]

and from these formulae one only learns that the best thing to do is to
work at a proton anle as small end as sharply defined as possi-
ble since (&.A) assures a non-vanishing Aw while (7. A} shows that the

peak width can be reasonably narrow.

Appendix B.

Defining H as in appendix A, one has

2 2. .
1 do Mg (Mo +omo) M0 51nep
T P 9 T s (e Py
(M7 mﬂ) pO{MO =mﬂ)

In the case sineéuebﬂ we obtain the result at the end of par. 7. by Just
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neglecting the second term on the right of this formula, The approxima-

tion is valid whenever

¢ M2 + m2
A o e} m
sind & — B, -
w - PB -
P Mo m.
or
u? 4ol
sine_<& g2
R L
o ™
noting that
pO > p0 s pO = l:-}o
w = pﬁ‘p w EO

Besides, in the same approximation HZ2,
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