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The Interaction of ~-Mesons with Nuclear Matter
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A number of experiments relating more or less directly to meson scattering and absorption are discussed
and compared. Because of the variety of experiments interrelated by such considerations, it is seen that
any model to describe meson scattering and absorption will have to meet a corresponding number of condi-
tions. In particular, the absorption experiments of Panofsky and his collaborators permit one to put a lower
limit on the absorption cross Mction for complex nuclei which seems appreciably larger than the expected
scattering cross section.

I. INTRODUCTION
' '

NTERACTIOXS of x-mesons with nuclear particles
~ - have been observed to include those which produce
mesons, those which absorb mesons, and those which
scatter mesons. It has long been recognized that from
an experimental point of view these processes are not
independent, since, for instance, a meson once produced
may be reabsorbed or scattered before it can be ob-
served. However, because of the observation of com-
peting reactions and by the use of detailed balancing
arguments to relate inverse processes it is possible to
establish more profound relationships between these
fundamental interactions. Of particular interest in this
connection are a series of experiments by Panofsky
and his collaborators concerning the absorption of
mesons by some of the lighter elements. Sy means of
these it is possible to establish relationships between
meson scattering phenomena and the production of
mesons by nuclear collisions and by p-rays.

In the course of studying these phenomena, some
interesting implications concerning nuclear structure
are obtained.

II. THE ABSORPTION OF m-MESONS IN
COMPLEX NUCLEI

When a charged x-meson is absorbed by a complex
nucleus, A, the most probable process is'

~+A~Star. (S)

(When no "star" is observed, presumably only neu-
trons are emitted from the nucleus. ' We designate this
process also as a star, however. ) The absorption of the
meson releases on the order of 140 Mev of energy (the
meson rest-energy), which must appear in the form of
kinetic energy of the absorbing nucleons. To conserve
momentum as well as energy the absorption must be
accompanied by a high energy scattering of at least

Now at Indiana University, Bloomington, Indiana.
f Now at Columbia University, New York City.
'Menon, Muirhead, and Rochat, Phil. Mag. 41, 583 {1950);

F. Adelman, Ph.D. thesis, University of California (1951).
~ S. Tamor, Phys. Rev. 77, 412 (1950).

two nucleons. However, a hard scattering of only two
nucleons seems far more probable than a many particle
scattering event, since the energies involved are con-
siderably larger than nuclear binding energies. %'e thus
introduce the hypothesis 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

s +p+n~2n
7r +2p+n+ p- (s.—,pn)

(s.-, 2p)

s++p+n —+2p
s'++ 2n~n+ p

(s.+, pn)
(or+, 2n).

'Camac, Corson, Littauer, Shapiro, Silverman, Wilson, and
Woodward, Phys. Rev. 82, 745 (1951),and private communication
from Professor R. R. Wilson.

43rueckner, Serber, and Watson, Phys. Rev. 81, 575 (1951).
This paper will hereafter be referred to as I.

~ Panofsky, Aamodt, and Hadley, Phys. Rev. 81, 565 (1951).

In each case, the two recoil nucleons are left with a
kinetic energy of the order of 70 Mev apiece. Consider-
able excitation of the residual nucleus is expected as
these two particles are tom from their place in the
structure of the original nucleus. Further excitation
of the residual nucleus is expected as a result of sub-
sequent collisions of the recoil nucleons with others in
the nucleus.

The results of Camac et ul. ,
' charge symmetry con-

siderations, and evidence obtained by Bradner (un-
published, but quoted previously') indicate that the
absorption of m+ and ~- mesons will be similar. We thus
confine the arguments of the present section to the
absorption of x mesons with the understanding that
the discussion applies also to m.+ mesons.

The above model suggests that we write the cross
section per proton for the absorption of a x meson
in the nucleus A in the form,

(1/Z)&rLs. +A-+Star)=I'aLs. +D—+2n), (1)

where o Ls +D—&2n) is the cross section for the process
x +D—+2n, which has been observed. ' The factor of
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Z(1/Z) o[pr +A~Star]
(3)

where V.p=(4n/3)ap'A is the nuclear volume. Using
Eq. (2), we have

89.6 (1+~~b)o
X,=up

I' 1+be ' (4)

In I it was deduced that b~8, although this value is
quite approxima, te. Evidence from meson production
experiments' suggests that b is probably at least this
large. Then choosing b=8 and for energies which are
not too low, setting ~ 1, we have an approximate
relation

X,=30ap/I'. (4')

To determine the value of F, we must appeal to
experiment; however, from an analysis quoted in I
and based on the Chew-Goldberger nuclear momentum
distribution, it appears reasonable to expect F to be of
the order of ten,

It seems not unlikely that the elementary process
(pr, 2p) has a cross section of the form (2), with per-
haps a different numerical coeKcient (although it is
known from the meson production cross sections' not

6 Cartwright, Richman, Whitehead, and Wilcox, to be pub-
lished.

t We have for simplicity replaced p/pc I,'p the meson momen-
turn) by e in these formulas.' C. Richman and H. A. Wilcox, Phys. Rev. 78, 496 (1950}.

proportionality, I', is expected to depend on the energy
liberated in the absorption and. on the relative prob-
abilities for the recoil nucleons to undergo a hard scat-
tering in the nucleus A and in deuterium. To the extent
that the kinetic energy of the meson can be neglected
compared to its rest energy, we can, and shall, take F
to be a constant. Some care must be taken in the use of
Eq. (1), since both the elementary processes (pr, ppp)

and (pr, 2pp) contribute to the process (S), while

only (pr, pg) is involved in pr +D~2N. This seems to
involve at most an adjustment of parameters and will

be discussed further in Sec. VI, where a more complete
theory of Eq. (1) will be developed.

By detailed balancing arguments, o[pr +D—+2pp]

was obtained in I from the inverse reactions

o[s +D~2pp]
= (1/p, )[1.87(10) "cm'][1+bp,']/(1+ p'b), (2)

where p, is the meson velocity in units of e.t The ratio
of meson P-state to 5-state coupling for the process is
represented by b. Because of the short range of inter-
action 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

to differ greatly from that for the (pr, pn) cross section) .
%e assume that the effect of this is included in the
definition of I'.

III. EVIDENCE DRAWN FROM THE PHOTOMESON
PRODUCTION CROSS SECTIONS

As was pointed out by McMillan and Mozley, ' the
nuclear interaction of mesons can be expected to modify
the production cross sections from complex nuclei.
The most simple example of this is photorneson pro-
duction.

Let the cross section for the production of a positive
meson from a nucleus A be Og. Then we write 0~ as

o A/Z =
Yf 0pf~,

'

where Z is the atomic number of A and o~ is the pro-
duction cross section for a free proton. q represents the
effects of nuclear binding on the cross section and f,
represents the fraction of mesons produced in A which
are not reabsorbed before leaving A. We have

Also, the effects of nuclear structure can be expected
to decrease the cross section (except very near thresh-
old), so we assume

On the basis of the model of Fernbach, Serber, and
Taylor, ' f, can be expressed in terms of X, on the as-
sumption that the cross section for absorption is much
larger than that for scattering. We have

f =1/Vg e
—D~".dr

~v

=3{(1/2)(1/x) —(1/x')+ (1/x') (1+x)e
—*I, (6)

where the integration is taken over the nuclear volume
and D is the distance the meson travels from the point
at which it is produced to that at which it leaves the
nucleus. x—=2E/X„where E= apA & is the nuclear radius.

When x»1, we can write Eq. (5) as

og/Z sop[-,'X./op]A &.

As g is not expected to show a uniform trend with A,
we see that op/Z should vary as A & as long as the con-
dition x))j. is satisfied. This is, indeed, the variation
of oz/Z measured by Mozleys and by Littauer and
Walker. " These measurements indicate that the A &

dependence is roughly valid for a series of elements
from lithium to lead. For a mean free path considerably
larger than the nuclear radius, f, 1 and o~/Z should
be a constant. The fact that the curve giving o~/Z ps A
did not become constant for the lighter elements per-
mits us to put an upper limit on X,. Indeed, from Eq. (6)
we estimate

X &2ap.

R. F. Mozley, Phys. Rev. 80, 493 (1950).' Fernbach, Serber, and Taylor, Phys. Rev. 75, 1352 (1949}.
' R. M. Littauer and D. Walker, Phys. Rev. 83, 206 (1951).
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).& ao. (7')

Kith the assumption that X =2ao, we have for car-
bon f,=0 5and . from Eq. (8) we obtain

2'fl—3 ~

If scattering of the mesons within the nucleus is not
negligible, we can expect the mean distance traveled
by the meson in leaving the nucleus to be increased,
which would permit a somewhat longer mean free path
for absorption.

Measurements by Panofsky" of the photoproduction
cross section for mo-mesons 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 mo-mesons is approximately the same as that for
charged m-mesons.

IV. ANALYSIS OF THE CAPTURE OF STOPPED
MESONS IN CARBOÃ

Panofsky, Aamodt, and Hadley' and more recently
Panofsky, Aamodt, Crowe, and Phillips" have searched
for the high energy y-rays originating from the absorp-
tion of stopped mesons in carbon (the experiments have
been repeated with aluminum and give similar results)
by the reaction

~ +A-+high energy y-ray. (A')

We denote the transition rates for processes (S) (see
Sec. II) and (A&) by Tg and T~&, respectively. The ob-
served ratio of transition rates was found to be

Tg ~/Tg (0.015. (10)

(y-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

Tn&/Tn 3/7——

Here TD and TD& are the transition rates for the re-
spective processes,

x +D~2n
s +D 2N+y

"J.Steinberger and A. Bishop, Phys. Rev. 78, 494 (1950)."Panofsky, Steinberger, and Steller, to be published.
"Panofsky, Aamodt, Crore, and Phillips, private communica-

tion.

Measurements of the absolute cross sections and
angular distributions of x+ mesons from carbon and
hydrogen by Steinberger and Bishop" (these are in
agreement with the cross sections of Mozley' and
Littauer and Walker" ) imply that

(~~/~)/~~= ~f.=s

for carbon. The assumption that q=1 permits us to
put a lower limit on X,:

To analyze the meaning of relations (10) and (11),
it is necessary to consider in some detail the mechanism
of the capture and subsequent absorption of the meson.
For the case of deuterium this was treated in I. The
capture process in carbon is more complicated, but the
initial stages have been studied by Fermi and Teller. "
Since the meson almost certainly will not be absorbed
by the nucleus until it is well within the electronic
E-shell orbit, we can con6ne our attention to the 6nal
stages of the capture process considered by these au-
thors. According to their analysis, for the meson radial
quantum number, n, greater than three, the meson will
give up its energy to atomic electrons by dipole transi-
tions. For n&3, radiative transitions will predominate.
This estimate was based on circular orbits for the meson
(high angular momentum), so the actual values of I
for which radiative transitions predominate may be
somewhat larger. In any case, the transitions being
dipole transitions imply the angular momentum selec-
tion rule b,/=~1. Thus for the meson to reach an
S-state it must pass through a P-state. However, once
it reaches a P-state, electronic excitation can no longer
compete with radiation to an S-state (statistical con-
siderations would seem to imply that it is unlikely for
the meson to reach a P-state until it is well within the
electronic E-shell orbit). We also note that arguments
of the sort made in I imply that we need not consider
absorption as a probable process until the meson
reaches a P-state.

%e thus picture the meson as eventually reaching
one of the lower P-states (say, m&6). At this point the
following processes are most probable: absorption to
give a star [process (S)], absorption to give a y-ray
[process (A~)), or a radiative transition to an S-state
If the latter event occurs, then from the S-state either
of the processes (S) and (A&) will take place.

In deuterium the absorption rate from a P-state is
too small to compete electively with radiation. In
carbon this is not the case, since the radiative transi-
tions vary as Z4 and P-state absorptions as Z'. Indeed,
other things being equal, reference to the table of ab-
sorption rates in I indicates that the absorption rate
from a P-state for carbon should be about twice the
radiation rate (i.e., after increasing the absorption rate
in I by a factor of Z'= 36).

We proceed to evaluate the ratio, T~&/T~ of Eq. (10)
in terms of the parameters, I' and b, of Eqs. (1) and (2).
For this purpose, let us suppose the meson reaches a
P-state with radial quantum number n&. Let T~& and
T„be the respective absorption transition rates for
processes (A~) and (S) from this P-state. Let A, be the
radiative transition rate to the S-state with theq uan-
tum number n2. Let T,& and T, be the corresponding
absorption transition rates from this state. Then the
fraction of absorptions by processes (S) and (A&) are,

'4 E. Fermi and E. Yeller, Phys. Rev. 72, 399 (1947).
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respectively,

Ty A„ Te
+ 7

A,+T~+T„» A,+T„+T~» T,+T,»

(12)
Ty'

+
A,+T,+T„» A,+T„+T„»T,+T,»

Te

%e next evaluate the ratios of transition rates in
Eqs. (12) in terms of I' and b From. Eq. (1), remember-

ing that only 5-states are involved, we have

14."*(0)
I

'
Zr,

T. l~."*(0)I'
(13)

(1/V.)JI I
r Vy.™(0)I'd'r=)lory '"'(0) I'E ' (16)

where Tn is defined in connection with Eq. (11) and
Z=6 for carbon. p,"'(0) and pn"'(0) are the S-state
coulomb wave functions evaluated at the position of
the nucleus for carbon and deuterium and having re-
spective radial quantum numbers m2 and N3.

Again from Kqs. (1) and (2), and recalling that b

represents the relative strength of the I'-wave and
5-wave couplings, we have

T./T*=(l (&/I ~)~4.™(0)I')/(I 4."'(0) I')b (14)

Vp, '"&(0) is the gradient of the P-state coulomb wave
function for carbon evaluated at the position of the
nucleus and having a radial quantum number nj.

For the transition rates for absorption with radiation,
we have

T, /T:=(I@,"(0)
I )/(I@."(0)

I )z&, (ls)

where g' is a factor giving the dependence of this ratio
on nuclear structure. Since the process is similar to
photomeson production, we take q' to be the ratio of
the g Lsee Eq. (5)] for carbon to that for deuterium
(deduced to be x3 in I). From Eq. (9), we then estimate
p', to be about unity.

To calculate the E-state absorption rate, T~&, a
knowledge of the relative strength of S- and E-state
couplings of the meson to individual nucleons would be
desirable. Because, however, of the 6nite size of the
nucleus this is not a very important point. %'e further
note that the evidence from the inverse process of
photomeson production suggests that the S-state coup-
lings are most important. %e thus assume a coupling
entirely to S-states. (This should not overestimate the
t,ransition rate. In virtue of the inequality (10), a lower
limit is all that is really needed. ) Thus T„» will be non-
vanishing because of the 6nite size of the nucleus.
%'riting the wave function as

~.'" (r)=r ~ ~~.'" (0)

for small r, we have T~& proportional to

where V, is the nuclear volume and E, is its radius.
Then we have

I
qy in|(0)

I

2

=-'E 2

T"
I y."'(0)

I

'

Referring to Eqs. (1) and (2), we write

(17)

T„'/A „=r2. — (19)

Combining relations (13), (14), (15), (17), and (19)
with (11), we obtain from Kqs. (12) a result inde-
pendent of the radial. states n~, e2, and ea and thus
valid for the total transition rates:

f
TQ» f»

7 r Lr(b/4+b)Lr+(3/7)~'3+1j )67.0. (20)
3 &' (1.05./4+b) Lr+ (3/7), 'j+1

Taking g'= i, r= 2, 6=8, we are led to

r&6.4. (21)

Combined with Eq. (4') for the mean free path, we
have

) &4.7ao, (22)

which is quite consistent with Eqs. (7) and (7 ). This
upper limit is not entirely rigorous, however, owing to
some uncertainty in q' and b. However, it seems that
the value of ), cannot be much greater than that given
by Eq. (22).

The importance of the present experiment is in its
separation of the e6ects of meson absorption from scat-
tering. On the basis of meson theory LKq. (26), follow-

ing), the scattering cross section is expected to be con-
siderably less than the lower limit on the absorption
cross section given by Kq. (22). It would thus appear
that multiple scatter of a meson within a nucleus is im-
probable since the meson is more likely to be absorbed.

Combining the evidence obtained in the present
section with that obtained from photomeson production
in the preceding section, it seems reasonable to expect
the value of ) to be approximately 2ao to 3ao.

V. DISCUSSION OF FURTHER EXPERIMENTAL
RESULTS

There is evidence that mesons are scattered in colli-
sions with individual nucleons as well as absorbed.
This suggests that we introduce a mean free path,
X„ for the scattering of a meson in nuclear matter.
The mean free path, ), for a nuclear interaction is then

1/X = (1/X,)+(1/X,). (23)

Tn Tn'—
I
—b/(4+ b) jI' (18)

Here T„' is the value that T„has when b= ~, r=i.
%e can thus identify T„with the transition rates of the
table in I, corrected by a factor of Z'= 36. Reference to
this table implies
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The scattering of mesons by nucleons is known to be
of two types, simple and charge exchange, which are
illustrated by the respective processes:

vr-+~p+~-,
~+p n+w'.

The only available evidence on the magnitude of the
charge exchange scattering cross section is obtained
from the measured absorption of m mesons in hydro-
gen, as done by Panofsky, Aamodt, and Hadley. ~

They found that the ratio of transition rates for the
processes

X~2.4ao. (27)
[see Eq. (23)g.

If we accept the value (25), we can estimate the
scattering mean free path, Xq, to be"

Vg/Ao[m +p~6.3ap. (28)

leads to a cross section only —,
' as large as that given by

Eq. (25), however.
A study of experiments by Camac et al.' and by

Shapiro" concerning the scattering of mesons by car-
bon has been made by Bethe and Wilson. "They deduce

+~n+—y (p&),
m.

—+~n+x' (p")

From Eqs. (23) and (27) we would then have

X,~4ao ~ (29)
1s

T„v/T, ~1.
The process (p&) is the inverse of photomeson produc-

tion, so the transition rate T„~ can be calculated from
detailed balancing arguments. From this we can obtain
the charge-exchange scattering cross section for low-

energy mesons:

(~M)c' &

~[m +p-+e+vr']= 1+ 1.4(10) "cm',

(EM)c' &

[~0+n~n.—+pj 1 1.4(10) 27cm'. (24)

Here AM is the x —~' minus the neutron-proton mass
diGerence, e — and e 0 are the respective ~ and ~'
kinetic energies. The necessary numerical detail to
deduce Eqs. (24) has been given elsewhere. ' These ex-
pressions are valid only for low energy mesons.

A direct measurement of the total cross section for
scattering of 85-Mev 7r mesons by protons has been
made by Chedester, Isaacs, Sachs, and Steinberger. "
They found

o[m +Pj=(1.33~0.11)(10) "cm2. (25)

Comparison with Eq. (24) suggests that the scattering
cross section may increase with energy between low
energies and 85,Mev. Such a conclusion is in agreement
with the conclusions drawn from pseudoscalar meson
theory with pseudovector coupling. " The cross sec-
tion is

o=4mg'(5/pc) (q'/E, .'p'), (26)

where q is the meson momentum, E, is its total energy,
and p. is its rest mass. The value of g'~0. 15 deduced
from the photoproduction of x+ mesons in hydrogen, "

"Chedester, Isaacs, Sachs, and Steinberger, Phys. Rev. 82,
958 (1951).

'6 We do not consider the pseudoscalar form of coupling, since
this is in disagreement with the observed production of x+-mesons
in p —p collision (reference 6) and with the observed small cross
section for producing w -mesons in P —p collision $8jorkland,
Crandall, Moyer, and York, Phys. Rev. 77, 213 (1950)j.The de-
tails are given by K. A. Brueckner, Phys. Rev. 82, 598 (195&).

This value is not in disagreement with the absorption
experiments [Eq. (22)], but appears a little too large
to account for the photomeson production experi-
ments [Eq. (7)j.The discrepancy probably arises from
making a comparison of experiments performed at
diQ'erent energies.

VI. THE MECHANISM OF MESONIC ABSORPTION
IN COMPLEX NUCLEI

In accordance with the model proposed in Sec. 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 suppose a pair of
nucleons to participate directly in the absorption event.
These nucleons are expected to recoil with an energy of
relative motion which is of the order of the meson rest
energy (i.e., of the order of 70 Mev apiece). As these
particles are ejected from their place in the structure
of the initial nucleus, we may expect considerable ex-
citation of the residual nucleus. There will, in general,
be further excitation of the residual nucleus due to sub-
sequent scatterings of the fast particles with others in
the nucleus. We shall not concern ourselves with these
latter events, as we are interested only in the total
absorption rate.

To describe the absorption we shall employ the
E-matrix formalism used by Watson and Brueckner"
to describe meson production. That is, the transition

"A. Shapiro, Phys. Rev. 83, 874(A) (1951).
'8 H. A. Bethe and R. R. Wilson, Phys. Rev. 83, 690 (1951)."Note added zn proof: —This measurement was made at 45 Mev.

Experiments by Bernardini, Booth, and Lederman (to be pub-
lished} are in essential agreement with this result.

20 We can possibly expect somewhat diferent characteristics in
the scattering against free and bound nucleons. With a 6eld
theoretic model, the amplitude of the scattered wave is propor-
tional to

& y (a'(1)(s(e')~)
I Ep+I"c —(el —e") '

where ~„ is the meson kinetic energy and e&, I are states of excita-
tion of the nucleus. A large probability for true absorption suggests
that states I for which the denominator in the above expression is
small may contribute appreciably to the cross section. This would
imply large nuclear excitation and meson energy loss.

' K. Watson a,nd K. Brueckner, Phys. Rev. 83, 1 (1951).
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amplitude for the absorption of a meson by two nu-
cleons (all described by plane waves) is

R=(AIR'Ip', «, ')~(G'+»' —G) (30)

Here p (Mp) &c is the relative momentum of the
nucleons after absorbing the meson, y' is their relative
momentum before absorbing the meson, q„' is the rela-
tive momentum of the meson and the center-of-mass
of the two nucleons. 6' and 6 represent the total mo-
mentum of the two nucleons before and after the meson
is absorbed and q' is the meson momentum. %e assume
the kinetic energy of the meson to be neglected in com-
parison with its rest-mass energy and. the initial nucleons
to be slow. To within terms of relative order (p/2M),
q„'= q' —p/2MG.

Transforming E to coordinate space, we have

R= (r'
~

RP
~
r, z—x)8[x'—x—p/2M(z —x)], (31)

where x and r' are the relative coordinates of the two
nucleons before and after the absorption, x and x' are
the center-of-mass coordinates of the nucleons before
and after the absorption, and x is the meson coordinate.

As described in I, the momentum transferred to the
nucleons, of order p, suggests that the absorption takes
place with the particles separated by a distance of
order h/p, which is considerably less than the range of
nuclear forces. This suggests a zero range approxima-
tion, which was used by Watson and Brueckner. " If
the nuclear forces are singular at small distances, the
zero range approximation is inapplicable, so instead we
follow the arguments of Brueckner, Chew, and Hart. "
That is, for R operating on a bound state wave func-
tion, f(r), we write

I R f(r)d'r=(r'~R ~, z —x)f(rA„).

Here (r'jRP~, z—x) is independent of r and rA„ is a
distance of order fA/p For a nonsing. ular potential, rAv

can be set equal to zero.
In accordance with the notions developed in I, we

split E.' into two parts, representing S- and I'-state
interactions with the meson.

R'=(r'[R, [r, fz—xf)—i(fA/~&)~* (r'IRplr, Iz —«I) (33)

Because of the short ranges involved, we can assume
only S-state interactions with the nucleons in the ini-
tial state (from the analysis of Watson and Brueckner"
this seems substantiated to a good approximation).

To calculate the absorption rate, we assume that E.
is the absorbing mechanism in the nucleus A. For sim-

plicity, we shall assume the meson to be bound in a
coulomb S-state and that A is small enough that the
meson wave function has a constant value, @f), over the
volume of the nucleus. Then the transition amplitude
for the absorption is

&r~=4p(A, RP~), (34)
~ K. Brueckner, Phys. Rev. S2, 598 (1951}.

where P~ and fr are the initial and final nuclear wave
functions, respectively.

%e describe the two recoil nucleons by plane waves
and because of their high energy neglect exchange
effects between them and those in the residual nucleus.
Then, if the coordinates of the particles in the initial
nucleus are x~, x2, xg, we shall suppose for the
moment that the nucleons with coordinates x~ and x~
absorb the meson and recoil. In terms of these coordi-
nates we introduce the following:

X"=—Px;, X'= gx;,
A —2~3

z, = x,—X" (i = 1, 2, , A —1),

z, '=x, —X' (i=3, 4, , A —1),

r = xA —xp, x = p(xy+xp).

Then the wave functions become

1
O'A O'A (Zl) Z2) ' ' '

) ZA —1) q

Jg&(2 pr)'~'

1
exp[ip r'+iG x'+iK X']

Jg p&(2z)P"

(35)

Xgr'(zp', z4', , z.A )'), (36)

where p is the relative momentum of the two recoil
nucleons, 6 is their total momentum, and I is the
momentum of the recoil nucleus. f~' and Pr' are the
wave functions of the initial and residual nuclei, re-
spectively, normalized with respect to integrations
over the z and z' coordinates. Pg and Pr are normalized
with respect to a volume element d'x~ d'x~, and Jg,
J& 2 are de6ned by the transformations

d xy' ' 'cPxg= Jgd X d sy ' ding

d xg Px.g= Jg 2d xycPx2d X'd s3 d zg
(37)

We have J~——A'; J~ p ——(A —2)'.
%e can neglect the small contribution of the term

involving R& in Eq. (33) to Eq. (34).
Let us de6ne

(plR~lr)—= (2~) ') expL —ip "](r'IR~lr, lz —«I)

Xexp[ —iG (z—x)p /2M] dr' 'd, z(38)

where the dependence on G is neglected because of the
assumed short range of the interaction and the small-
ness of y/2M.

Then Eq. (34) becomes

1 1
IIrg= @p ~I exp[iG x—iK X']

(2pr)' (JgJg p)&

Xpr'*(zp' z.A &')(PIR&lr)

XQ~'(zi. . .z~ A)d'&A.

b(G+ K)IIrg p, —
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where

(2s)~A~ 4'A (up Zy xsg ' ' '
y xA 1)R1 (u)R1(x)

X4~'(x, Z, xsp '' yxA-1)d ~d'sd'Zd ss' 'd'~A —lp (41)

where u and x are (xz—xs) and 2= )(xz+xs). Using the
relation (32), this reduces to

I=(2x.)'ps'~Rz~ P(x4,), (42)

where P(xA, ) is the probability of finding the two
absorbing nucleons at a distance zA, apart in the nu-
cleus A and

~
Rz ~' is a constant.

For the capture in deuterium, one would have

I =(2s)'4o'iRzi'Pn(x „), (43)

where Pn(xA~n) is the probability of finding the neutron
and proton at a distance zA, in deuterium. Presumably,
zA, zA, and. both can be set equal to zero if the forces
between elementary 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 Rs in Eq. (35)].Then to the
approximation that the meson kinetic energy can be
neglected compared to its rest-energy, I in Eq. (42) is
modi6ed to become

q2
I=(2~)siRzi' 1+b P(xA, )

~2~2
(44)

where q is the meson momentum and b represents the
relative strength of the S- and P-state meson couplings
[see Eq. (2)]. Eq. (43) will be similarly modified.

We must now consider the various possible means of
absorption. For a x meson, we have the processes given
in Sec. II:

x +ac+p-+2ts (s-, pn),
s-+p+~+ p (s-, 2p).

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 E-state we have the

IIr~s=4s(J~/&~ s)'

XJt exp[ x—ziI A/(A —2) I 6 (xz+xs)]

Xp~"(xs, . , x~ z')(plRz~ xz —xs)

X/A (xi) ' ' ', xA z)d sz' ' 'd sA 1. (40)

Consistent with our assumption that most of the
meson rest energy goes into the relative motion of the
two fast nucleons, we shall use a partial closure ap-
proximation to evaluate the total absorption rate.
That is, we set p= (3Ip) &c and sum over the states, P,
and the momentum G. After some algebra, we obtain

transitions (permitted by angular momentum and
parity conservation, see reference 21)

(s pe) 'S—+'S 'D
(s, 2p) '5—PS, 'D

for the nucleon states. For the capture from an S-state
of the meson, we know from the deuterium capture'
(see I) that a triplet~singlet transition accounts for a
considerable fraction of the total transition rate. If
we neglect small sects from a possible singlet —&triplet
absorption from a meson S-state, we can evaluate the
total transition rate due to process (s, pn) in the nu-
cleus A on the assumption of a statistical distribution
of spin and parity states of the neutrons and protons.
Since, then, only zsXxz= g of the neutrons and protons
will have triplet spin and even parity, we have, on
summing I over neutron-proton pairs,

I(s, Pn) =)Z(A —Z)(2s.)s~Rz(nP, t +s) ~'—
X [1+bV'/&'c']P(sA ) (45)

Here Rz(ep, i +s) is —the appropriate Rz for e—p ab-
sorption with a triplet~singlet spin transition.

Since the same spin transitions occur for the absorp-
tion in deuterium, we have again the same value of
IR&ls and b

For process (x, 2p), we have a singlet~triplet spin
transition for both meson S- and P-states. Statistically,
4' of the proton pairs will be in a singlet state. However,
a factor of 3 is obtained relative to Eq. (45) in perform-
ing the sum over the anal triplet substates. Thus,
summing over proton pairs, we replace

SZ(~ —Z) b3 4[Z(Z—1)/2]

in Eq. (45). We can expect now a different value for
~R&t', b and P(sA,). However, since the corresponding
production cross sections seem to be of the same order
of magnitude, we can probably choose ~R&~' and b

to be the same for processes (s, pn) and (s, 2p) with-
out being greatly in error. For purposes of argument,
we shall also set P(sA, ) equal for both processes. We
can then write the absorption cross section per pro-
ton as

0' pM—[s +A—+Star]=(2x)s P(A —Z)+ss(Z —1)]
z

gl 2

~
i Rzi ' 1+b P(sA, ), (46)

p C

where M is the nucleon mass.
Taking the ratio to the absorption cross section for

deuterium, we have

(0/Z) [x. +A~Star] —=r
0 [s.—+D—+2e]

P(xA.)=Ps(~-Z)+k(Z-1)7 (4&)
Pn(xA. n)
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Our choice of statistics in the nucleus is not so arbi-
trary as might be thought, since it amounts primarily
to a choice of normalization of P(sA,).

To interpret P(sA„) and Pn(s~g) further, we set
sA,~=O. Then

P(sA„)=f/(4s/3)u0'A (48)

or a correlation factor divided by the nuclear volume.
f=1 would correspond to random spacing of particles
in a box of nuclear volume. Using the Chew-Goldberger
wave function for the deuteron, we have

P(sA, )/Pn(0) =0.82f/A. (49)

For C", Eq. (47) yields 7=0.28f. Choosing the

~ G. F. Chew and M. L. Goldberger, Phys. Rev. 77, 470 (1950).

P-(0) = I4.(0)1',

where Pn(0) is the deuteron wave function for zero
separation of the neutron and proton. Pn(0) is just the
probability of 6nding them in contact. %'e write

reasonable value 1'~10, we have

f~35 0. (50)

"R.Christian and H. P. Noyes, Phys. Rev. 79, 89 (1950); R.
Jastrow, Phys. Rev. 81, MS (1951)."Chamberlain and Wiegand, Phys. Rev. 79, 81 (1950); Kelly,
I eith, Segrh, and Wiegand, Phys. Rev. 79, 96 (1950); Chamber-
lain, Segrh, and Wiegand, Phys. Rev. 81, 284 (1951).

~ H. York, Phys. Rev. 75, 1467 (1949).

This would seem to indicate a reasonably strong de-

gree of correlation in nuclear structure. Such a conclu-
sion appears quite compatible with the evidence pre-
sented by several authors from high energy p—p
scattering~" for strong nuclear interactions at close
distances. It is also compatible with the evidence con-
cerning nuclear structure which was given by Chew
and Goldberger~ on the basis of York's ~ measurement
of high energy (n —d) processes (see also the discussion
in I on this point).

The analysis of x+ absorption can be carried through
in the same manner. As mentioned in Sec. II, we have
reason to expect the absorption of x+ and m- mesons to
be similar.

PHYSICAL REVIEW VOLUM E 84, NUM BER 2 OCTOBER 15, 1951

On the Polarization of High Energy Bremsstrahlung and of High Energy Pairs
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The polarization of bremsstrahlung due to electrons with initial energies much larger than 137Z & wc~

is calculated under relativistic, small angles approximations. The cross section for photons polarized normally
to the plane containing the initial direction of the electron and the direction of the photon is found to be
larger than for photons polarized in that plane. A similar calculation shows that the plane containing one
of a pair produced by a polarized photon together with the direction of that photon tends to lie parallel
to the plane of polarization rather than normal to it, except for one special case. The effect of the deviation
due to multiple scattering of electrons in the target upon the angular dependence of the polarization is
considered.

''N this note we shall investigate the polarization
~ ~ of bremsstrahlung due to electrons of energy
E&&i37Z & mc', where Z is the atomic number of the
target material. %e shall then carry out analogous
calculations for pairs produced by high energy, polarized
p-rays and obtain a preferred azimuth of the plane of
the pairs relative to the plane of polarization. In the
last part of the paper, we shall consider the efkct of
multiple scattering of electrons in the target upon our
results for the polarization of brernsstrahlung. This
note has been written in condrmation and in partial
extension of previous results" obtained by using the
method of virtual quanta. '

' G. C. Kick, Phys. Rev. 81, 467 (1951).
~ M. May and G. C. Wick, Phys. Rev. 81, 628 (1951).
8 C. F. v WeizsKcker, Z. Physik 88, 612 (1934);E. J. Williams,

Kgl. Danske Videnskab. Selskab, Mat. -fys. Medd. 13, 4 (1935).

I. BREMSSTRAHLUNG

Let us consider an electron of total energy Ep,
momentum pp, de6ected by a nucleus of charge Ze.
Let a quantum of momentum k (we take c=1 from
here on) be radiated at an angle e~ with the initial
direction of the electron. (See Fig. 1.) After radiation,
let E be the total energy and p the momentum of the
deQected electron, and let its direction make an angle 8
with the direction of the emitted quantum. Call P the
angle between the yok plane (plane of emission) and the
ak plane, where e is the polarization vector of the
photon; call y the angle between the ppk and the yk
planes, and ~ the angle between the pe plane and some
6xed plane. If q is the momentum given up to the
nucleus, the conservation conditions read:

q= yp —y—h; Ep E+k.


