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The differential cross section for the production of gamma rays from the bremsstrahlung of protons of
30- to 140-Mev kinetic energy in the center-of-mass system is calculated. An energy-dependent
complex square well is used to represent the nuclear interaction. The complexity of the potential enhances
gamma-ray production. Furthermore, the theory predicts a low intensity for high-energy gamma rays. It
is also found that the continuous spectrum of radiation is closed between very low-frequency and high-
energy gamma rays of energy just below the incident proton kinetic energy. By using the experimental
information, a qualitative result about the energy dependence of the imaginary part of the potential is
obtained in comparable form with those used by other people.

I. INTRODUCTION

IGH energy nucleon-nucleus collisions are, usually,

accompanied by a continuous gamma-ray emis-
sion. An interesting gamma-ray source arises from the
bombardment of nuclei by high-energy protons with
energies below the threshold mo-production energy. In
this paper we are interested in the gamma-ray pro-
duction through the nuclear interaction only. However,
for low-energy protons, about 2 Mev, the Coulomb
field is, effectively, the only force available to cause a
proton bremsstrahlung and the cross section for this
process has been calculated by Drell and Huang.! In
an exact calculation the Coulomb interaction must also
be included. But with energies much higher than } Mev
and for low Z the Coulomb effect is negligible. The
Coulomb effect for incident proton energies as low as
30 Mev can be disregarded since at this energy the
distance of closest approach, 7o= (Ze*/mc?)(mc*/E)
= (Ze*/mc*)X (1/60), is much less than the range of
nuclear forces. However, the Coulomb interaction, in
this problem, can be an important effect in the case of
high-energy gamma rays.

The available data on gamma rays from high-energy
inelastic proton scattering consist of the experimental
results of Wilson? and Cohen.? Besides these two experi-
ments, the Coulomb excitation experiment by Stelson
and McGowan* yielded gamma rays of discrete energy
from excitation of nuclear states superimposed over a
continuum of bremsstrahlung gamma rays. The charac-
teristic of the latter radiation lies in its high yield of
very low-energy gamma rays and in an increase of the
yield with energy from 2- to 5-Mev incident proton
energy. In this energy range the experiment on Bi, Th,
and Sn targets did not show a particular Z dependence

* Reported at International Conference on Nuclear Reactions,
Amsterdam, July 2-7, 1956.

t Part of this work was completed while the author was a
visiting professor of physics at the University of Miami, Coral
Gables, Florida.

1S. D. Drell and K. Huang, Phys. Rev. 99, 686 (1955).

2 R. Wilson, Phys. Rev. 85, 563 (1950).

3D. Cohen, Phys. Rev. 95, 664 (1954) and University of Cali-
formia Radiation Laboratory Report UCRL-3230, 1955 (un-
published).

¢ P. H. Stelson and F. K. McGowan, Phys. Rev. 99, 112 (1955).

of the radiation, but only a difference in the intensity
of the radiation.

For proton energies above 15 Mev, however, Cohen’s
experiment contains quite different results than that of
Stelson and McGowan. In the neighborhood of 8 Mev
there is a sudden increase of yield of gamma rays. It
was also observed that the yield for gamma rays
produced from 100-Mev proton bombardment on Cu,
Al, C, and Be increases with 4. At 15-Mev gamma-ray
energy there is a distinct divergence of the spectral
curves corresponding to the gamma rays arising from
the bombardment of Cu, Al, C, and Be. The spectral
curves come together just above the high end of the
energy axis, beyond 35 Mev. The primary energy de-
pendence of the spectrum from Be® bombarded by 38-,
100-, and 140-Mev protons show a similar behavior of
divergence near 15-Mev photons and a convergence at
the high end of the energy axis. The yield increases with
decreasing proton energy.

No data were shown below about 8 Mev. The present
theory does, however, predict the continuation of the
spectrum down to zero-energy radiation. The latter part
of the spectrum may, inter alia, arise from the multiple
scattering of high-energy protons in the nuclear matter.
By multiple scattering the protons will lose energy and
eventually Coulomb interaction will set in to produce
the low-energy bremsstrahlung gamma-rays. This
mechanism is not, of course, contained in our theory
where the Coulomb interaction is ignored from the
start. At any rate, the spectrum below 8 Mev can be
looked upon as the nuclear part of the Coulomb
bremsstrahlung, i.e., as a correction to it plus purely
nuclear bremsstrahlung gamma rays.

In this problem we shall use an energy-dependent
complex square-well potential to describe the proton-
nucleus interaction. Because of the energy dependence
of the interaction we actually have two complex fields
corresponding to initial and final states. A complex well
replaces all the possible reaction channels by an average
one and inelastic processes like (p,d) reactions are
already included in a complex representation. The main
inelastic process of interest is the interaction of the
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incident protons with the radiation field after being
processed by the complex nucleus.

An undesirable feature of a complex well lies in its
sharp discontinuity at the nuclear surface which may
give rise to too much reflection and to less penetration
(very small mean free path in nuclear matter) for all
angular momentum states of the protons. This would
greatly inhibit the yield of gamma radiation from the
inelastic proton scattering. But the energy dependence
of the well can partly remove this difficulty.

The above-mentioned drawback, among others, of a
complex well should be disregarded in the light of the
many successes obtained by the use of an optical model
of the nucleus. One of the latest of these is the “cloudy
crystal ball model” ® used for the description of the
low-energy neuton elastic scattering. The motivation
behind the present attempt comes from considering an
optical model of the nucleus in the light of a different
problem® from that of mere elastic scattering of nuclear
particles. In this paper we would like to study the
optical model by calculating transition probabilities
with it, using the existing experimental data on photon
production from high-energy proton scattering. In par-
ticular, an investigation of the effect of an energy-
dependent complex potential on the gamma-ray pro-
duction is another interesting aspect of the problem.

II. KINEMATICS OF THE GAMMA-RAY
PRODUCTION

The maximum energy E, of the photon produced in
the collision of two particles with masses M p and M 4,
in the center-of-mass system, is given by

Eg= MpM 4 (q— 1)62/(MP2+MA2+2MPMAQ)}, (II.I)
where
2.2\ }
If we put
E0= (q— I)MPG2,
we obtain
Mp\?2 2Ey 7}
E0=E0/[(1—{- )—}— ] . (I1.2)
MA MAC2

If M 4c?is the rest energy of the nucleus, we can neglect
2Eo/M 4c* and, neglecting binding energy, we write

A
A+1

For a nucleon-nucleon collision the maximum energy
of the gamma ray produced is one half of the incident
kinetic energy. We see that the yield is higher in the
case of nucleon-nucleus collisions. Thus not all the
kinetic energy of the proton can be used for photon

(I1.3)

5 Feshbach, Porter, and Weisskopf, Phys. Rev. 96, 448 (1954).
6 B. Kursunoglu, Phys. Rev. 98, 1156 (1955).
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production. At the maximum energy of gamma-ray
production, with high-energy protons bombarding light
nuclei, enough kinetic energy will be left after photon
production for the proton to get out of the nucleus.
The minimum kinetic energy of the protons in the final
state is

Eoy—E,=Eo/(4+1). (11.4)

In order that the nuclear force (of range e*/mc?) be
large compared to the Coulomb force, we must have

E>>(A+1)me. (IL.5)

Thus the Coulomb interaction in the final state for Be®
will be negligible if the primary energy E, is much
larger than 5 Mev. For Cu and heavier nuclei the
Coulomb interaction is a nonnegligible effect for low
incident proton energies. Since the experiment has
mainly concentrated on gamma rays from Be®, our
neglect of the Coulomb effect is a good approximation.

The fact that the spectral curves in Cohen’s experi-
ment do not touch the energy axis at the high end but
come together just above the axis may be taken as a
kinematic effect.

III. FORMULATION OF THE PROBLEM

Since the kinetic energy of the protons are small
compared to their rest energy, the use of nonrelativistic
theory is a sufficiently good approximation. For a first
orientation we shall neglect the magnetic moment of
the proton. The Hamiltonian of the system is given by

H=Ho+H.+Hpy+H', (IIL.1)

where Ho=kinetic energy of the protons, H,=energy
of the radiation field, Hpy=interaction energy of
protons and the nucleus, H'=interaction energy of
protons and radiation field. The interaction H’ will be
treated only in the first order.

The Schrédinger’s equation defining the initial and
final states for the Hamiltonian Ho+H,+ Hpy, in the
center-of-mass system, is

2
\"M—f—h—‘:(ﬂ"—- V=0, (T11.2)
where W is E, in the initial state and E in the final state
of the proton, E=E¢—E, u=[A4/(A+1)IM, E,
=[A/(A4+1)]E, and E,=%hck=energy of the emitted
photon.
The nuclear potential V is defined by

Vo= —[Vr(Eo)+iVi(E)],
=0

r<R
(IT1.3)
r>R

)

The final state potential V is defined by replacing E,
in (III.3) by the final energy E of the proton. The
nuclear radius R is given as

R=17e41=1.33X10"24% cm. (I1I1.4)
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The initial and final states are defined by solving
(I11.2) in the form
Yr=>. (n+3%)i*anPn(cosar)

X[gn(k17)+]ln(k17)]a r<R (III.S)

zi (n+1)i"P,(cosar)

n=0
X[gn(kolr)—}—n["/zn(kozr)], r>R

and

Yr= i (n+%)"b, P, (cosar)

n=0
XLgn(kpr)+h,(krr)], r<R (11L6)

=3 (n+1)inPy(cosar)
n=0
XI:nl’”gn(k()f’r)—i—17‘"<k0Fr)]7 T>R

respectively, where

2uliy 2 .
kor?= = k12=k012—|—;[V12(Eo)+lVI(EO)],
2

2
(T11.7)
2uk 2u ]
kort=——, ki*=kor*+—[Vr(E)+iVi(E)],
#? 7n*
and where
nrr=exp(2i6r"), nri=exp(—2i5¢"). (1IL1.8)

The functions g, and /, are defined by

o= jntittn, gu= jn—1iln,

where j, and n, are spherical Bessel functions.

The choice of the reaction coefficients 7% and ng?
related to the phase shifts in the form (II1.8) follows
from the fact that the final state in a scattering problem
of this kind consists of a plane wave propagating in the
positive kor direction plus a spherical wave which is
ingoing rather than outgoing. This fact has recently
been pointed out by Breit and Bethe? and by Bethe and
Maximon® in connection with general scattering
problems and electron bremsstrahlung.

It is easily seen that the asymptotic form of the
final state for »> R is

1
Yr=exp(ikor-1)+—fr(ar) exp(—ikorr), (1I1.9)
7
where

frlar)=

> @ut1)(—1)

—21 oF n=0
X [exp(—2i6p™)— 1P, (cosar).

7 G. Breit and H. A. Bethe, Phys. Rev. 93, 888 (1955).
8 H. A. Bethe and L. C. Maximon, Phys. Rev. 93, 768 (1955).
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The asymptotic form of the initial state for »> R is

1
Yr=exp(ikor- r)+-fr(ar) exp(iker), (111.10)
7

where

frlan) =

©

— 2 (2n+1)[exp(248;") — 1P (cosar).

1,k0[ n=0

The coefficients a,, b, and the complex phase shifts
8", 87" are to be determined by fitting the internal and
external wave functions at r=R. The finiteness of the
wave functions at the origin and their normalization
imply that we may conveniently fit the functions
[rkiR*(r), rkor exp(—i6)Ror*(r)] and [rkrRp"(r),
rkor exp(18p™) Rop™(r) ] and their derivatives at r=R.
After some manipulations with the various properties
of the Bessel functions, we obtain the results

501 Ju (20) Bn1* (201) — 21 f 1 (20) 1™ (201)

n

n (I11.11)

21 et (51) i (20r) = 501 n (31) 1 (20

ZOI"jn(ZF)hnAI(ZOF)—Zlf'jn—1<zl4')/ln(zol’)
S : . (I1L.12)
28 Jn1(28) B (Z0r) — 208 J 0 (5) Bene1® (50F)

and
1 1 exp(—1061")

o= — —— - _ (I11.13)
Zr ZOI]n(ZI)hn—1<ZOI)_ZI]n—l(ZI)h'n(ZOI)
1 — i exp(idp™)

b=— - —— (IT1.14)

r Znan (ZF)hn_l*(ZoF) —Zf‘jnﬁ (ZF)]ln* (201)

In order that the ordinary reaction cross sections be
positive, we must have

Inm2<1, g |2<1,

which mean that §;* and 6" must have the forms

Srr=ur*+ivy*, Spt=upt—ive”, (I11.15)

where ¢/* and vp" are positive numbers. In the above
relations the dimensionless numbers are obtained as
Zn[zkozR, ZIZkIR, ZFp= kpR, Zor= koFR, z=FkR.

From the above phase shift relations it is easy to
deduce that if all the kinetic energy of the proton is
transformed into a photon, i.e., if zor=0, then

Spt=nw, b,=0.

(I1T.16)

In this case the final state reaction and scattering cross
sections vanish. This result confirms the kinematic
relation that the maximum energy of the photon must
be less than the primary energy. From the first relation
of (II1.16), we get

upt=nmw, vp"=0.

The vanishing of vp” implies that V;(E)=0 for E,= E,.
Although kinematically the emission of a gamma ray of
energy equal to Eq is not possible, it would not be un-
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reasonable if we were to assume the energy dependence
of V;in the final state to have the form

Vi=aE?, (I11.17)

where ¢ and b are numerical constants.
Two other useful relations are obtained by putting
E,=0in (II1.12) and (II1.14), giving

8"—8p"=mnmw, @n=0n. (I11.18)

The last relations show that the final state wave
function does not reduce to the initial state wave
function by putting £,=0 in the final state, since the
production of a zero-energy radiation is also a transition.
If, however, the final state wave function in the asymp-
totic limit was chosen to contain outgoing spherical
waves instead of ingoing ones, then Z;,=0 would not be
a transition and the final state wave function would
automatically reduce to the initial state wave function.?
The matrix element to be calculated consists of
internal and external transition amplitudes given by

M=M®O+MO, (I11.19)
where
U — f UV, <R, (TI1.20)
2072\ 7
H’=—ie( ) 2 explik-e-v. (TT1.21)
FE, Me

The external transition amplitude M follows from
integrating over the domain r> R.

The above formulation of the problem can also be
applied to the radiative capture problems but this
aspect of the inelastic reaction is not included in our
initial conditions.

e\t B =
M‘”z—ie(ﬁﬁ) — 3

Eg MC smn=0

+1

n
X [jn_l(kﬂ’) —

Ir
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Fic. 1. Angles required in the gamma-ray production. The
polarization angle (not shown in the figure) is the angle v between
the planes (k,k;) and (k,€), where € is the unit polarization vector
of the photon and lies in a plane perpendicular to k.

IV. DIFFERENTIAL CROSS SECTION

Since quite a number of angles are involved in the
calculation, it will be found convenient if we represent
them in Fig. 1. The angles ar and ar are related to 6y,
6, and ¢r by

cosar= cosfl; cosf+-sinfr coser sind,
cosap=cosfy cosf—+sinfr sinf cos(¢— ¢r).

The volume element ¢V and the angle between & and

the unit vector along the r-direction are given by
dV=r>sinbderdr, e -r/r=sinf cos(y— ¢1),

respectively, and
e k=0.

We can now record the matrix element M @ as

R
[ (2s4+1) (2m=+1) Ru4-1)3s+m+n(— l)skzbs*a”f drr*j ¥ (kpr) jm (kr)
0

j,,(_k,r)]f d:pr ae sini’ﬁPs(cosw)P,,L(cosﬁ)l)n(cosm)} cos(y—er). (IV.1)
0 0

We use the addition theorem for Legendre polynomials and carry out the ¢; and 6-integrations to get

2rhPcA\t f4nhy = z . .
M“’z—ie( ) (—) > ‘(——1)8}?17,'3*’"“1)3*(1,1] drr?j*(ket) jom (kr)

smn=0

E, uc
where

Lf“" n=

Mms=—s

X (amBsmnms— am+23s m-+2 nms) (") " s—1 (COSB[)} (")s'"“‘ (COSH[J) .

- n+1
Xl jn—l(klr)—Akijn(klr):l[jsmn], (I\vz)

v

Z {exp[i(m.o+7) JanAsmnme— amyods m+2nmg) 0,5+ (cost;)+expli (mo—v)]

(IV.3)

9 Ingoing wave condition in the final state provides the continuity of the transitions; i.e., it does not exclude any possible

energy of the gamma ray.
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The functions ®,™ are defined by'°

2n+1 )T (n—mn)!

] P, (cosh).
2 (n4-m) !

0, (cosf) = (— 1)""‘(

Other constants are given by

2m(m—1)7}
]
2m—1

Asm+2nms= f db sin0®m+11 (COS@)
0

X O™ (cosh) @, (cosb),
with the conditions

s+m—~+n=an odd number,
ms+n=an odd number,

|m—s+1|=n<m+s+1, m=0 for 4,
and
lm—n+1|SsS<m+n+1, m=20for B (IV.4)

By noting that Asmnms and Bsmnms are obtained from
Asm+2 nms and Bsm+2 nms by replacing m by m—2,
respectively, we can further simplify the expression
(IV.3) to

(= 1)lmm=ms 12— 25) B!
(h—m—1)1(h— ) (h—n) | (2h+1) 1

As m—+2nmsg=

KURSUNOGLU

2nhic\tdxh hicR =
M”):ie( _— 21 D {(—1)8
Ea Mme Eu smn=0

1
Xistmtnp Fq, (2m—{—3)am+2f dunj*(zput)
0

ij+1(2u)[j n—1(z124)

[ (n—ms— 1) (m~+2) (ms+s) | (s—ms) !]%
% 2(n+ms+1)m!

q
where 2h=s+m-+n-+1 and the number B follows from
A by replacing s and »# by 2 and s, respectively, and m,
by m,— 1. The summation in (IV.7) is to be understood
as ¢ taking on all integral values consistent with the
factorial notation, the factorial of a negative number
being meaningless.

From the form of M @ given by (IV.5) and from the
definition of the wave functions, we can easily infer
the external matrix element M (¥ to be

2ah2c\ ¥ ol \ hcR
M(e)=ie( ) (— —201
E, uc/ E,

X 2 (_l)sis+m+n(2nl_+_3)am+2f
1

smn=0

00

dun
X { e by (Zor1t) + hs* (20p14) ] g1 (26)

X [hn_l* (zorte) 1" hu—1(z0r11)

n+1

Zorh

WE. U. Condon and G. H. Shortley, The Theory of Atomic
Spectra (Cambridge University Press, Cambridge, 1951), p. 176.

(ha*(zorw) +n1"hn (ZOI“))] l Vimn, (IV.8)

Z(_l)a ’
(n—ms—q—1){(m~+ms—s+q+2) ! (s—m,—q) lq!

n+1
— jn(zzu)] Vemn }, (IV.5)
21
where
Vimn= 2. [exp(i(msp+7))Asm+2nm,
X 0,1 (coslr)+exp (i (mse—7)) Bs m+2 nms
X 0,m1(coshr) ]O,™(cosfr), (IV.6)
and
u=r/R.
In recording the relation (IV.S), we made use of
2m+3 ) )
i) = )+ fmsa(0).
x
The number Asm+2am, is given by
[@m+3)2s+1) (2n+1)]
(n+ms+g+1) {(m+-s—m,—q)! )
(IV.7)

The cross section for the emission of a gamma ray
of polarization e in the energy interval (E,, E,+dE,)
into a solid angle dQ; with the proton recoiling into the
solid angle dQr is given by

2 ”
do (‘Y)W:BI)BF) ZZI M(i)—i_M(E) |2PF_> (I\’TQ)

or

where pr is the number of final states defined by

AN, AN, 113
PFdE0F= . = [ (—') k2dkd9k]

V, V, 2
1 3 p0F2
X[(—) dPoFdQF],
2T #®
or
wpor E2AE,dQudQUr
pr= X (IV.10)
(27hc)®
where

de':Sinﬁpdﬂpdgo, EOF—;‘E:EO—E‘].
Integrating over the recoil proton solid angle dQp

and summing over photon polarization, we obtain the

differential cross section for gamma-ray emission in the
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energy interval (E,, E,+dE,) in the form

Riyet\ f EN\'dE,
d0(91)=—~(~)(——) —d%Q,  (IV.11)
8r\hc/ \E,/ E,
where
Q= > KsmnLsmn, (IV.12)

smn=0
Ksmnz léizl|2!bx|2|an|2¢l¥m+22]Ismn|2(2m7r“,"3)2
'l_ZOI2 (2m+3)2am+22 l Fsmn I 2
—+8zor I{e[zlbs*an(2m+3)2Fsmn*Ismnam+22],

(1V.13)
Lsmn: Z [A sm+2 nmSQ(@nm‘+l (COS@[))2
~+ Bs m+2 nm52(("),,m“'—l(C050[))2], (1\714)
1
Ismn= f du[ujs*(ZFu)_i"l+1(zu)
0
n+1
X (jn_l(zm)——hjn(zm)) ], (IV.15)
21

Famn = f dui u[hs* (ZOFM) +7]Fs*hs (ZOFM)]jm+1 (Z’It)
1

X [hn—l* (Zortt) Fn1"fen1(2011)

n+1
———(h*(Zorn) +n1"hn (zom))] } . (IV.16)

Zor

The angular distribution of the radiation is contained
in the functions Lgm.. We shall be interested in the
experimentally measured quantities

Bo(6;) Ry fEN! 1
a= =—(—)(~) —Q, (Iv.17)
kodEg 8 hc Eo E‘,

and the total cross section ¢, for the emission of a
quantum E, in the range dy,

RQ((:2 )dy( nr
cdy=—(—)—1—y %f A4,
“ 8w \#c/ y

or
R st \1
O'gz-(—)*(l—‘y)%Qt, (IV18)
4 \hc/y
where
E, i I
y=-— Q = Ksmn Smnl
EO ‘ smn=0
and
Lomnt= Z (Asm+2nm32+Bsm+2nm,2), (IVIQ)

me=—3

BREMSSTRAHLUNG

1851

A suitable unit in which to measure the cross section
for proton bremsstrahlung is to take

co=R2(¢%/hc) =1.282X 102847 cm?,

and write
L (1= ( )
G=—o—(1— , IV.20
8w OE,, 7
11
a¢=—a'g—(1—y)5Q¢. (IVZI)
4y

The experimentally measured total cross section for
the production of gamma rays with greater than 20-Mev
energy by 140-Mev protons on Be?® is (1.340.5)X10~%
cm?, so that neglecting center-of-mass corrections, we
must have

9/10 1
f [—(1 —y)%Q,] dy=0.0470.018. (IV.22)
y7 LY Eo =140 Mev

This result together with the experimentally determined
values of @(90°) for various E, and E, can be used in
a numerical analysis of the cross section to find the
complex potential V.

V. DISCUSSION

A machine analysis of this calculation is needed to
define the shape of the spectral curves and the energy
dependence of the complex potential. Owing to diffi-
culties in obtaining the services of a machine we were
unable to perform the required numerical analysis of
the cross section. An analytic approach by expansion
in powers of y for low energies is a hopeless task and
no such attempt will be made. However, a few quali-
tative features of the cross section can be seen without
much complication.

We first consider the low-frequency radiation. For
very small E, the quantity z is small compared to 1,
and in this case the effective dependence on z of Isms
defined by (IV.15) has the form ™! since, for 0Su =<1,
we can write

zm+l,um+l

Jmy1(zu) —

=0 (2m+3)!

When 1<u<w, as in F,u, defined by (IV.16),
special care is needed to find the behavior of jm41(zu)
for z=0. We use the multiplication theorem! for
spherical Bessel functions:

o (— 2—1)¢
(o) =it 3 D!
q=0 29g!

(V.1)

2% g4mi1(2),

where # is unrestricted, so that we can determine the

1 G, N. Watson, Theory of Bessel Functions (Cambridge Uni-
versity Press, Cambridge, 1944), p. 142.
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asymptotic form of 7.;1(zu) for 2—0 in the form
o (—1)2(u*—1)5%
a=029g!(2m~+2q+3)!

jm+l(zu) — Zm.+1um+l
z=0

or

'MZ 3 (m+2)
Frsa () — ( ) JunlzGE—1)]. (V.2)
=0 u?_ 1

Regardless of what # may be, the effective dependence
of Fyma on 2, for small enough 2, has again the form
zm. Thus for the production of very low-energy
gamma rays the quantities @ and o, vary according to
E,. It is, of course, obvious that the integrands in .,
and Fyma, for any value of z, behave well at the limits
of integration.

At the high-frequency limit, however, we only need
to consider the quantities F,,. If we use the result
(II1.16), which holds approximately for very small zop,
then we get

h*(zor16) F0phs (zorte) — 27(z0r1t) — 0,  s>0.
z2oF=0

Hence for high frequencies the quantities @ and ¢, are
very small. Actually, at the extreme limit of FE,= E,,
@ and o both vanish. In this way it is seen that the
result is a closed spectrum of radiation.

In order to see the effect of the complex potential on
the gamma-ray production, as a good approximation
we consider the upper limit of a typical factor j,(zru)
in the cross section. From the well-known Bessel
inequality, we can write

@) |z w

js(zrm) | = o I'(s-i—?%f) exp(u)yr|), (V.3)
where
[.LR2 H V[ (E)
Zp::\‘p-f—iyp': (—) (QF+2 ),
" T v
T4
gr=[Eo(1—9)+Vr(E)+[(Ec(1—3)+Vr(E))*
+V(E) T,
and

uR? H A5/ \ ¢+ 1
Co) = ()
n A+1 4.8 Mev—:
Let us now consider the contribution to Ism. arising
from the initial state .S and final state P waves:

1
Imo=f dunj* (zrut) 71(z1) 71(z108).
0

By using (V.3), we obtain

1
X —[e(24— 24x+12a2
xlﬂ

— 42342 — 24, (V.5)
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where
*=yr+yr.
In the absence of V7, we have x=0 and
[ 100 * = (27)*(21)° (2)*/ [ (27)°25]. (V.6)
We shall also need the inequality
| 7sCorutiyru) | Z | ja(wrn) . (V.7)

The latter follows from

Lexp (izru) M o (zru0)
+exp(—izp) N (zp1t) ],

s T (sHr)!

=0 r1(s—1)1(2zp2)"

s (=) s+7)!

.\vs (ZF”) :12) mu)’.

Js(zru)=

Zpl
where

M (zpu)=

It follows from (V.5), (V.6), and (V.7) that the yield
of radiation for a given primary energy F, is higher
with a complex potential than with a real one. It is
also evident from (V.5) and from R-dependence of y;
and yp that for a fixed £, the yield is increasing with
mass number 4. This result is in qualitative agreement
with experiment.

The primary energy dependence of the experimental
spectral curves implies the inequality

d@/dE,<0, (V.8)

which can also be regarded as a restriction on V. The
inequality (V.8) in itself is not enough to define the
possible form of Vg, but it means that Vy is also a
function of V;. However, the form

V[= anb

obtained for the imaginary part seems to reproduce the
qualitative features of the ones discussed by others.’?

In a numerical analysis of the series Q or Q,, the
number of waves required to be included can, ap-
proximately, be estimated from

l= R/7\p,
where
2.1X1O“4‘4M62|' 2Mctd

- 1+
A+1DE L (4+1DE

For 100-Mev primary energy, in the center-of-mass
systems, in a collision with Be®, we need to include
about 6 waves to get an approximate numerical value
for the series. The required number of waves does not
decrease very fast with decreasing energy; for example,
at 50-Mev incident energy one needs at least 4 waves

2 A. M. Lane and C. F. Wandel, Phys. Rev. 98, 1524 (1955);
W. B. Riesenfeld and K. M. Watson, Phys. Rev. 102, 1157 (1956).
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to include in the analysis. There is, however, a possible
simplification of the series for small final energies of
the protons. In this case the wavelength in the final
state is large enough to allow a further reduction in the
number of the final-state angular momentum states.
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The direct coupling between K particles and = mesons, proposed by Schwinger, has been used to calculate
the scattering of K* particles from nucleons and deuterium. It is shown that this interaction gives a reason-
able explanation of the observed forward peaking in the angular distribution of K™ particles scattered from
protons. The theory predicts an inhibition of elastic scattering from the deuteron. The energy spectrum
for K+ particles inelastically scattered from deuterium has been calculated assuming a simple model for
the deuteron. There are no experiments presently available for deuterium.

I. INTRODUCTION

ECENTLY! Schwinger has proposed a dynamical
theory of mesons, nucleons, and hyperons in
interaction. He has shown that one can obtain a
qualitative understanding of phenomena involving
production and decay of the new particles in terms of
three basic strong couplings in addition to the weak
interactions which are responsible for their instability.
The three strong interactions are the well known pion-
nucleon coupling characterized by a coupling constant
gn, a direct coupling between K and 7 mesons, gxx,
and a coupling between nucleons, hyperons, and K
mesons, gg. It is argued that in the absence of all
couplings the hyperons and nucleons form a degenerate
mass multiplet and hence the direct interaction of a K
particle with any pair of members of this multiplet is
characterized by the single coupling parameter gg.
Some of the most interesting aspects of Schwinger’s
proposals arise because of the direct K—= coupling.
Since the K particle has, in all probability, an isotopic
spin of 3 and an ordinary spin of zero, there is no way
of coupling a K field of definite parity bilinearly to the
pseudoscalar = field and still preserving the invariant
scalar nature of the interaction. That the coupling must
be bilinear in the K field is a consequence of the
multiple-valuedness of a single field of half-integral
spin (isotopic or ordinary) under rotations through 2.
The fact that the K field has spin zero makes it im-
possible to construct pseudoscalar matrices like the
familiar vs of the spin % theory which can be balanced
against the pseudoscalar meson field. On the other
hand, the occurrence of both 27 and 3w decay modes of

1]. Schwinger, lectures at Harvard University, Spring, 1956
and Stanford University, Summer, 1956 (unpublished); also Phys.
Rev. 104, 1164 (1956).

the K particle would seem to imply that its intrinsic
parity is not a constant of the motion in the usual
sense. In fact, if one introduces parity degrees of
freedom for the K fields, making the intrinsic parity a
dynamical variable, then, as has been shown by
Schwinger,! one can construct a K — interaction which
is properly invariant; see Eq. (1).

This interaction will manifest itself in the production
of K particles in a reaction like 7 +p—K°+A°. One
mechanism contributing to this process will be the
following : first p—K++A° by means of the gk coupling,
whence the K+ absorbs the 7~ directly leaving a residual
A% The K° produced in this way will tend to move in
the direction of the incident 7~ with relatively high
energy. A competing mode of production is the so-
called “shaking off” transition in which the proton
first absorbs the =, becoming a neutron, whereupon
the neutron dissociates into a A® and a K°. This mode
will yield an angular distribution which tends to be
symmetric in the center-of-mass system. The fact that
the K%s produced in association with A%s have been
observed to peak in the forward direction in the
barycentric system? may indicate that the first produc-
tion process dominates the second.

It is supposed that the relevant interactions effective
in the associated production of K particles conserve
parity symmetry. If ¢x* and ¢x~ are the K fields of
definite parity, then the parity-symmetric fields can be
written as ¢x1= (¢x"+¢x)/V2 and dx2= (px+—dx ™)/
V2. To conserve over-all parity symmetry, the A and 2
must also be created in states of definite parity sym-
metry. A K, is created in association with a A; or a Z;
while a K, is created with a A; or a Z,. As Schwinger
has observed, the fact that A’s and Z’s are created in

2 J. Steinberger et al., Phys. Rev. 103, 1827 (1956).



