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THE INTERACTION OF /7-MESONS WITH NUCLEAR MATTER
K. A, Brueckner, R. Serber, and K. Mo Watson
Radiation Laboratory

-Department of Physics, University of California
Berkeley, California

y ABSTRACT

A number ofiekieriments relating more or less directly
to meson scattering and absorption are discussed and compared.
Because of the variety of experiments inter-related by such
- considerations, it is seen thet any model to describe meson
‘seattering and absorption will have to‘meetba corresponding
_number of conditions. In particular, the'absorption‘experiments.
of Panofsky and hie collaborators permit one to put a lower
limit on the absorption cross.eection for complex nuclei which
seems appreciablx larger than the expected scattering cross

section,
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THE INTERACTION OF #/-MESONS WITH NUCLEAR MATTER

K. A. Brueckneér, R. Serber, and K. M. Watson
Radiation Laboratory

Department of Physics, University of California
Berkeley, California

I. INTRODUCTION

‘Interactions of /’-mesons with nuclear particles have
been 6b$erVed”t6 include those which'produce"mesohs,vthose Which
absorb mesbns,'ana:thosé which'scattér'meSOhs. It has long
been recognized that from an experimental point of view these
processes are not independent, since, for instaﬁée, a meson
once’prOdﬁced'may be reabsorbed or SCattéred'Eefore“it can be
observed. However, becaﬁse'of‘the'obS§rvation’of competing
reactions and by the use of detailed balancing arguments to
relate inverse processés it is possiblé to establish more
profound relatioﬁships between these fundamental interactions.
Of particular interest in this connection are a series of
experiments by Panofsky .and his colléborgtors concerning the
absorption of mesons by some of thé‘lighter elements. By means
of these it is possible to establish relationships between
meson scattéring phenomena and the production,of‘mesonéﬁby
nuclear collisions and by »’(;rays, |

In the_course;ofshxming these phenomena, some interesting

implications concerning nuclear structure are obtained.



UCRL-1358

~h=

_'II° THE ABSORPTION>OF J7-MESONS  IN COMPLEX’NUCLEiﬁm;:jw
. When a charged Z‘qneson is absorbed by a complex nuéleﬁs,

A, the most probable process“isl
7 + A—> Star - ()

(When no "star“ is observed, presumébly only neutrons are . emitted
from the nucleu52° We deéignate'tﬁis‘process also as a stér,
hbwever°)  The absorpﬁipn of the meson releases on phe ofder of _
140 Mev of energy (the meson rest-energy), which must appear in
the form of kinetic energy -of the absorbing.nucl,,eons° To conserve
momentum as well as energy the absofptionimust be accqmpanied by

a high energy écattering of at leaét two hucleons° However, a
hard.scattering of only two nucleons seems far more probable thanv
a many pa;ticle séattering.event, since the energies involved.are :
considerably ;arger than nuclear binding energies. We thus
introdﬁce the hypothésis that‘the primary absorption event involves
a pair of nucleons and is the inverse of meson production in the

collision of two nucleons. That is, we have the basic mechanisms

7"+ p+n—m . (77, pn)
rimirs
7 pta—p (7", pn)
fg2mﬁn+? . , (Vt2®w

In eachvcase; the two recoil nucleons are left with a 4

~ kinetic energy of the order of 70 Mev apiece., Cbnéiderable
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excitation of the residual nucleué is expected as,fhese-two;
particles are tofn from their place in the structure of the .-
original. nucleus.. Further excitation of the residual nucleus is
expected as a result of subsequent'eéllisions of ‘the :recoil nucleons
with others in the nucleus,

The resﬁlts of Camacs-et.aIB, charge symmetry considerations,
and evidence oﬂtained by Bradner (unpublished, but quoted'préviouslyh)
indicate that the absorption of 77and 7~ mesons will be
similaf° We thué éénfihe-the arguments of ihé'presentiéection to
the abSOfbtion-Ef 7~ =mesons with thé understanding that the |
discuséioh épplies also to 7 7-mesons.

- The above model suggests that,we.write*ﬂhe cross section '+«

per proton for the absorption.of a 7  -meson in:the.nucleus: A . in

the form. Co ~

,l;c-[f +.A=>Star | = '/—70’[7;’-* D> 2n] f @
Z X

o
where cr’EVﬁ4° D-¢2n] is the cross section fbr the»prdcess*
ZVf-+ D —»2n, which has been obser*vedS° The factor'of proportion=
ality, /7 s 1s expected to depend on the energy iiberated in the
absorption and on the relative probggilities for the recoil
nucleons to undergo a hard scattering iﬁ the nucleus A -and in
de_uterium° To the extent that the kinetic energy of the meson
can be neglected comparedvto its rest energy, we can, and shall,

1

’r.z:a.ke"_/m7 to be a constant. Some care must be taken in the use of
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Eq. (1), since both the elementary orocesses (7 , p n) and (7_,’ 2n)
contribute to ‘thé process (38), while only (7, p n) is iriv’o’lv)e_d
in #~ + D—>2n., This seems to involve at most an adjustment of
- parameters and will be discussed further in Se_ction VI, where a
more complete theory of Eq. (1) will be developed. |
- - By detailed balancing arguments, c;'[??'m-f' D ‘?2an was

_ 6
" obtained in I.from the inverse reactions’:

— =27 2 2
G—{W.‘ =+ D=32n} iz 1. FL.,87(10). .em ] A[l-i' b \9/] .
Y - e
o4
. (2)
where \gr is the meson velocity in units of c. b represents
the ratio of meson P-state to S-state coupling for the process.,
Because of the short range of interaction implied, it was
assumed that higher angular momentum states are not important
until the meson kinetic: energy ‘becomes of the order of® its rest
energy. In writing Eq. (1), a small effect due to the center-

of-mass motion of-the two recoil nucleons is neglected.

The mean free path for absorption in the nucleus A is

then
;la = e VA i PR ' (3)
- 7z L o+ A—>Star|
z L J.A‘V\ . .
where VA = LT az A is the nuclear volume. Using Eq. (2),

3

we have
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A = 8, 8.6 1T )"%' W)
‘ r l'+ b Wy :

In I it was deduced that b = 8, although this value is
quite approximate. Evidence from meson production~experiments
suggests that b is probably at_leest this large. - Then choosing
b = 8 and for energies which are not too low, setting v < 1,

we have an approximate relation.

A =30 a . Wy

To determine the value of /7 ;‘we must appeal to experi-
ment 3 however, from an analysis quoted in I and based on the Chew-
Goldberger nuclear momentum distribution, it appears reasonaple
to expect /7 to be of the order of ten° |

It seems not unllkely that the elementary process (ZV p)
has a cross sectlon of the form (2), with perhaps a dlfferent |
numerical coefflclent (although it is known from the meson
production cross sections7 not to differ greatly from that for
the '(ZVE, p n) cross section), We assume that the effect of this

‘is 1ncluded in the deflnltlon of /F7
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III.‘ EVIDENCE DRAWNVFROM THE PHOTOAMESON'
<‘PRODUCTION CROSS SECTIONS

As was pointed out by McMillan and Mozley9 ,.thé nuclear
interaction of'mesons can be expected to modify the produgtion
crOSS'sections from complex nugléi. The most simple_example of
this is photé-méson produbtioﬁ. |

Let ﬁhe cross ségtion‘fqr_thé production of a positive
meson from a nucleus A be <rh‘ ‘Then we write S as

Sa

- :qu'i’fav’ - . B

where Z is the 'atomic number of A and g= is the production

P
cross section for é ffee proton. n represenﬁs the effects of
nuclear binding on the qross-séctioh and fa represents the '
fraction of mesons produced in A which are not reabéorbéd
before leaving A. Wé have

f 1.
Ta

Also, the effects of nuclear structure cén be expecﬁed‘to,decrease
the cross section (except very near threshold), so we assume

E 1.

. o _ o
On the basis of the model of Fernbach, Serber, and Taylor ,

~

fa can be expressed in terms of ‘aa on the assumption that

the cross section for absorption is much larger than that for
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scattering. We have .
= D.
Pa
£, = . e 7% a7
V) L
v
- ‘-’x T
= 3 11.-31+3 1+ x) e o (6)
2k © 2 |
X X X ~ .

where the integration is taken over the nuc‘lea.ir volume and D is

the distance the meson travels from the point at thch it is

produced to that at which it leaves the nucleus. x = )@ , where
"a
R = a A is the nuclear radius.
When x >> 1, we can write Eq. (5) as
SA Ay I3 2] 1 - S (5Y)
Z ~% [z | 273 »
As \q is not expected to show a uniform trend with A, we see
~1/3 : o
that _f‘_l should vary as A as long as the condition x>> 1
7 _ :
is satisfied. This is, indeed, the variation of ﬂ measured: by
. . Z
Mozley ? and by L&ttauer and Wa]_kerlo° ' These measurements indicate

that the Anl > dependencé is roughly valid for a series of
elements from lithium to lead. For a mean free path considerably
, ‘l.arger than the nuclear radius, fa:.z 1 aha S—ZA should be a
 constant. The fact that the curve giving’ E:Ii vs, A did not
“become constant for the lighter elements periits us to put an

- upper limit on Aa" Indeed, from Eq. (6) we esti‘matle. :

Ad ;‘:.YZaO; . : : (7)
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Measurements of the absolute cross sections and an'g\i:lar.'
- distributions of 7/",* -mesons from carbon and hydrogen by
Steinberger and Bishopll (these are in agreement with the cross

9

sectiohs of Mozley  and Littauer and Walker ") imply that

S = nf =1 o (e
_Z‘/T )la,.gr _ _)

for carbon, The assumption that )l

]

1 permits us to put a

lower limit on za: -

2

a

=2 a01 ° v ‘- | ’ o . (7')

© With the assumption that 2a 2 a s we have for carbon

fa = 0,5 and from Eq. (8) we obtain
) - o _ o (9)
If scattering of the mesons.within the nucleus is not
negligible, we can expect the mean distance traveled by the
mésqn in leaving the nucleus to be increased, which would permit
a somewhat longer mean free path for ‘absorption.
Measurements by Panofsky12 of the_photo—prbduction cross
section for thﬂwsons from a number of.elements show also the
dependence on A given by Eq. (5'). This suggests that the mean

free path for absorption of 7®-mesons is approximately the same

as that for charged 2’ -mesons.
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IV. ANALYSIS dF THE CAPTURE OF STOPPED MESONS IN7CARBON
'Panofsky, Aamodt , and Hadleys‘and more recently Panéfsky,‘
.Aamodt;, Crowe, and Phill‘ips13 have searched for the highfenergy‘;
1{'—raysvoriginatiﬁg from the absorption of stoppgd‘mesons'in‘ﬁ )
éarbon (the expefiments'haﬁe been repeated With aluminumvand
give éimilar results) by the reaction |
7)’%1“ A— hi.ghv energy ¥ -ray. I - (Ay)
_We. denote the transition rates-fof-processes (S) (see

\d
Section II) and (A ) by T, and TK‘, respectively. The observed

A

ratio of transition rates was found to be:

[

< ,015. - : | ' - (10)

: ra! 3
Sl PP

(Tr-rays of about 140 Mev energy were counted but an unknown
background made it necessary to quote only the inequality (10).)
" This is to be contrasted with the absorption in deuterium?, which

led to

(11)

]

.3. T
T

Here TD‘ and Tg. are the transition rates for the respective
prbcesses

74 D—>2n ()

7"+ D=2n+ X (") '



UCRL-1358

12—

To anélyze the meaning of relations (10) and (11), it is
necessary to consider in some detail thé mechanism of the,capture‘
and subsequent absorp@ibn of the mesén° For the case of deuterium
this'was treated in I,  The capture process in carbonvis more
complicated, but the ihitial‘stages have been studied by Fermi
and Teller]A; Since the meson almost certainly will not be
absérbed by the nucleus until it is well within the electronic
Kfshell'orbit,bwe cén confine our atténtion to the final stages
of the capture process considered-byv.these-a’ut.hors° Accdrding to
their analysié, for the meson radial quantuﬁ number,.n, greater
ﬁhan thrée,vthe meson will give up its energy to atomic electrons
‘by_dipole‘traﬁsitionso For n%< 3, radiaiive transitions will
predominate. Tﬁis estimate was:based on circular orbits for the
meson (high angular mohentum), so the actual.values of n for
which radiaﬁiVe transitions predominate may bé éomeWhat larger.

In ;ny case, the transitions being dipole transitions imply the -
angular momentum sel_ection rule A/ = £1. Thus for the meson.
to reach an S—staﬁe it must pass through a Pestafe° However; once
it reaches a P—state? electronic exéitatioﬁ can no longer compete
with radiation to an S-state (statistical considerations ﬁould
seem to imply that iﬁ is unlikely for the meéon to reach a P—state
until it is well within the electronic Kashell orbit). We élso
note thatvafguments of the sort made in I iﬁply that we need not
consider absorption as a probable process until the meson reaches

a'P—sfc,ate°
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We thus picture the meson as eventually reaching one of _A
the lower P-states (_say n< 6)\,, At this point the following
processes are most probabléﬁ absorptionito give a star (process,
(5)), absorption to give a ¥ -ray (process (Af)), or a radiative
tranéition té an S-state., If the latter event occurs,.then from_
the S-state either of the processes (s) and (Ay);will také,pléce;

.’in deutefium ﬁhe.absorptiOn rate frém'a P—State is‘too
small to compete effectively with radiation; In carbon this .is
not the case,vSince'thé radiative £réﬁsi£idns”vary as’ Z and
P-state ébéorptions‘as 26.' Indeed,‘bthef things being equal,
reference to the table of absorptioh rates in I indicates that
the absorption rate from a P-state for carbon should be about
twice the radiation réte (i.e., after increasing the absdrptioh’

2 .
rate in I by a factor of Z = 36.).

|-

We proceed to evéluate the ratio , of Eq. (10) in

-3
e

térms of the parameters, [ and b; of Egs. (1) and (2). For .
thisvpurpose,3let us suppose the meson reaches a P-state with .
radial quantum number n,. Let T;“ and Tp be. the respective .
absorption transition rates for processesv(ﬁr) and (S) from this
P-state. Let ,Ar be the radiative transitioﬁ rate to the S-state
with the quantum number n2,_'Let T: and ,TS be the. corresponding

" absorption transition rates from this state. Then the fraction

of absorptions by processes (S) and‘(&‘} are, respectively:
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AT+T+T{ A+T1 +71 17418
P p r p P s s
= | | (12)
< ¥ A T .
£ = P + : Ir. : : S. -
< R ¥ '3
_+
At T T AR TR T TE TS

We next evaluate the ratios of transition rates in
Eqs. (12) in terms of f7_and b. From Eq. (1), remembering

that only S-states are involved, we have

T ' ‘ 2
> polt

where TD;.is'defined in connection with Eq. (ll).and wZ =6 fdf v
‘carbon. ' ¢:2(O) and ¢EB(O) are the S—state>Coulomb wave
functionS’evaluated at the position-of thé'nucleus for carbon
andvdeuterium and having reSpeqtive radial quantum numbers
' n, and: n3°“

Again from Egs. (1) and (2), and recalling that b
represents the relative strehgth of the P—wave_andjS-ane

couplings, we have

: : 'nl C
T |he g, "
b = C :

TS

n2v
¢¢ _(0)

2

b . | (lL»').

2
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ln .
‘7¢c 1 (0)  is the gradient of the P-state Coulomb wave function
for carbon evaluated at’ the positibn of the nUciéus'ahd'haVing a
radial quahtum number n .

FOf the transition rates for absorption with radiation, we

have

¥

né: , : "A' o : :
:¢c (0) : z Y’ . (15)
n3 2 ' .
ol

s
¥
Tp

where N' 1is a factor giving the dependence of this ratio on
nuclear structure. Since thevprOCéss.is similar to photo-meson
production, we take q' té be~thg-fﬁtiq’ofjthe':nb(seé'ﬁq. (5))
for carbon to that for deutérium (déducgﬁiio be 2 in I). From

‘ » 3
Eq. (9), we then estimate 0 ', to be about unity.

To calculate the P-state‘absorption rate, .Tg.; a knowledge
of the relative strength of.S— and P;state~00gplings of the meson
to individual nucleons would‘be desirable, Because, however, of
the finite éize'of’thevnucleuS'this is not a Very important poirt.
We further note that the evidéﬁce from-the inverse process of
photomeson production suggests that the S-state couplings are most
important. We thus éssume,a coupling éntirelj to S—stétes.‘.(This
should ﬁot overestimate the transition rate. In virtue of theb
inequaiity (10); a lower limit is all that is really needed.)

1 4

Thus Tp' will be non-vanishing because of the finite size of the

nucleus. Writing the wave function as
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" N - a
,¢c-l, (rv) = r-V ¢c. (0)

for small r, we have T;- proportional to
1 |
v
e :
Ve

where VE is the nuclear vblume and Rc' ié its radius. Then

2

2
R
c

o | 2 . R '
r -V ¢¢n1 (0) I Croz 1|V g Ho)

(16)

.we.have
£ M 'lz o . o
D %Ri Vi ©] -
Ty g2 |

Referring to Egs. (1) and (2); we write

T = 1Tp N Y A  (18)

(o] . . B , .
Here T 1is the value that T  has when b zoo, /7 = 1.

p p

o
We can thus identify T with the transition rates of the table
p |
in I, corrected by a factor of Z = 36. Reference to this table
implies
0 , , ‘
p = r~2 - . (19)
Ar ' o ' - o

Combining relations (13), (14), (15), (17), and (19) with

(11), we obtain from Egs. (12)'3 rééﬁltvihdependent of the radial
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states nl; n,, and ng and thus valid for the total transition

A - £
Lo %
TA

1]
Wi
1~
LI 1
-
tijo
{op
_
|
__-l-
ST
d\
-1
+
\-:_._.a
N
o~
A
(]

=

Taking V' = 1, r=2,b=8, weare led to
[ Z 6.4 (21)
Combined with Eq. (4!') for the mean free path, we have

A £ L4.7a o (22)

a o
which is quite consistent with Egs. (7) and (7'). This upper

limit is not entirely rigorous, however, due to some uncertainty

in q’

be much greater than that given by Eq. (22).

and. b. However, it seems that the value of ’Za cannot
The importance of the present experiment is in its—_
separation of the effects of meson absorption from scattering.
On the basis of meson ﬁheory (Eq. (26), below), the scattering
cross section is éxpected to be considerably less than ﬁhe
lower limit on the absorption crogs secti&ﬁ given by Eq°'(22);v

It would thus appear that multiple scattering of a meson within
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within a nucleus is imprbbable since the meson is more likely to -
be absorbed.

Combining_the evidence obtained in the préseﬁﬁ éection
with that obtained fromvphoto-mesqpvp?odgctiqn inythe preceding
section, it éeems reasonabie tq expect the value bf 'Zaﬁ to be

approximately 2 to 3 a,
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V. DISCUSSION OF FURTHER EXPERIMENTAL RESULTS

'Thére is evidence that mesoﬂs are scattered in cgllisions
with individual nucleons as well és absorbed., . This suggeéts that
we intrqduCe a mean free path, zs ,"fo? thg scaptering‘of a
meson in nuclear matteﬁ@_ The.mean free path, 7}, for a nuclear

interacﬁion isvthen
+ L | (23)

"~ The scattering of mesons by nucleons is known to be of two
types, simple and charge exchange, which are illustrated by the

respective processes:
7+ PP FV
7"+ p—n +7°
The only available evidence on the magnitude of the charge
exchange scattering cross section is obtained from the measured
absorption of # mesons in hydrogen, as done by Panofsky, Aamodt,

and Hadley5° They found that the ratio of transition rates for

the processes

7 +p—nt ¥ (P9

O
7 + p—mn +7° _(pﬂ )
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is

T » ~ 1
T .
p™

The process (p‘) is the inverse of‘photo—meson production, '

so the transition rate T . ‘can be calculated from detailed

p
balancing arguments. From this we can obtain the charge-exchange

.scattering cross section for low energy mesons:

cr(%Vzr p—>n 4-#9]

o—[;rc’+ n—7 + p]

Here AN is the 727 - ZVD minus the neutron-proton mass

l. » :
11 27 2
[n gAMzcz]z 1.4(20) T en
- | o

Nl

- =27 2
1.4(10) em .

[ epe]
n

(24)

difference. 57_, and 876‘ are the respective 7~ and »°
kinetic energies. The necessary numerical.detail to deduce
Egs. (24) has been given elSewherehg These expressions are
valid only fér low energy mesons.

A direct measurement of‘the'total\cross section for
scattering of 85 Mev 'ZVF—mesons by protons has been made by
Chedester, Isaacs, Sachs, and.SteinbergerlS? Tﬁey found

(1.33 2 °11)(1o)“26cm2, (25)

<7+ p] |
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Comparison with Eq. (24) suggests that the sCétterihé*éroésﬁ
section may increase with energy between low energies and 85 Mev,
Such a conclusion is in agreement withvthe conclusions drawn from
pseudoscalar meson theory with pseudovector couplinglén' The
cross section is

o = % m%c)z_qz_,_’ e 28
EZ/Mz
q
where q 1is the meson momentum, Eq is its total energy, and
2 is its rest mass. The value of gzcz 0,15 deduced from the
photo-production 6f Zfﬂ;mesons in hydrogenll, leads to a cross
section only 1/A4 as large as that given by qu (25), however.
A study of éxperiments by Camac, et alf and by Shapirol7

concerning the scattering of mesons by carbon has been made by

18
Bethe and Wilson . They deduce that
2 —201-1— aO ‘ . ) (27)

(see Eq. (23)). They present further evidence that the elementary
scattering cross section may be considerably less than the value
quoted in Eq. (25)--although this larger value seems to be in
somewhat better agreement with the ekperiments of Skinner and
. 19
Richman .
If we accept the value (25), we can estimate the scattering.

mean free path,  25 5 to pe<0

13 pe T o6 a, - - (29)
e |
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From Eqs. (23) -and (27) we would then have

[

»)aﬂ_/_-hao,.. - : | S ‘(%9):

This value is not in disagreement with the absorption experiments
(eq. (22)), but appears a little too large to account for the

photo-meson production experiments (Eq. (7)),



UCRL-1358

-23-

VI. THE MECHANISM OF MESONIC ABSORPTION IN COMPLEX NUCLEI =~

In accordance with the model probosed in Section II, we
shall examine the consequences of the hypothesis that meson
absorption in nuclear matter takes place by a mechanism that is
the inverse of meson production in free nucleon-nucleon.
collisions., We suppoée a pair of nucleons to participate
directly in the absorption,event, These nucleon§ are_expected
to récoil with an energy of.relative motion which is of the order
of the meson reétlenergy (i.e., of the order of 70 Mev apiéce)°
As§£ﬁese particles are ejected from their place in the structure
of the initial nucleus, we may expectvconSiderable excitation of’
the residual nucleus. There will in génerai be further
exéiﬁatioﬁ of‘thé résidual nucleus  due to:éubsequent'SGatteriﬁéé'
of the fast particles with others'in the nucleus. We shéll‘ﬁot
concerr ourselves with these latter events, as we are {nterested
only in thé total absorption rate;

To describe the absorptioh we shall employ-éhevR=mafrii
formalism used by Watson and Brueékner"21 to describe meson
production, That‘is,.the transition amplitude for the a%sofption

of a meson by two nucleéns (ail describea by plane waves) is
- o v— ! [ (.
R= (IR |p,q) §G+a-3. . (30)

Here p‘:ﬁ 13@“ ¢ ' is the relative momentum of the nucleons after

absorbing the meson, ;3' is théir'relative mbmentum before
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absorbing.the meson, fyr- is the relative momentum of the meson

and the center-of-mass of the two nucleons. Ej and E)'represent

the total momentum of the two nncleons before and after the meson

is absorbed and g;‘ is the meson momentum. We assume the kinetic

enérgy of the meson to be neglected in comparison with its rest-

mass energy and the initial nucleons to be slow. To within terms
L _ e o :

of relative order (/u/ZM), . = q /0/21419).

Transforming R to coordinate space, we have’

R @ R 5. S -x-pagop)
| (31)-

where r and E) are the relative coordinates of the two
nucleons before and after the absorption, X, and z; are the _:
center—of—mass coordinates of the nucleons before and after the
absorption, and Z, is the meson‘coordinate.

As descrlbed in I, the momentum transferred to the nucleons,
of order p, suggests that the absorption takes place with the_ o
parbicles separated by a distance of order 'ﬁ/b , whlch is
considerably less phan the range of nuclear forces., This snggests
a zero range approximation, which was used by Watson and Brueckner .
If bhe nuclear forces are singular at small distances, tne Zero
fange'approximation is inapplicable, so instead we follow the
arguments of Brueckner, Chew, and Hart22. That is, for R

operating on a bound state wave-function, 9U(r), we write,

Pomer - @ ), -p ¥e,) o
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HereJ'QE;‘l R" |, z- x) is independent of I~ and . is a
distance of order /ﬁ/p.'-Forna"non—singular‘potential,f ravn*canv

be set equal to. gzero.

| | In accordance with the notions developed in I, we split
R? into two parts, representing  S- and P+state-interactions- :
with the meson. |

B = (g |8 [ >

PRI e N P P
Y

(33)
Because of the>short rangesiinvolvéd;Awé can aéSumé:only S-state
interactions with the nucleons in the initial state (from:the
analysis of Watson and Brueckner21 this seems:substantiated to a
goba approximation). | ’ o B

' To calculate the absorptibn rate, we assume that R is N

the absorbing mechanism in the nucleﬁg A°. f;;‘éimpli¢ity, wetégﬁll
aésume the meson to be bound in a.Coulomb S-state and tﬁat A is
small enough that the mes6ﬁ'§aVe fuﬁction has‘anb6n5£an€ value,
¢o’ ovér the volumé of the nucleus. Then thé'ﬁransition amplitude

for the absorption is
oy = &, Wr s RAD, S (34)

where.. 9% and f y% are;thg igitial and’final nuclear wave
functions, respectively.
We describe the two recoil nucleons by plane waves and

because of their high energy negiect exchange effects between

2
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them and those in the residual nucleus. Then,' if the coordinates
of the particles in the initial nucleus are By XpseooXys Wer

shall suppose for the moment that the nucleons with coordinates -

A1 and. ’52 absorb the meson .and recoil. In terms oi‘;. these

coordinates we introduce the following -

X Pt .]___ 3 i = 1 E X
~ ~] ~~ — ~1
A A-2 5.3

= x. - X (i_=.l,‘2,°o,A—1)

’?’]!_ = ’}\C’..L -’\XJ (1 = SQ-A’oooA“‘l)
Dz XXy X = :1_.2_7_2. , (35)
Then the wave functions become
o i
% = 1 \71/ (Zl’ ZprencZy l)
: 3 3/2 A
3527 .
, o iper iGex! 1iKX ., = . '
y/ = . 1 e VN g ™~V e"”‘/yj(z',z',},”z‘ )
I F F 37~ Ml

 (36)

where b3 is the relati\fe momentum of the two recoil nucleons s E’/
is their total momentum, and X, is the momentum of the recoil

. L ] . - L ) , ’
nucleus. 90); ang }UF are the wave functions of the initial and
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’

residual nuclei, respectively, normallzed with respect to 1ntegx‘atlons

1
over the 2, and ,~ZJ coord:.nates. %& and WF are normallzed
3

with respect to a volume element dBJL_L. o odxg f‘arid Ja , J Ao are

defined by the transformations

e

dﬁ s00 dxA haad JAdXd 1.00 dzA—l

S T T 3.3 POrdd, 4
Py @xy = Gy, O Exy $X Ly oy

N TATRETR L BT T T S ¥

We haje JA A 3 JA-2_(A'2) e e et e

We can neglect the small contrlbutlon of the term 1nvolv1ng

Rt

R2 1n Eq. (33) tO Eq. (31+)

Let us deflne

elmlnz 2 Jo @ nlsle-»
(21> |

R
o

e e-l G (g_ -,}\g)/N/ZM' d3r' 435
where the ;ieioéi'i‘ée‘r;cde ;n; G 1s néglectedduetothe éssumed short
range of the interaction and the smallness of /J/ZM

Theh Eq. (34) becomes ln i i o i cin ot

. | SRAN AR 1 ~°39 «i E’;& AR E A R
FA 1 ¢o L © e'% _ ’

@’ e T

o
1]

o PRyt

}UF (Z 1 1)(1f>| R, \ £ y’(,gl:;.z §d xl,,,dg”xA
g(,q,+.§) " - (39)
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cowhere o o i T i ST T

Consistent vd.th our assumption that most of the meson rest_
energy goes :!.nt.o the relative motion of the two fast nucleons 5 We
.sha.ll use a partial closure approximation to evaluate the tot.al
absorption rate., That is, we set p = '\r— c and sum over the’

states, F, and the momentum’ G. After some algebra R we obta:.n_

de:G-Z '“Hd.: ,2 .i: o DI AT
, “F FA' - '

2 i
e’ £\ @, 2z, Zyoee By ) BB (2)

N
1]

' 3 3 3 .3 3
%(2: Z :B’."_ﬁl—l) d’u d zrc_i Zd By wee d-;zA-—l |

P N ¢ B B
where u and 2, are (’\z‘1 -32) and | 2z ‘.31';32 .. Using
the relation (32), this reduces to '

1= e | ) | (42)

where .-P('?’a.v)A is t,hesprobepility‘ of finding the two absorbing
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nucleons at a distance 'zav apart in the nucleus * 4 and
2 . '
lRlI "is a constant.
For the capture in deuterium, one ‘would have

D 3 2 2
To= Mg LY o R 2

., D ' . '
where PD anv) is the probability of finding the neutron and

proton at a distance ng ‘in deuterium. Presumably, ng-ﬁfz

av
and both can be ‘set equal to zero .if the forces between élementary
particles are not singular at close distances of approach.:

“For the capture of a meson in'flight_there will also be-

P-state capture (the term R_ in Eq. (35)). Then to the

2
approximation that the meson kinetic energy can be neglected - -

compared to its rest-energy, I in Eq. (42) is modified to become
3 2
1= e |x |2[1+b9,54.?<z>- W
1 - 426G ~av’

where d' is the meson momentum and b represents the'relatiée‘
strength of the S- and P-state meson coupllngs (see Eq. (2))
Eq. (43) will be s1m11arly modified. |

We must now consider the various possible means-of -
aﬁséfpﬂion. For a % -meson, we have the processes given in

Section IT:
#+n+p=—2n  (#7,pn)

"+ p+p—rneop (7™, 2p)
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As.argued above, we can assume the reaction.to occur.from.
an initial S-state of the nucleons. Then for, the capture of‘the;
meson from a P-state we have the transitions (permitted by. angular

momentum and parity conservation, cf., reference (21)). -

for the hﬁcleon:statés; For the capture ffom.an‘s-state of the
‘meson;, we know from-the-deut_érium-capturé5 (séé.I)»that,a triplet
—> singlet transition;accoﬁnts for a ansiderable fraction of
the total fransition‘réte° ‘I we neglect small effects from a
bossible singlet—» triplet absorption from'a meson S-state; we -
can evaluate the:total transition rate due to.process (77 ,p n)
in'the hucleusivA on the assumption of a statistical distribution
of spin and parity sﬁates of the neutrons and pi‘otoris° Since
then only 3/4 x l/2>’=: 3/8 bflthe‘neutrbhs’and protons will have
triplet spin and even‘parity, we have, on summing I over neutronf

proton pairs

N

S e Y - 2
Y L A LICHED

Here Rl(np,_t-ﬁés) is the appropriate R, for n-p absorption..

1
‘'with a triplet —»singlet spin.transition.
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.Since.the same spin transitions‘occur for the absorption
in deuterium, we have again the.samé value of lRi.|2':vand‘_B;{ 

Foruprocesslfﬂﬂu 2p), we have a'sihglet——,triplet«spin“
transition for both meson S- and P-states. Statistically,. 1/A4 of
the proton pairs will be in a singlet state. However, a factor
of 3 is obtained relative to Eq.t(AS)‘in performing‘the sum over .
the final triplet subStates. "Thus, summing over proton pairs, .

we replace_
3/8 z(A-Z) by 3/h 2(Z-1)
| : | 5=

in Eq. (45). We can expect now a different value for ' lRl’l , b
and P(zav)" waever, since the‘corresponding_productionrcrosé
sedtions seem to be of the same order of magnitude, we caﬁ probably
choose | Rl| and b to be the same for processes :(ZVPf{ P n)‘
and (Z#., 2p) without being greatly in error. For purposes of
argument, we shall also set P(zév) -equal -for both'processes,v

We can then write the absorption cross section per proton as

_Q‘Er- + A-—?Star]  =,, _(_2708 oM [_3_ (A-2)4 g(z-.l)]
Z o 2y |8 8 .

\Rl |2 [1.+ b/ﬁil P(%;V): ,

where M is the nucleon mass.,

(46)

'Téking the ratio to the absorption cross section for

deuterium, we have
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o
[ o]

, = /Tl ff’[% (& = 2z) + 5@ - 1)] —£~a§l;'
0'[7}’_-}- D—-)Zn] Coe . D(,%av)
(47)

- Our choice of statistics in the nucleus is not so- .
- arbitrary as might'be thought, sinée it amounts primarily to a
choice of normalization of - P(z, )«
. . .
| To further interpret fP(Zav) and PD(Zav)’.we set
D .
b - 0. ’I‘hen

av
P(o) - l%(O)l

where }U(O)’ is the deuteron wave function for zero s'éparatiéh

‘of the neutron and proton° P,(0) 1is just the probability of

flndlng them in contact We write
P(z ). = _£ o , o (n8)

ws, o

-3 0 o , S L

or a correlation factor divigied by the r;uclear volume., f = 1

would correspond ‘to random spacing of particles in a bo'}'ch”o;f

23

nuclear volume. Using the Chew-nGoldberger ~ wave function for

the deuteron, we have

_E(Zav) = .82 f - , ~. (49)
P, (0) A S

For cl? F becomes (Eq. (h7))

"/'l = 281,
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Choosing the reasonable value /flfsﬁ 10, we have
f ~ 350 o (50)

This would seem to.indicate a reasonably strong degree
.of correlation in nuclear structure. Such a conclusion appears
‘quite compatible w1th the evidence presented by several authors

,from high energy p-p Scatteringzhf 25

for strong nuclear
interactions at close distances. It is also compatible w1th the
‘evidence concerning nuclear structure which was given by Chew
‘and Goldberger23 on the ba51s of York' 26 measurement of high
'energy (n-d) processes (see also the discuss1on in I on this
point). | |

The analysis of ﬂf*-absorption can be carried throuéh in
the same manner; As mentioned in Section II, we have reason to

expect the absorption of rt ‘and ﬂ/ ‘mesons to be 51milar
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