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When matter is bombarded by very high-energy nucleons, over 600 Mev in the laboratory system, part

* of the pions produced may be decay products of excited nucleons of ordinary spin and isobaric spin §

3

(“baryons”) produced by the incident nucleons. Assuming charge mdependence, we discuss the ratios of the
cross sections for various possible processes creating one or more pions.

1. INTRODUCTION

EVERAL authors'™® have recently discussed the

relative probabilities for production of positive,
neutral, and negative pions by nucleon-nucleon inter-
action, using the principle of spherical symmetry in
isobaric space,* but assuming that the pions are pro-
duced directly by interaction of the nucleons. On the
other hand there is now some evidence®7 of a nucleon
isomer, as predicted by strong-coupling theory.® The
properties of this isomer are much different from those
of the nucleon, its ordinary spin and its isobaric spin
both being %, so that it supposedly has four isobaric
states o+, b, 8%, and &, instead of the two isobaric
states p and 7 of the nucleon. Therefore, we shall in
the following adopt for this nucleon isomer a name of
its own, baryon (=heavy particle), indicating its
slightly heavier mass (estimated at around 2385m.).
We shall treat the baryon as an excited state of the
same nucleoid (=system of a bare nucleon core with
surrounding pion cloud), of which the nucleon is the
ground state. This excited state is very unstable, caus-
ing a widening of the energy level and uncertainty in
the baryon rest mass of perhaps 10m,, corresponding to
a life time of about 102 sec.? This life time may be
just long enough to make a baryon move out of the
pion cloud with which it may have been created, before
it disintegrates into a nucleon and a pion. In that case,
the production of a baryon and its decay will be inde-
pendent processes, and the cross section for production
of a certain kind of pions from baryon decay will be
given by the product of the probability of baryon pro-
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duction, and the fraction of the baryons produced that
will disintegrate.into the pion desired. This fraction
is determined by the branching ratios between the
various disintegration possibilities. In the present paper,
we shall derive relations between these cross sections
arising from the postulate of charge independence.*

2. NOTATION

By indices 1, 2 we shall denote the interacting two
nucleoids. Pions are indicated by indices 3, 4, - --. The
complete state vector should be antisymmetric in 1
and 2, and symmetric in 3, 4, ---. The nucleon and
baryon states of the nucleoid can be distinguished by
their isobaric spin functions. By [T, 7] we shall indi-
cate states of isobaric spin 7" with “‘charge component”
T. The charge is g= (Ty+3%)e for particles with half-odd
isobaric spin, and it is ¢= Tse for particles with integral
isobaric spin. To avoid here a minus sign, the proton
instead of the neutron has been ascribed positive T%.1°

In vector addition of isobaric spins of systems 1, 7, - - -
the normalized isobaric spin functions of the combined
system corresponding to the various possible values of
T and T are linear combinations of the products of the
normalized isobaric spin functions of the component
systems, with coefficients as listed in the Appendix.
Conversely these same coefficients (taken this time
from one same column in the tables of the Appendix)
may be used in the expansion of each such product in
terms of the isobaric-spin functions of the combined
system.

Let ¢; be the space- and ordinary-spin function of the
incident nucleon, and ¢, of the target nucleon. The
initial wave function ¥ is then, if pz means protons inci-
dent on target neutrons, and if ¥*= ot Vuda)/V2,

Vo= (Wi —Yein) /V2;
= {‘//u[%; %]1%2[%; %]2 B W
—¥uls, $1wals, 31}/ V2=y°[1, 1]1;
Vo= {Yals, slels, —31
—¥uls, —3lwals, 312}/V2 T
= (Va¥e1, Ol (W5)¥°[0, O]12;
Vop= (V3)¥°[1, 0)ia— (V3)¥°[0, Ol12;
\I,nn=¢a[1, - 1]12. J

1B, Cassen and E. U. Condon, Phys. Rev. 50, 846 (1936);
and N. Kemmer, Nature 140, 192 (1937); Proc. Cambridge Phil.
Soc. 34, 354 (1938).
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Here, [1, T¢]i2 (with Ty=1, 0, —1) are isobaric triplet
functions and [0, 0];; is a singlet isobaric-spin function
for the combined (two-nucleon) system.

The space- and ordinary-spin wave functions of the
nucleoids in the final state we shall denote by ¢ and &,
and we put ¢*°%= (@10 $199)/V2. If one of the
nucleoids is excited, we shall always denote by ¢ the
state of the nucleon, and by ¢ the state of the baryon.
Such combinations as for instance (¢1[3, —3li¢.[3, 3]
— &3, $hoals, —312)/V2Z we shall then denote by
[ p1@2[3, —3hI3, $)o]e. If both nucleoids are excited to
states of isobaric spin $, or if neither one is excited, we
shall denote by ¢ the state of the particle with the
largest charge. In this case, as is easily verified by study-
ing the coefficients listed in the tables for (1/2)X (1/2)
and for (3/2)X (3/2) in the Appendix, the isobaric-spin
functions of odd total isobaric spin (T=1 or 3) are
automatically symmetric in both particles, and the iso-
baric-spin functions of even total isobaric spin (7'=0
or 2) are automatically antisymmetric, so that, in this
case, for instance

[@162[3, 0112 ]2= ¢°[3, Ol1s,
[o1¢001, 1ha]e= ¢°[1, 1]1s,

[o14202, 1]12]= ¢*[2, 1)s2.

(These relations are of course not true for the [1, 1]:»
and [2, 1];; found in the tables for (1/2)X (3/2).1)

The spatial wave functions of pions we shall denote
by v, ¥, ¥, * - -. The final wave function of the complete
system is denoted by &.

and

but

3. BARYON PRODUCTION

We consider the following processes: (The first par-
ticle mentioned is incident. The symbols between
brackets will be used as labels on wave functions, cross
sections etc., to distinguish these reactions.)

ptpon +oH (pp2), ptn—n b+ (pnl),
p+p—p bt (ppl), ptn—p 4+ (pn0),
pHpobHD (pp20), pHn—obtr+- (pn2—),
pHpobt bt (ppll), p+n—bt +8° (pn10).

Processes with initial states #-+# or #+p are obtained
from the above by substituting #, p, b, 89, bt, b+ for
p, n, b1+, bt b9,'b—, respectively. Because of the mirror
property'? of nuclear interactions, the cross sections for
such processes are the same as for the ones listed above.

1t Obviously, the [1, 1]:2 used for one-baryon processes and de-
fined by the Table (1/2) X (3/2) of the Appendix, and the [1, 1]:;
from the Table (3/2)X (3/2) for two-baryon processes, are not
identical and are even orthogonal to each other. Similarly for
[1, Oli2, etc. In reading such equations as Egs. (3.1), (3.2), etc.,
this should always be kept in mind. One might distinguish such
different isobaric-spin functions with identical values of 7" and
Ty by primes or other symbols. We have not taken the trouble
of doing so.

2 We avoid the term ‘‘charge symmetry,” as various authors
have used it for Kemmer’s symmetrical meson theory and as
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The normalized final wave functions for these proc-
esses are: (Compare the tables in the Appendix for
vector addition of the isobaric spins of the final nu-
cleoids; tables (1/2)X(3/2) and (3/2)X (3/2), re-
spectively.)

ppe=[01¢2[3, — 313, 3l A
=3[ 14202, 1]12]*+3V3[ o1 ¢2[1, 1h2]%;
Dpp1=3V3[ 018202, 1] ]°—3[ @160[1, 1]12]%;
Dpp20= (\/%) ¢a[3; 1]12+ (\/%)("alzy 1]12
+4/(3/10)- ¢°[1, 1]1s;
o= (V) °3, 1hia— (V) ¢°[1, 1]12;
®pn1= (V[ 01822, 0112 1° L
+ (V5L 1201, 012]°;
®pno= (V3)[ £102[2, 0)12]°
— (WOl 11, 0]12]°;
Ppnz-=4/(1/20) - ¢°[3, Olia+3¢°[2, Ol12
+4/(9/20) - ¢°[1, Oli2t+3¢°[0, Ol12;
B pn10=4/(9/20) - ¢°[3, Oli2+3¢°[2, O12
—4/(1/20)- ¢°[1, Oha— 3 ¢°[0, O;z.

The differential cross sections for these reactions are
proportional to the absolute squares of the matrix
elements M of the scattering matrix (say Ry) between
the initial states (2.1) and the final states (3.1). (The
label N may denote the number of excited nucleoids.)
Because of the assumed invariance under rotations in
isobaric space, we havel!

([Cér0al1, 1]12]% Ry°[1, 1]19)
=(L1&:01, O0li2]% Riye[1, 0li2)=4;
(¢°[1, 1]1s, Ripl1, 1]i2)
=(¢°[1, Oliz, Riy?[1, 0]12)=B;
(¢°[0, Ol12, Riy*[0, 0]12)=C;

3.1)

(3.2)

while matrix elements between different 7' values
vanish. Thence

MPP2= %\/gAy
Mom= —%A,
M pp20=4/(3/10)- B,
M pp11=—4/(2/5)- B,
M= 34; 6
Mzm0= "%A§
M pn-=1~/(9/40)- B+ (V3)C;
M pmo=—+/(1/40)- B— (v3)C.

The differential cross section for scattering into the solid
angles do and do is then given by do=C|M |2dada,
where @ is independent of the charge state of the par-
ticles. The matrix elements A4; B, and C depend on
energies and directions of the final wave functions ¢
and ¢ and contain delta functions to take care of con-

Watson and Brueckner have occasionally referred to their postu-
late of invariance under rotations in isobaric-spin space as the
‘“hypothesis of charge symmetry.” Compare footnote 4.
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servation laws. The total cross sections are given by

a=ffdcbdéé(°,IMl2

Tpp11="— ffdwdeIMP
1%s due to the indistinguishability

where the factor 3
of the two final smgle-charged baryons in the reaction
P+ p—obtot

The differential cross sections dopne— and dopnio
contain terms proportional to Re {B*C}. These terms
do not contribute to the total cross section. This is
most easily seen by calculating the differential cross
section for the process, in which the final space- and
ordinary-spin states of the two baryons are inter-
changed.® This is equivalent to a change of sign of ¢¢,
thence of B and of Re {B*C}, so that contributions of
Re {B*C} to the differential cross sections for inter-
changed directions of the final baryons cancel each
other and ff'dwdaC Re{B*C}=0.

Putting JSf'C|A4|%dadi=360a?, [ C|B|*dadi
=360 02, ff C|C|*dadi=2360 % we thus find for the
total cross sections

except (3.4)

Tpp2= 270 a2, Tppl= 90 d2, Tpn1= 90 (12;
T pp20= 108 bZ’ Tppll= 72 b2, O'pn0=90 0«2;
Gomr= 8104452 gpmo=9 b>+45 .

(3.5)

4. BARYON DECAY
We now consider the decay of the baryon produced,

br—ptat (24) St (00)
po T (1) Nphr (0-)
Np+70 (10) br—nta (——).

In order to find the branching ratios for the &+ and
the 8° decay, we write down the initial and final wave
functions. We may as well leave out the space- and
ordinary-spin functions ¥, ¢1, and <3, which all proc-
esses have in common. Then (compare the tables
(1/2)X (1) in the Appendix),

¥i=[3, 31s; ]
=3, —3LI1, 1]
= (VD 3le— (VD5 355
®y0= [%; 2 1[1 0]8- (\/2)[27 2]13+ (\/3)[2; 2]13 ’
(4.1)

Vo= [%7 2]1, "
Poo= %7 *%]1[17 0]3

=3B, —3ls— (VDI5, —1ls;
@o-=[3, 31:[1, —1Is

=(VHIE, —3lut VDI, —3ls

The only matrix elements different from zero are

27 2]13,Rl[2) 2]1>=<[2) ]131R][2) %]1>7
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so that we find the branching ratios

. . . —1.2.2.1
014.010.000-00—-—73:3.3:3.

(4.2)

The mass of the baryon may be just large enough
to make two-pion decay (btt—p+=t+a0, etc.) ener-
getically possible. Here, we ignore this possibility as
probably an improbable process. If, however, a baryon
would decay into a nucleon and two pions, the tracks
of these particles would lie very close together because
of the small amount of kinetic energy available i in the
center-of-mass system.

5. CREATION AND DECAY OF HIGHER-EXCITED
NUCLEOIDS

The next excited state of the nucleon is supposed to
have a (5/2) isobaric spin.® If we denote a particle in
this state by 5, and a nucleon by N, the reaction
N+N—N-+5b is forbidden by conservation of isobaric
spin. Also, the decay #—N-4r is forbidden. These
spin (5/2) nucleoids can however be produced according
to N+N—b+b or N+ N—b+b. We shall consider the
former process only. The calculations run analogous to
the ones given above. This time one needs the formulas
for vector addition of spins 3/2 and 5/2. (See the tables
in the Appendix.) We list the reactions to’be considered
and the matrix elements for the correspondmg differen-
tial cross sections, in terms of a matrix element D de-
fined similar to A in Eq. (3.2) but for the occurrence
of a different operator R for the present reactions:

p+ o0, Mp=—($)-D; )
p+p—obt +0°, M po=++/(3/10)-D;
p+p—obt +bt, M p=—+/(3/20)-D;
PP 0 Mk 0D
ptHn—btt 44, M =—+/(1/10)-D; '
pFn—bt 489, ' Mn1-+\/(3/20) -D;
p+n—0b 4t M no=—4/(3/20)-D;
pnob= b, M. =+1/(1/10)-D.]

The baryon b disintegrates as discussed in chapter 4.
The spin (5/2) particle b can either decay stepwise by
b—b+ (1, 2, or 3 pions), b—N-+m, or directly by
b—N+ (2, 3, 4, or 5 pions). (See Sec. 6 for discussion
of energy available.) Either way for conservation of
isobaric spin at least two decay pions appear.

Of all these possibilities we shall discuss here only the
ones of the form 5—N+2x. The final wave function
must be symmetric in the pions. We obtain the isobaric
spin functions of the pion system from the (1)X (1)
table in the Appendix, and we use the (1/2)X (2) table
to find the part of the isobaric spin function of the
whole (V4 27) system belonging to isobaric spin (5/2).
In this way only one single unknown matrix element,

E=([(5/2), 3 Jisaery*| R|[(5/2), 5 Jur)
=([(5/2), § Jusaerv*| R|[(5/2), § Jr)
=([(5/2), (5/2) hssery*|R|[(5/2), (5/2) Jup1)
(with v*= {ys7V4t 7374} /V2),
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TABLE I. Total cross sections o for pion production by decay of
baryons produced by incident protons. The brackets group
together particles from a single decay. N is the number of charged
particles after the collision. The constants @, b, ¢, d depend on
unknown matrix elements.

Reaction N Cross section

pt+p—ont(p+7) 2 a(psp+) =270 ¢

—p+ (n+nt) 2 o(pnt) = 30a?

—p+(p+=?) 2 o (p;00) = 60 a?
p+p—ontat)+ (n+7h) 2 o(pptnt) = 88

—(p+70)+ (n+=t) 2 o(p;pOn+) = 328

= (pt+at)+ (n+=0) 2 a(p;p+n0) = 728

=+ + (p+7) 4 o(pspt+p—) = 360
=)+ (4% 2 a(p;p090) = 329
p+p—o a0+ (n+rt) 2 o(pu+On+) = 242

—mtat+rh)+m+n) 2 o(pmt++n0) = 4d?

—mtrt+r)+(p+7") 4 o(pmt—pt+)= &

Sntrtta)+(p+a7) 4 o(pmt+p—)= 24

= (ptrttr)+ (nt+at) 4 o(ppt+—nt)= &

=@tattrt)+m+7) 4 o(pipt++n—)= 504

—m+r+n)+(p+7t) 2 a(pm00p+) = 24

= (ntrt+ad)+ (p+1%) 2 o(pn+0p0) = 4d?

S (p+r+r)+ (n+7t) 2 o(p;p00n+) = 24

= @ptrt+a)+ m+r") 2 o(p;p+0n0) = 164

=(pt+a"+r )+ (p+rt) 4 o(p;p0—p+) = 24

= (ptattr)+(p+7") 4 o(p;p+—p0) = 2d?

= (ptrtt+a)+(p+7) 4 o(p;p+0p—) = 8a

—(@+r"+r)+(p+%) 2 o(p;p00p0) = 442
p+n—ont (nd-7t) 1 o(npt) = 30q?

—n+ (p+=°) 1 o(n;p0) = 60 a?

—p+ (n+=v 1 o(n;n0) = 60 a2

—p+(p+7) 3 a(n;p—) = 304
p+n— (nt7H)+ (n+°) 1 o(mp+n0) = 22410

—(n+77)+ (p+=t) 3 o(mn—p+) = 8102+45¢

= (nta)+ (p+a7) 3 o(mmtp—) = b+ 5¢

— (n+70)+ (p+=9) 1 o (n;n0p0) = 452420 ?

= (p+7)+ (p+=°) 3 o(mp—p0) = 25+10¢
pt+n—n+r47)+ n+7Y) 1 o(nm00nt) = 242

—mtrt+r)+m+7) 1 onp+0m0) = 442

—ntrt+r)+ (47t 3 cwpt—nt)= d?

—mtrttrt)+mtr) 3 ocmpt+n—)= 24

> mta'+r )+ (p+7r") 3 o(mm0—p+) = 8d?

—ntrttr )+ (p+a) 3 ommt—p0) = 24°

—ntrt+r)+(p+77) 3 omp+0p—) = 242

—(p+r+7)+ m+7t) 3 on;p0—nit) = 242

—(p+rttr)+m+7Y) 3 amp+—n0) = 242

—@ptrt+a)+mtr) 3 omp+On—) = 842

— (n+r"+79)+ (p+=° 1 o(nm00p0) = 442

— (p+n+ 79+ (n+=°) 1 o(n;p0010) = 44

S(ptrtr ) (pfr) 3 alip——pt)= 24

—(ptrttr)+@+r) 5 empt—p—)=  d?

-+ )+ (47 3 o(np0—p0) = 442

=@+ +r)+(p+7) 3 o(m;p00p—) = 24

is introduced. Integrating the differential cross sections
over angles, we must add a factor ¥ whenever the two
pions are in the same charge state. Thus we find for
the disintegration probabilities A, in terms of one un-
known constant €=+ /ff €' | E|2dwidwsdew,

bHt—ptattat, Ag=5¢;]

bt —ntatat, Ay = &

b —ptatda0 Ago=4é; 5.2)
bt —ntatad, Ane=2é; :
bt —pta'+a° A 100=2¢%

bt —optatda, A= €. J
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Decay probabilities for =, —, and ¥° are equal to the
above by the mirror property.!?

6. PION PRODUCTION FROM BARYON DECAY.
Discussion

We calculate total cross sections for pion production
by protons from decay of produced baryons and spin-
(5/2) nucleoids by combining our results (3.5), (4.2),
(5.1), and (5.2). We put SIS @"e|D|2dwidws= 20 d2.
The results are shown in Table I. In the listings of the
reactions, the brackets group together the particles
from each single decay. The number of charged par-
ticles arising from the collision (&) is also shown.
Because of the short life time of the baryon, all tracks
seem to come from the same point.

The threshold® for the one-baryon processes is about
600 Mev for the incident proton in the laboratory
system; the threshold for the two-baryon processes of
chapter 3 is about 1285 Mev in the laboratory system.
Just above the 600-Mev threshold, processes (p;p+)
and (p;n+) at the top of Table I can be distinguished
by the energy distributions of the protons, as the first
nucleon is (with the baryon) about at rest in the center-
of-mass system, and thus at the. threshold has almost a
fixed energy of nearly 140 Mev in the laboratory sys-
tem. The second nucleon arising from the decay of the
baryon has its energy in the laboratory system spread
between approximately 43 and 290 Mev. Similarly,
the processes (1;p0) and (#;#0) are distinct. Near the
1285-Mev threshold,’® the processes (p;p0On+) and
(p;p+n0) could be distinguished only by taking also
the directions of the tracks of the proton and the pion
into account; similarly, the processes (n;n—p-+) and
(n;n+p—). About differential cross sections for such
processes, compare also the remarks at the end of
Sec. 3 on the unknown quantity Re{B*C} not appear-
ing in Table 1.

The nucleoid state of spin (5/2) according to strong
coupling theory® would lie about 2% times as high above
the nucleon ground state as the baryon state.. This
would place the mass of the spin-(5/2) nucleoid at
around 3300 m.c? and the threshold®® for the processes
(5.1) at over 2.6 Gev for the incident proton in the
laboratory system. The next higher threshold,' for the
P+ p—b+b reaction, lies then a little below 4.2 Gev.

Only the two-pion decay of the spin-(5/2) particle
was taken into account. There is enough energy for up
to five pions from decay of &. These possibilities in-
crease the number of unknown matrix elements to be
taken into account; we have ignored them hoping for
the best. Thus, in the energy region 0.6-1.3 Gev only
a? does not vanish in Table I; for 1.3-2.6 Gev protons
also b? and ¢® become important; from 2.6 Gev up to

18 The word “threshold” as used in this paper should not be
taken too literally. As these “thresholds” have been calculated
neglecting proper motion of the target nucleon, the actual thresh-
olds may lie considerably lower for heavy target nuclei.

41 Gev=10° ev. See for instance Phys. Today 4, No. 11, 31
(1951); and F. J. Belinfante, Am. J. Phys. 21, 474 (1953).
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4.2 Gev many more constants enter the theory, of
which we mentioned only 4%; and above 4.2 Gev the
number of processes becomes too large for a brief
survey.!

Besides the processes discussed by us, there are of
course the competing direct single and multiple pion
productions by nucleon-nucleon interaction discussed
by others,’~® which include the processes in which the
baryon disintegrates before it escapes from the pion
cloud created witk it; and there are also the processes
involving more than one target nucleon in the nucleus.
There is, however, at least a possibility that the baryon
reactions discussed in this paper may be predominant
for energies above the 600-Mev threshold!® for baryon
production.

SUMMARY

In this paper we have proposed the hypothesis of
predominance of baryon production over direct pion
production as a possible simplification of the theory.
For the validity of this hypothesis we cannot give at
this time any binding @ priori arguments. Experimental
verification of our hypothesis by a comparison of the
various total (or better differential) cross sections as
functions of the energy in the 0.6-4.2 Gev region should
become possible in the near future as machines pro-
ducing protons over 600 Mev will go into full operation.

APPENDIX ON VECTOR ADDITION OF SPINS

In the following tables, signs have been chosen in
such a way that the matrix elements of the total iso-
baric spin T are

<T,) T(',’TE:!:iTﬂIT) TI‘>
=6(TI’ T)‘&(Tg-’, Tfil)
NVUTFT)(T£Te+1)},
(Tl} T!',ITIIT’ T!'>=6(T,7 T)'B(T?’) T!‘)'Th

where 8(m, n) are Kronecker symbols.

By (T):X (T"); we shall indicate a listing of the coeffi-
cients in the expansion of isobaric-spin functions, for a
system 7j composed of component systems 7 and j of
isobaric spin T and 7", respectively, in terms of products
of isobaric-spin functions of the single systems ¢ and j
separately. We save space by omitting the trivial coeffi-
cients 1 in expressing the two states Tij==(T¢)s;
=T+T; in terms of the products of states with
(Ty)i==xT; and (Ty);= (For instance [1, 1];;

=[3, 313, 31; and 1, 1]1: [z, —31il3, —3]; for the
(1/2)X (1/2) case.) We have also left out the trivial
addition of an isobaric spin 0 of system ¢ to the isobaric
spin T of a system 7, in which case the functions of the
combined system j are simply [0, 0]; times those of
system j.

For every given pair of isobaric spin values T and T”
for the component systems, we group together the
coefficients for fixed total T%. As each such table forms
an orthogonal matrix, the tables may then also be used
for expressing the old products of separate-system iso-

(A1)
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baric-spin functions in terms of the new combined-
system isobaric-spin functions of different possible
values of T'; (as listed by (---):&(--+)s&- -+ in the
table heading), with coefficients taken from the columns
of the matrices.

(1/2):X (1/2);= (l)u &(0);:

T:=0 ‘ G, 3143, —31 3, — 315, 31

I, 0l ‘ 3 “

[0, 0l Vi -
(Interpretation:

[1, 0ki= (¥D)I5, 313, — 3+ (VI3 —31l3, 3155
I3, — 3L, 3li= (VOIL, 01— (¥3)IO, 015; etc.)

(1/2)iX (1);= (3/2)s; &(1/2);:

T§‘=% [2’ 2] [1; O]J [%7 _%]1[17 1]]

B3| v N

2) %]u ‘/% - \/%
Te=—3% | [, 3100, —1); [, — 3141, 0],
%, ‘—%]w \/% \/%
[z, —3ls Vi —Vi

(1/2):X (3/2);=1(2)4; &(1)4;:

Ty= l 5 —3L3, 3 I3, 3105, 31
[2, 1]1'1' % %\/3
1, 11 3V3 -3
T§‘=0 [~: 2] [2: 21 [%; %]z[%; _%]J
[2, 0];; 5 V3
Te=—1 | [3, =313, =3 I3, 3003, —3)
[11 - 1]1'.7' % _%\/3
(1/2)iX(2);=(5/2):; &(3/2)4;:
Ty=% I3 342, 1} 3, —3klI2, 2);
[(5/2), 31 Vi Vi
2) 2 ) \l%_ '\/%
Te=3 I3, 3112, 0); [3, —3Ll2, 1)y
[(5/2), 315 Vi v
3, 31 v -3
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Te=—3 | B,342, —11 [, =312, 0,
[65/2, <3l | & Vi

8, 4l Vi —Vi
Te=—1 | Bik2 =2 [ —32 -1
(5/2,~31s| 2 vt

3, 4y vt —V}

(1):X (1);=(2)s; &(1):; &(0)4;:
Te=1 | [1, OLI1, 11; [4, 111, 0];

[2,1];
[1y 1]27

Vi
Vi

Vi
—Vi

Ty=0 ' [1, —1L01,1]; [1, OLf1, 0) [1, 1141, —1],

BELINFANTE

[2, O]ZJ \/%
[1, 0 V3
[O, O]U \/%

Vi
0
—vi

Vi
—3
Vi

Ty=—1 ’ [1, —1L[1,0]; [1,0L[1, —1];

[2, —1];
[17 - 1]1.7

Vi
vi

i
—V3

(1)iX (3/2);=(5/2):; &(3/2):; &(1/2);:

T§'=% ’ [17 1]1[%) %]J [11 0]1[%: % 7
[(5/2), 81 ] " vt
Tf—:% [1; 1]17[%) _lf]] [17 O],[%, %]J [1) _1]1[%; %]J
[(5/2), 315 v/ (3/10) V3 v/ (1/10)
%, 3l v/ (8/15) —+/(1/15) -3
L il v v v
T§'= _% [1) 1]1[%7 _'32_]] [17 0]1[%; _%]] [1) _1]1[%7 %]J
[(5/2), —3%)is v/ (1/10) Vi V/(3/10)
[, =31 V3 v/ (1/15) —+/(8/15)
b — 1l i — v
TI{'= _% ' [1> O]l[%y —%]J [17 _1]1[%7 —%]]
[5/2), —3)is vE Vi
B~ 1, v i
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(3/2)iX (3/2)=(3)s; &(2)s; &(1)s; &(0);:

Ty=2 | I, 8108, 31 I, 3LI5, 81

[3, 215 V3 V3

12, 2];; V3 —V3

Te=1 | I3, 31, =31 13, 3L13, 31 3, —3103, 31

B,y | V3 Vi Vi

2, 11, V3 0 -3

[1, 11 4/ (3/10) —Vi v/ (3/10)
T§'=0 ' [g; %]l[%, _g]J [%7 %]llgy _%]J [%) —%]1[%7 %]J [%) _%]t[%; g]]
{;, 8}11 4 (11/ 20) 4 (91/ 20) 4 (9/1 20) 4 (1/1 20)
{(1)1 8}3 V/©/20) ~V/2) =120 V/(9/20)
Te=—1 | 3,318, =31 3, 3L, =31 I3, =313, 3l
I3, —1l; Vi V3 Vi
[2, —1];; v 0 —+3
[1, —1l; 1/ (3/10) —V3 4/ (3/10)

Tr=—2 | [f —3E —3 B~ — 1)

[37 _Z]i.’i
[2, —2};

Vi Vi
Vi ~}

(3/2)iX(5/2);=(4)i; &(3):; &(2)i; &(1)4;:
T¢=3 l 3, 31:0(5/2), 31; 13, 3):0(5/2), (5/2)];
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[47 3]1'.7' \/% \/%
13, 3L Vi -3
Ty=2 B3, 311(5/2), 31; B3, 21:1(5/2), 1 3, —311(5/2), (5/2)];
14, 2;; \/(5/14) v/ (15/28) V/(3/28)
13, 2] —+/(1/12) —4/(5/12)
2, 2];; \/(1/7) —/(8/21) 1/ (10/21)
Tr=1 B3, 211(5/2), — 3, 311G/2), 5], % —311(5/2), 3], 3, —311(5/2), (5/2));
[4, 1] V/(5/28) v/ (15/28) v/ (15/56) \/(1/56)
13, 11,5 v/ (9/20) +/(1/60) —+/(49/120)
12, 1}; v/ (9/28) —+/(25/84) V/(1/42) \/ (5/ 14)
1, 11, v/ (1/20) —4/(3/20) 1/ (3/10) -3
T;=0 B, 311(5/2), — 13, 311(5/2), —3% —31:1(5/2), 31; 3 —311(5/2), 31;
[4, O] v/ (1/14) v (3/ 7) \/ (3/ 7) v/ (1/14)
3, 0] v/ (3/10) —+/(3/10)
12, Ol vV B3/T) —\/(1/14) —\/(1/14) V B/7)
[1, 01;; Vi —+/(3/10) v/ (3/10) —3
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Ti=—1 [3, $1:0(5/2), — (5/2)); [3, 31:0(5/2), =31, [3, —3LI(5/2), —3); [3, —3L1(5/2), 31
[4, —1]; 1/ (1/56) 4/ (15/56) 2/ (15/28) \/(5/28)
[3, —1]; Vi 1/ (49/120) —4/(1/60) —4/(9/20)
[2, —1]; \/(5/14) 2/ (1/42) —4/(25/84) 2/ (9/28)
[1, —1]; Vi —4/(3/10) 1/ (3/20) —4/(1/20)
Te=-2 [3, 31:0(5/2), — (5/2)); I3, —31.1(5/2), —3]; B, —3LIG/2), —3];

[4, —21; \/(3/28) 4/ (15/28) A/ (5/14)

3, —21;; v/ (5/12) v/ (1/12) -3

[2, —2]; 4/ (10/21) —4/(8/21) A/ (1/7)

Ti=-3 3, —311(5/2), = (5/2)); I3, —311(5/2), =31,

[47 —3111 \/% V%

[3, =31, Vi —Vi

Addition of more than two vectors may be performed in steps. For instance, for a system of one nucleon and

two pions,

(1/2)1X (1)sX (1)a= (1/2)1X { (2)54& (1) 34&(0)34}
={(5/2)1348(3/2) 134} &{ (3/2) 1348 (1/2) 134} & (1/2) 134,
where for instance (3/2)’134 differs from (3/2)134 by the fact that the isobaric spins of the two pions are parallel in

(3/2), but form a total pion isobaric spin 1 in (3/2)".
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The result of the previous calculation on the scattering of mesons by a single nucleon has been extended
to the case of multiple scattering by nucleons in nuclear matter. Methods familiar in the dispersion theory
in physical optics are used, and the index of refraction of meson wave has been formally calculated. The
absorption and diffraction scattering cross sections are computed and relation with the results of the recent

experimental observation is discussed.

I. INTRODUCTION

HE interactions of high-energy particles with

complex nuclei have been discussed theoretically
by several authors in the recent years. Fernbach,
Serber, and Taylor' considered nuclear matter as a
continuous optical medium characterized by an index
of refraction and an absorption coefficient with respect
to the incoming neutron waves. Recently a detailed
quantum-mechanical theory of the interaction of high-
energy w mesons with nuclear matter based on the
optical model has been given by Watson.? He introduced
phenomenological interactions for the scattering and
absorption of = mesons by individual nucleon into a
many-body Schrédinger equation and showed that the
solution of the equation has the structure of a multiply
scatter wave.

! Fernbach, Serber, and Taylor, Phys. Rev. 75, 1352 (1949).
2 K. M. Watson, Phys. Rev. 89, 575 (1953).

In this paper an attempt is made to discuss the
interaction of = mesons with complex nuclei in a manner
similar to that of Fernbach, Serber, and Taylor for
high-energy neutrons. While the index of refraction
there was obtained by simply ascribing a uniform
potential well for the nuclear matter, in our case we
pay a special attention on the calculation of the index
of refraction® by the methods familiar in physical
optics. We consider a nuclear matter of a large extent
and assume that the mesons with which we are con-
cerned are of sufficiently low energy that their wave-
lengths are large compared with the average inter-
nucleon distance.

For the scattering of a meson wave by the individual
nucleon we make use of the results of the previous paper
on the subject.* The fact that the nucleons within a

3See M. Lax, Revs. Modern Phys. 23, 287 (1951), for the
extensive literature on the subject.

4+W. W. Wada, Phys. Rev. 88, 1032 (1952). This will be referred
to as I. Also D. Feldman, Phys. Rev. 88, 890 (1952). :



