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T
he photo-disintegration of the deuteron and the neutron-

proton capture are discussed from the point of view of th e
meson theory of nuclear forces in the form proposed by MØLLE R
and ROSENFELD . The calculations include all first order rela-

tivistic contributions. The general expression for the photo -

electric cross-section turns out to be identical in form with th e

corresponding quantity in the "old" theory (assuming a spherica l

potential well), while the photo-magnetic cross-section contain s

an extra term due to the charged meson fields . The theory ac-

counts in a satisfactory way for the magnitude of the cross -

sections . The discrepancy with regard to the angular distributio n

of the ejected particles which exists in the old theory is re -

moved ; the satisfactory agreement with experiment here foun d

appears to be due mainly to the extra term mentioned above .

For large energies, the cross-sections decrease more rapidl y

(N v- '1) than in the old theory, while there is a marked differ-

ence in angular distribution in this energy region as compare d

with BETHE 'S "neutral" theory. The capture cross-section fo r

thermal neutrons is proportional to v-1 ; its value is in goo d

agreement with experiment . In an Appendix, the reliability o f

some approximate expressions for the radial wave functions o f

the deuteron is discussed and the electric quadrupole transi-

tions are given .
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§ 1 . Introduction .

The discovery, made by CHADWICK and GOLDHABER 1), tha t

the deuteron can be disintegrated by r-rays of sufficient energy ,

provides most valuable information about the interaction o f

electromagnetic radiation with nuclear systems. This effect i s

closely connected with the capture process of neutrons by proton s

which especially plays a prominent rôle in slow neutron ex-

periments . In the earliest treatments of photo-disintegration 2)3)

as well as of proton-neutron capture, these effects were con -

sidered as photo-electric (PE) processes (interaction of th e

electric field of the incident wave with the nuclear system) .

The cross-sections thus obtained for the PE disintegratio n

were in reasonable agreement with experiment, but ther e

appeared to be a difference of several orders of magnitud e
between theoretical expectations and the measured values of

the capture cross-section . This point was cleared up by th e

remark of FERMi 4) that, besides the mentioned processes, on e

has also to take into account the photo-magnetic (PM) transi-

tions due to the interaction of the magnetic field of the in-

cident wave with the magnetic moments of the nuclear par-

ticles (cf. also BREIT and CONDON 5) ; it was shown that the slo w

neutron capture is essentially of magnetic character and tha t
the well-known 1/v law can be explained on this assumption .

Thus, all experimental data known at the time could be ac -

counted for by a theory based only on the assumption that th e

range of the nuclear forces is small compared to the wave-

lengths involved .
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More recent experiments by voN HALBAN 6 ), however, see m
to indicate a' discrepancy with theoretical expectations on th e
angular distribution of the disintegration products . While for the
PM effect (corresponding to a transition between the 3S-state
and the 1S-state of the deuteron), this distribution is isotropic ,
the contribution of the PE effect (a B S 3P transition) per uni t
solid angle is proportional to sin 2 0, 0 being the angle betwee n

the incident y-ray and the ejected neutron (or proton) . There-
fore, from the expressions for the differential cross-section of bot h
effects, which we shall denote by d del

(B) and d iinagn,
we fin d

for the ratio of the intensities al B = 0, (o il) and A = Tr/2, (Ø1 ) :

d Ømagn

°_

	

( 1 )
Ø1

	

d eiagn + d ße1
(Tr/2 )

For ThC" y-rays this ratio was calculated to be 0 .29, assuming
the virtual 1S-level of the deuteron to have an energy of about
105 eV; more detailed calculations of the PE cross-section which
show that this cross-section had been underestimated 3,5

), lead
to a value of 0 .15 . The same value has been obtained by RARIT A

and SCHWINGER 7) on the assumption of a spherical well poten-

tial combined with a directional coupling . On the other hand ,
v . HALBAN ' s measurements give a value of about 5 0 /0 , in agree-
ment with results obtained by CHADWICK, FEATHER and BRET-
SCHER 8 ) on the distribution of the photo-protons . In order to

explain this apparent inconsistency, a better insight into th e
nature of nuclear forces may be deemed necessary and it i s
therefore of interest to discuss these problems in accordance wit h

our present notions on the interaction between nucleons .

It is the aim of this paper to treat the photo-effect as wel l

as proton-neutron capture from the point of view of the theor y
of MØLLER and ROSENFELD 9 ), according to which nuclear inter -
action is established by a specific mixture of vector and pseudo -
scalar meson fields, including charged and neutral mesons in a
symmetrical way*. § 2-4 are devoted to the PE and PM
effects, while the neutron capture is discussed in § 5 .

x
Recently, a discussion of the PE effect in the frame of the meson theor y

has been given by FRÖHLICH, HrrrLER and KAHN 10), assuming the interaction
to be described by a field of the vector type . However, their treatment i s
clearly inconsistent with the general electromagnetic properties of nuclear sy -
stems ; their results will therefore not be considered here .
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The admixture of a D-state with the 3 S-state of the deutero n
has practically no influence on the effects under consideration .
The contribution of this D-state will therefore be neglecte d
throughout and the ground state will thus be taken to be purel y
of the 3 S-type . Moreover, it may be noted here that the inclusion
of the electric quadrupole transitions will neither influence es-
sentially the value of the total cross-section, nor the quantit y
defined in (1), the angular distribution to which it gives ris e
being proportional to si ne B cos' B (S ->- D transition) . This effect
is treated in an Appendix .

§ 2. a) The wave equation of the deuteron.

We begin with a survey of the properties of the deutero n
wave functions, representing in a slightly different form result s
obtained by KEmMER 11) in a paper on the neutron-proton interaction .

The two nucleons constituting the deuteron and all quan-
tities which refer to them are labelled with the upper indices 1
and 2, respectively ; x(1) and x(2) , for instance, represent the spatia l
coordinates of the first and second particles . The deuteron i s
described by a 16-component wave function zlfE ~t. (,u stands for
all those sets of values of the degeneracy parameters which belon g
to the same energy E). In the frame of reference in which th e
centre of gravity of the deuteron is at rest it satisfies the equatio n

o Ep {x) = I c a grad -I-,6 Mc 2 + (r) l E ( = E urE ~ (x) (2)
1

	

11

with
'(1)

	

~(2)

	

(1)

	

*(2)

	

( 1 )

	

(2)x=x -x , r= x , a=a -a , ,6= Q 3 ß--Q3 , MNMNMp,

Ca(l)±6(2))] g-
ir

	

Mme
~ ( r ) _ (T(1) T(2) ) [A + 92

	

-" , y =

	

,

Mm is the meson rest mass . The eigenvalue + 1 (-1) of Ta

denotes neutron (proton) states. According to KEMMER, the non-
trivial proper solutions of (2) can be classified as follows :

Type la :

Type Ib :

Type IIb :

corresponds in non-relativisti c

approximation with

triplet state with 1=j+1 ,

triplet state with 1 = j,

singlet state .
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We now introduce the normalized spin wave function s

3 x° =
v2

(ago)1 öa32)_1 + I1r31)-1 aa~,(1 2)1) ,

3
3 x1

	

dR31)1 ör,32) 1 , 1-1

	

66m-1 13(i2)-f

_ 1 SS

	

S
l !ÿ0

	

,~ ( V 631) 1 S 632)-1- SG31)-1 V 632)1) ,

and similarly the "isotopic spin wave functions"

	

and the
"q-wave functions" :

3~1 = 61 ,1 å.I> ,I , etc . ;

31 =
~P3 > 1 d

()
;2)1 , etc .

Then, to the first order in the velocities and apart from isotopic
(o )

spin dependence (i is the velocity-independent part of of which
(1 )

will be called "large component", W which is of the order of
v/c is the "small component"),

(0)

	

(1 )
~ = zg -{- zF

with

Type la, lb :

Type II b :

(o)
7 - 1

(0)
= 3~1 1 xo z° ,

3 a)

and
(1 )

Type Ia, Ib : W =

Type II b :

1 :4 [3x1 z1 + 3x0 z° +
3x-1

	

Jz 1 + 3 ~o 1xo za'

	

_

	

(3b)
3 5Ç0 [3x1 z1 + 3 xo zs + 3x-1 z

1 l( 1 )
~If =

Z and z only depend on the relative spatial coordinates ; intro-
ducing polar variables (x = r sin cos 99, g = r sin sin cp ,

z = r cos 5•), they may be expressed in the following way *

* The spherical harmonics are defined as in loc . cit . 9), equ . (115) ; we also
use the same normalization prescriptions as stated there .
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Z1 = V(J+ Jn -1 ) (J +m)
Y irni l)

Type I a

	

Z° _ -V2 (j-f- rn) (j-m) Y (.m) 1
1 = .1- .1

z-l= Vu -m-1) (j-m) Y~mi l )

Z1 = VU-m+1) (.1-m+2) Yf i 1 )

Type la Zo = V2 (l+in+1) um--I ) y(ln)

1= j +l
z- 1- V0+111} 1) (1+ m + 2 ) Yi+1

Zl = --V(J +m)

	

m-{-1) Y(m-1)

Type Ib Z° = - m0

	

Y(m)

Z1_
- V(1--m +l)

	

Y (m+ 1)

Type Il b Z° =

zl = V2 (J+ m)

	

m+1) Y(
.m -1)

Type la

	

zs . = 2m

	

Y(.m)

	

1

	

A l (.1-l )

=j-1 z-l -V2(.I+m-f-1)(J-m) Yim+1)2V2j ~

	

r

zå =2j

	

Y(. m )

z1 = V2(J + m) (J -m + 1) Y(m-1)
1

= 2m

	

Y(.
m )

z-l = - V2(j+m+1)(j-in) ~1m +1 )

zå = -2 (j+ 1)

	

Y (. m)

zl = V2(j+m -1)(J+m)

	

T. I)

	

-1

	

Ci j)
z° = - 2 V(j+ m) (j-m)

y,m)1

	

2 V2j(j + 1)(2j- l ) r

	

= V2(j- m- 1)(.1-m) Y,(-mi1)

	

1

	

H1(J )
z° = 0

	

2V2(2j-1) r

	

V 2 (J-m + l ) (j-m+2) 11+11)

	

-1

	

C2'(J )

+ 2 V(j +m + l ) (j-Jn +l) Yi
(m)

	

2 V2J(J+ 1 ) (2 .1+3)

	

r
~

	

+1	 	 1	 11 2(j)
V2(j+ni +l) (j+rn +2) Y (nt+1)

d -I- 1

* The expressions between the braces are the same for both types . The uppe r
expressions behind the braces refer to I b-states, the lower ones to II b-states .

	1	 RI(j)

V2j(j+ 1)

	

r

(m) ß II (J)
_Yi

	

J.

Type l a
1=j+ 1

Type` l b

IIb

1

	

A 2'(j+1 )
2V2(j +1)

	

r

2V2(2 ,j +3)

	

r
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The large radial functions RS (j) satisfy

f J2 (
d 2 j(j+ 1))

	

e	
zr

	

1

	

(4)
111 dr 2

	

r 2

	

+Ti s I + E ( R 2 ( .1) = 0 ,

where s = I or II and

	

J

for type I a, I b : T I = [1-2(-1)'+I] gi+ g 2

	

47c
	 ,

for type Il b :

	

T . = [1-2(-1)' ] gl-3g 2
~,II

	

4rc

Thus, for instance, RI (0) denotes the large radial wave func-

tion of the ground state . From (4) it follows that R o,, the asymp-

totic solution for a radial function R other than the groun d

state function, is given b y

Ro, 2 cos (kr + fi ) ;
Tc

7r (6)

k = VME/t ;

M
(7)2h2 1c hv*

The factor 2. I/2/7r normalizes Rø in the energy scale 12) ; v is the

nucleon velocity in the laboratory system . The phase constants

di are fixed by the exact solution of (4) . With the exception o f

do, they are very small if (h2 /ME) 'fa » x 1 . On account of (6) ,

the asymptotic expression for the complete large wave function

may generally be written a s

Do) = B (E, tc ; ~, cp) • cos (kr + ai) , (IF large) . (8 a )

Furthermore, the small radial wave functions are related wit h
the large functions by

(5)
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_( d
dr r) Rj(J-t

)

A2(j-I-1) _ (-ddr +j +
r

	 1
)
Rr(j+1)

C l (j) _ (j+ l ) (- +r I•~ RI (
j
)	 	 1	 	 (9)

C2 (J) = j (dr
J	

1) Rr (J)

	

Mc
V2j +

1

~ (j) - - dr + i ~ R rz (J )

H2 (j) _ (dr -J	

r
1

) RII
(j

)

and the asymptotic expression of the complete small wav e

function i s

(r --->- oc) = B (E, Fc ; ,9, çp) 7 sin (kr + a i), (W small) . (8 b)r

b) Interaction with electromagnetic radiation .

We now examine the effect of an irradiation of the deutero n

with a monochromatic polarized y-ray beam . In this case the
deuteron wave equation is

iI1 Ô2P _

	

+(S)e wt+con~.)] 2jl ,

-Q =--

	

+(Q grad) 6} .

	

(10)

d and @ are the electric and magnetic fields taken at the

centre of gravity of the system . P, M and Q are the operator s

of electric dipole moment, magnetic dipole moment and electri c

quadrupole moment, respectively . For a general nuclear system ,

explicit expressions of these quantities in an arbitrary frame of

reference have been given in a previous paper 14) ; for the deuteron ,

the indices (i) and (k) occurring there take the "values" (1 )

or (2) . As in the present case P, M and Q of course refer t o

the system in which the centre of gravity is at rest, we hav e

furthermore to replace xNl~ by x/2 and x~ 2~ by -x/2. Consequently,

_ -
e4(41)-32))

x-
87C

e
he %g2 ( TW A T(z))3(a'tl)+~0) Ax Q . e Yr, (11 )

where Is )



1 - T( ° (i) ~ (i) ~ ~(i) +

	

1 - z3°> (i )

2

3

`03

	

poi =
2

	

2

	

Q3 0=1, 2

e
2 C

+
(g2 2	 1

	

•
Ç

	

( T(1)AT(k) ) 3 L(d(i)Ad(k)) (1-2xr(ilt) )x) 'lathe 4i,k=1,s
(ik )

+
{(o-@)

^6(k)) x0 1f
(ik)l~

0
(ik) (1 + .ir(ik) /

ll
J •

e-'r
r(ik )

Qmn -
(i{2-(z- 3(l )i l 2 - (

z- 3

	

3(t)+z(21) 1 x
mxn

with

(12)

(13)

~
} x
xa = 'r

~ (ik)

	

x(1)-
(k)

, v (° ) = h
rad(° )

~

	

=

	

r (il` )

	

1YTi
g

p,o = eh/2Mc is the nuclear magneton. The first two terms of M

denote the "orbital" and spin magnetic moment of the nucleons ,
respectively* . It should be noted that the contribution of th e
(static) meson fields to Qmn vanishes in the centre of gravity
system. The expression (10) for the interaction operator i s
sufficiently accurate if the r-ray wave-length is large compared
to the "radius" of the deuteron, a condition which is well ful -
filled for the whole energy region of interest .

The differential cross-section for photo-disintegration by ' -
rays with a fixed direction of polarization is in a general way
given by**

d al = TC2 ôvsin )9- dp,

	

(14)
where

Q =

	

B (E, p, ; i9'', T) (B , µ .Q o) e° .f 2

	

(15)

and where is meant to be the average of
P over the magneti c

substates of the deuteron ground state (which is indicated b y
0 in the above formula) . The axis of the polar coordinate sy -
stem is supposed to be taken in the direction of polarization
of the photons .

* Details of the separation of the nucleon magnetic moment into these tw o
parts are given in loc . cit. 13) ; a term which is proportional to the electro-
magnetic field and one which may be written as a time derivative have been
omitted, both being irrelevant for present purposes . It should be noted tha t
the sign of the constant g 2 adopted here is different from that in loc . cit . 1S) .

** Cf. loc . cit . 15 ) pp . 59-61 . (14) is derived in a way quite similar to th e
treatment of the PE effect of the hydrogen atom by BETHE 18 .



12

	

Nr. 1 7

§ 3 . Calculation of the cross-sections * .

In this paper, the photo-disintegration is treated up to th e

first order in the velocities, i. e. effects of the order vie are
taken into account. Therefore, those and only those matri x

elements (FI Q I O) will have to be considered which belong

to one of the following three type s

S
( 0 )

	

( 0)

	

( 3)

	

(0)

	

1a (0 )

	

(i )
u.11, S? ZlJO , 3 16 S? ~Fp > 3 ZFF P ~o ,

the integral sign denoting integration over spatial coordinate s
and summation over spin coordinates as well .

a) The PE effect .

We shall now consider the transitions due to S? el = - & P.
Taking the x-axis as the direction of propagation of the photon
beam, and the z-axis as the direction of its electric vector ,

~cl = -EPz .

The amplitude E of the fields of the wave is chosen such a s

to normalize the radiation to one polarized photon per sec .
per cm 2 (Heaviside units are used throughout) :

IFI2 _ ~i v
2 c

Let us first consider

9nucl = - E Pnucl = e E
~i(t) - Z (2) ~ 2 .el

	

z

	

4

	

3

	

3

As the ground state is antisymmetric in the isotopic spins an d

3°
~

(t )

	

(2)
) 1yy _ 2 ,

	

1}- ( ( 1)

	

(2)~ 123 -23 SO -

	

0 i3 -23 )

	

= 0 ,

the final state must be symmetric with respect to a(i) . Taking

further into account the behaviour with regard to rotations an d

spatial reflections and the fact that the ground state is of th e

* I should like to thank Prof. C . LMør.LER for the communication of pre-
liminary calculations on the photo-effect which have provided a valuable chec k
of the calculations given here .

(16)



Nr . 17

	

1 3

type I a with l = 0, j = 1, the following states are found t o
combine with the ground state (behind each state the spectro-
scopic symbol corresponding to the non-relativistic approxima-
tion is indicated) :

Ia, I=1, j=2 (3P) ,

Ia, 1=1 , .1 =0 ( 3Po) ,

I b , 1 = j = 1

	

( 3Pl),

while the familiar selection rule zim = 0 holds . From (3) it i s
easily seen that, to the first order in the velocities, we have fo r
all these transitions

~ nucl

	

= S
~ft ~nncl2

l
(F,

~e

	

I 0 )

	

wFSeI

	

Io .

The matrix elements are readily found to b e

	

V 6/6

	

1~ 1

(1 a, 1 = 1, j = 2 Oel c ' 0) = e2	 J . l v2/3

	

0 -~ 0

	

LV6/6

	

-1-}- 1

(17)

(I a, 1=1, j=0 ny'' l
0) =

( lb, . .i = 1 .S?el
e1 0)

eE J
6

- eE J
.~

y6/6

2

	

V6/6 .

0-- 0

1> 1

-1-->- 1

Behind each expression the corresponding magnetic transitio n
has been indicated, while

J = 5 0 dx. R 1 on 1 1r.

peleh the second part of t el which, according to (11), is given b y

pexch _

	

EPexch

	

CE g1 g2,
( T(1) A T(2>)3 {(±(1)+,(2) ) A x }z

e-,
el

	

z

	

Ô7Lhe

	

Y

does, in our approximation, not contribute to the PE effect . This
will be shown in the Appendix .

With the help of (14) and (15), the differential cross-sectio n
now can directly be obtained . As the final states are all P-slate s
having the same radial wave function, the factor exp (ie 1) in (15)
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may be omitted . Using (7) and (2) and neglecting those term s
in B that are proportional to (vfc)2 we then get expression s
which prove to be the same for the three possible magneti c
states, so that they directly give the average value ~O . Denoting
by 0, 'p the direction of the ejected neutron with respect to th e
direction of propagation of the incoming y-ray beam, we obtain ,
after averaging over all directions of polarization (which give s
a factor 1/2),

2e
d

Ø el
(0) -

	

v I JI 2 . sin' 0• sin 0d0d2fi . (18 a)32 c

The total cross-section is

(18b)
Øel

=
7re 2 Y I J I 2

12c

This result is identical in form with that obtained in the BETHE-

PEIERLs theory for a spherical well potential . Deviations fro m
this simple formula are at most to be expected in the secon d
order with respect to the velocities .

b) The PM effect .

Again beginning with the nucleon terms we have, notin g
that the first term of (12) gives no contribution ,

(i )
nucl

	

E

	

1 - z3 (i) (i)
~magn = L +uo t~

2
03 6J ,

i

as the magnetic vector stands in the -y-direction . For transi-
tions to states antisymmetric in the isotopic spins, this operato r
becomes Ep,o (

93
1)

ay

+ 032) 1,, )12, whil e

o
nucl

	

EI~(G°

	

(1) (1)

	

(2) (3)
magn - - 2 (ea au - ()3 y /

if the final state is symmetric in these coordinates . It is easily
seen that the matrix elements vanish in the former case ; as to
the latter, the only combining state is II b, j = 0 (1S) with
am = + 1 . For 1 -*- 0 as well as for -1 --p- 0, one finds

(II b, j = 0 I ~magn I 0) = - I ~`0	

2

	 Ev2 ~ dr RI (0) RII (0) .
0
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The extra magnetic moments of proton and neutron due to their
proper (static) meson fields form part of the rest of (12), viz .
those terms for which i = lc* . They give of course an infinite
contribution and can only be managed by using a cut-off pre-
scription . The corresponding interaction is given b y

extra

	

_%\2
r

	

(i) f>(i)
omagn

	

\ x 47ncc
ew elim-o i Z3

ld (1-2z e

1} e .

	

x(19)
+(o Qo/Qo( 1 + x Q)IY '

with e = QI and Qo = Q/Q. Replacing (a (`) Qo) Qoy by its directio-
nal average dỳ ) /3, as would seem appropriate if the nuclea r
point sources are considered as the limiting case of a sphericall y
symmetrical distribution, and cutting off by puttin g

g2, M
3 4 c M

lim
(-

- 5 I e 'T

	

(20 a)
me= o Q

	

/

equal to a finite quantity ,t, give s

extra

	

(i) (i)
'magn

	

FAO FL E

	

Z~ 6y .

magn -

	

E
Iw0

._.~ { (~p
-

1) 2
+

PN 2 ' (r

w

p is the "extra magnetic moment" in units po . Experimentally,
a slight dissymmetry between extra proton and neutron momen t
is found, the discussion of which, however, falls outside th e
scope of the present considerations 13) . Formally, we may ac -
count for it by writing instead of the last expression

extra

	

~

	

1 -
	 3

i)

	

~ z3l)

	

( i)

thus using the empirical value pp (p,N) of the magnetic proto n
(neutron) moment instead of ,ru . The introduction of a term
proportional to ( ay + a

y
2) ) which is involved in this change o n

account of pp + tN -1 $ 0 is irrelevant, since it does not giv e
rise to any transitions . The only allowed state is again th e
1S-state in which case the operator becomes

* Other terms of higher order which also contribute to these extra mag-
netic moments have to be discarded according to the prescription given i n
loc . cit . ")
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t''P-~LN- 1) E (6ÿl)-(12)) .

Consequently,

0) _ - r 2,uo ( iuP -µN -1) E drRz (0)R 11 (0),

	

(20b)
0

and the total contribution of the nucleons i s

(II b, j = 0 0extra
roagn

extra

	

iV2
~magn ~ 0 )_ -

	

2

	

(pp- ~u, N ) E drR1(0)R11(0) . (21 )(II b, j = 0 ,Q nucl
m agn o

Finally, the terms from the second part of (12) with i k must
be considered. The corresponding interaction, Qexch i smagn '

e E	 g z	 (T(1) AT (2))

	

±A /(2)~z

	

1

	

2
2 4 Tr ic

	

3 [(±o,)

	

(x2 r

	

x ~

+ {(d(1) Aa-(2))x}x ( 1
	 + 1 )Ie "0

	

o y x 2 r

	

x

As 30 (T (i) A T(2))3 l~0 = - 2i, 1,0 (T W A T(2) )3

	

= 0, the final
states must be symmetric in the isotopic spins. The only state s
combining with the ground state turn out to b e

Type II b, = 0, CS) ,
Type It b, ,j = 2, ( 1 D) .

The matrix elements are found to be again of the type (17) .
They are

(22)

1+-01 esc h-1

	

O 1 (II b, - 2 I ~,magn u)

2îj/10	 g2	 MFc,oEdrR1(0)R11(2)(l .-~1 ) ~-
. r

15 4TCkZC Mm

	

o

	

x r

The obvious similarity in form of (20 a, b) and (22) becomes clear
if one remembers that, for an S -± S transition, {(a(1) A a(2) ) x0 } x o 0

should be replaced by its directional average which is (rr(1)Aa~2))0/3 .

Qexch
magn

-± 0
-10 ( II b, .j = 0 Qexch

magi] o )

	 V- 	 ~ 22
3 47r,

he
M,n Fto

E ~0dr R1(0 ) R11(0) (

	4

(23)
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Having verified that the contribution of (23) is very small, we
have ignored this transition .

The differential cross-section is computed from (21) and (22 )
in the same way as (18 a) was found ; averaging over the initial
magnetic substates gives a factor 2/3 . The result i s

do-agn

	

112 6LÔ

v

l K1 2 •sinØdBd2p,

	

(24a)

/
K

-(~PyN)
~o

rRi(0)Rii(0)
	 	 g2
- 3 47r he M1 ~ o drRi

	

4(0)Rii(0) I	 - 5
\

	

/
Therefore,

("ima go- = 3 ruo Ç I x I 2

	

(24 b )

§ 4 . Numerical evaluations .

Approximate expressions for the radial wave function of th e
ground state and the 'S-state have been obtained by HUi, -
TxLN 17,18) assuming the nuclear potential to be of the form a s
determined by (4) and (5) . They are :

R1 (0) = Ve x
13"{(1_e 'r)-cl (1-exr)2}, 8 =

M (Eo2 ) ,
(25)Mm M c

R 11 (0) = [/_2 .	 {(1-e

	

c2 (1-é "r )
2
) sin(kr+ô) .

	

(26)
Tc -c2

e is a normalizing factor and is given by loc . cit . ") equ. (35) .
The constants cl and c2 are determined by variational methods .
For nucleon energies not much larger than zero, c2 = 0,349
while, taking E0 = 2,16 MeV,

a

	

x

	

J3

	

P

	

e1

	

g22 /4 7cii c
200

	

0,52 . 10 13 cm .

	

0,442

	

4,66

	

0,370

	

0,06 5
300

	

0,78 . 10 13 cm.

	

0,294

	

2,48

	

0,365

	

0,09 5

a denoting the ratio between meson and electron mass . g2 and
the phase à in (26) depend upon the energy Eô of the virtua l
1S-level, for which we have taken E'o = 5 . 10 4 eV. With y =
(MEo) r l /h = 3,48 . 10 11 cm-1,

with

kcos a =
vY2

+
k2

, sin ô =	
Vr 2

+
k2

D . Kgl . Danske Vidensk. Selskab, Mat .-fys . Medd . XX, 17 .

	

2
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The P-function is, assuming as usual the interaction betwee n
proton and neutron to be negligible in this state ,

RI (1) = ~ V ~ (- cos kr +
si~rr\

Inserting all this in (18 b) and (24 b) we get (it should be borne
in mind that e is expressed in Heaviside units)

e2

	

2

Øe1

	

3 sec
(h

vNc/Mc 2 k k4 ~
(1-cl) Pô+(2 e l-1) P1-c1P 12

	

(27)

Ømagn = P

	

1

	

e2 h v x 1	 y 2
12 (1-c 2 ) 2 kc Mc 2 k k2 y2 +k2

16	 92

	

M

	

2 +•
	 	 .F(Y)

3 4TChc M m

(PP-PO F (x)
(28)

where the following abbreviations have been used :

x

	

1

PR = {1+(ß+n)2()2}

F(X) _ (1- c 1 ) (1- c2 ) X0 - (4 c1 c2 - 3 c 1- 3 c2 + 2) X1

+(6C1 c 2 -3c 1 -3C2 +1)X2 -(4c 1 c 2 -c1 -c2)X3+c1 C2 X4 ,
with

Y

	

k

	

(

	

}

n
=

[arctg{(ß+n)}+2yln (~+n) 2 +x2 +4Xn+ 1

The PE cross-section decreases with increasing x, as is shown
by the following table :

li v

in MeV

Øe1 in 10
28

cm a

a = 200 a = 30 0

2,64 15 1 2
4 34 2 3
6,2 24 18

10 16 1 1
17 9 5,5

Xn={1+(l~+n)x}PR
.`

	

Y

F(Y) is understood to be obtained from F(X) by replacing
Xn by Yn , wher e
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Ø ei i n

10
_2e cm z

-.MIMI

fiv_Eo in MeV.~

5

	

10

	

1 5

30

2 0

I 0

O
O

01 .200

OC-300

7. 5

5.0

2 .5

O

Fig . 1 .

a=200 a=300

Øm ~9" tn
10' za crr~

11 41 101,

	

1

exch ./Nwithout4,
with exch

hv_E o in MeV.

a_300

a=200

a=300
a=200

0 .1 0.3 0.5

Fig . 2 .

2 *
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In Fig. 1, e l has been plotted against h v - E 0 = 2E. From

the considerations in the Appendix, Note 1, it will become clea r
that one should be careful in drawing quantitative conclusion s
from this graph .

The magnetic cross-section is given in Fig . 2 (curves marked
"with exch.") ; we have taken pp = 2,78, pN = - 1,93. In par-
ticular, one has for the ThC " y-rays ; Liv = 2,64 MeV :

inagn 1,3 . 10
28

for a = 200,
Ø

	

1,5 .10 28 for a = 300 .

It follows that for this energy

	

011

	

0,055, a = 200 ,

	

j

	

0,075, a = 300

which shows that the present theory gives a good account o f
the angular distribution . In order to understand better the origin

of the difference between this and the "old" theory, we have
also computed the value of ® a)..L which would be obtained by
omitting the term due to the meson fields in (28) ; for doing
so, ®

m8g" , too, would have the same general form as in the
old theory (though it should be remembered that other expres-
sions for the radial wave-functions are used) . The curves of
Fig . 2 marked "without exch ." refer to ®magn

as calculated' ' .b y
omitting F(Y) . We then find, for the ThC " y-rays, ® magn =

2,4 . 10-28 for a = 200, and 2,8 . 10-28 for a = 300, which would
lead to 10 0 /0 (a = 200) and 13 °t0 (a = 300) for Ø 11 J®1. Thus ,
the present result is essentially due to the existence of meso n
exchange currents* .

One can, therefore, not expect to get satisfactory values fo r
(1) by means of a "neut ral" theory, as this does not exhibi t
exchange phenomena, notwithstanding the influence on th e
angular distribution of a strong directional coupling which ma y

be inherent in such a theory, as is e . g . the case in the theory
put forward by BETTJE 21) . As a matter of fact, it can be seen
from the form of the radial wave-functions of the states involve d

* A discussion of the obtained values in connection with the magnitude

of 4,0 is given in the Appendix, Note 1 .
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in the transitions due to this coupling that the angular distribu-

tion will not change appreciably for energies not much larger
than E 0 .

From Fig. 2 it appears that with increasing energy Ømagn

initially increases much more rapidly than Ø el . Indeed, it can be
seen from (27) and (28) that for k «x, Ø el N k 3 and thus in -
creases like E'l', while Ømagn c k (y 2 + k 2 )-1; from the latter
result one infers, moreover, that Ømagn

attains its maximum a t
the "resonance value" k	 y, corresponding to h v - Eo =
0,1 MeV, i . e . twice the value of the energy of the 1S-level. The
angular distribution just above the threshold should apparentl y
be nearly isotropic .

In a recent paper*, MYERS and VAN ATTA 27 ) report the re -
sults of photo-disintegration experiments in which X-rays ar e
used with energies ranging from 0 	 0,25 MeV above the thre-
shold ; the major part of the intensity lies within 0,1 MeV of
this limiting energy (for which they find 2,183 ± 0,012 MeV) .
The ratio of the intensities at 90° and 0° appears to be 1,15 ±
0,10 . We should like to point out that no comparison with
theoretical results is possible without a detailed knowledge o f
the X-ray spectrum employed : writing the intensity ratio unde r
consideration as 1 +x, it is seen that, in the energy regio n
h v E0 = 0 -0,1 MeV, x increases proportionally to E and, thus ,
vales rapidly for the energies concerned. For reference, we giv e
the values of x at 0,1 MeV : 0,31 (0,19) for a = 200 and 0,23
(0,15) for ce = 300 (the values in brackets are obtained if th e
contributions of the meson exchange currents are omitted) .

Calculations on the magnetic effect have mostly been per -
formed for vanishing range of the nuclear forces' 7) . For com-
parison, we shall give the numerical result in this limiting case
on the present theory . It is easily seen that F(Y) = 0 for x'
= O. As gz x_1

practically does not depend on x 9 ) ; the exchang e
effect therefore vanishes for zero range . Furthermore, only X0
is now different from zero, this quantity being independent o f
x, while ex in the limit tends to a finite value .

q'nagn
then turns

out to be 3,2 . 10
2s

, as compared with 3,3 .10
2

found by
RARITA and SCFWINGER 7) . It is to be noted that the dependence

* I have not been able to see this article myself ; an abstract of its con-
tents has kindly been communicated to me by dr . L. HULTHLN .
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of 0mag« on range is different from, that of 0 0. To this point
we shall come back in § 5 .

As to the absolute value of the photo-disintegration cross -
section, there is reasonable agreement with the measured values ,
viz . 5 . 10 -28 (CHADWICK and GOLDHABER I)) and 9 . 10-28 cm 2
(v . HALBAN s)) for li v = 2,64, and 11,6 . 10 -28 cm 2 for 6,2 Me V
(ALLEN and SMITH I9)) ; cf. especially the Appendix, Note 1 . The
cross-section reaches a maximum at about 4 MeV and then
decreases rapidly . In fact, it is easily seen from (27) and (28 )
that for very large energies both (D e1 and W ma ° n decrease as v '' ,
i . e . more rapidly than in the old theory (- v ' l) .

Theories which, in contrast to the mixed theory, involve a
strong directional coupling of the dipole interaction type give
rise to an angular distribution of a quite different kind . This
has been calculated by RABITA and SCHWINGER 20) for the Li + I-I

y-ray energy (17,5 MeV) for which in all theories the magneti c
effects are negligible . It is seen that the "symmetrical" theory
gives a total cross-section of 3,8 . 10 28 and an angular distribu-
tion such that 011/0 = 0,01 while, in the "neutral" theory 21)

these quantities are 7,7 . 10 28 and 0,27, respectively . Here, the
emission in the forward direction is due to electric transition s
induced by the non-central forces which lead to a 2 D contribu-
tion to the ground state . While the total cross-sections are seen
not to differ much from the value given here on mixed theory ,

the angular distributions cannot be directly compared with (18 a) ,
as in our approximation the non-central forces do not corn e

into consideration . Indeed, it is an essential feature of the mixed
theory, distinguishing it from all other current meson theories ,
that the tensor interaction responsible for the S-D coupling i s
of non-static nature. Thus, the matrix elements of the corre-
sponding transitions are of higher order in v/c (which for h.v =
17,5 MeV is - 0,1) compared with those given here, so that thei r

contribution, even for this energy, will be relatively small ; there -
fore 0m/Øi would, according to the mixed theory, seem to b e
of the same order as in the symmetrical theory with directiona l

coupling and would at any rate be much smaller than in th e
neutral theory ,

In the foregoing, it has been tacitly assumed that the centr e
of gravity system of the deuteron may be identified with the
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actual system of measurement. In the high energy region a
correction is necessary, however, as here the photon momentu m
may not be neglected .

§ 5 . Capture of neutrons by protons .

Although the old theory could not account for the PM dis-
integration, the agreement of the theoretically found captur e
cross-section for thermal neutrons with experiment was satis-

factory. As the latter process is entirely of magnetic origin in

the energy region concerned and its probability is intimately con-
nected with

(7Jmag-,
it might be feared that the change of magni-

tude of as as compared with the old theory would affect th e
capture cross-section in an unfavourable way. However, this is
not the case, due to the circumstance that, for thermal energies ,
the influence of the exchange terms is considerably° less tha n
for the energies of interest in the discussion of the photo-effect .

The cross-section for this process can immediately be in-

ferred from (27) and (28) . We have in fact, calling the cross -
sections for "electric" and . "magnetic" capture c7a~i and or g n

9 vyoel ,

	

Ømagn

	

3 (v 2

g2~kc2 Vkc j

We are especially interested in the behaviour of these expres-

sions in the region of thermal neutron energies ; in this case,

r 2 + k 2 may be replaced by y2 . It is seen that for these energies
Øci

N k and, thus, may be neglected compared with whic h
is N k 1 . For very small k

	

mmagn _e

	

1

	

e 2

	

~ v n
3 /Mc 2 k 3

1

	

8 (1-c2 ) 2 fc ~Mc2 i

	

k ~ . ~,,~
k ~ .

	

('°'n-

	

F(X) -}- 16 .	 92	 M
F

(
Y)

	

3

	

Mln

I

	

r
In -

(ß +
	 n)2 ~ 1 -E- (ß -I- n)

Y l

Yt = ;, ln (ß -+ - r2)-+- 4 Xn+i•

2

with
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(The term of Y. containing an arc tg need not be written down ,
as these various terms cancel each other) . For h v one may tak e
E0. The following numerical results have been obtained :

qmagn in 10 " cm a
v in cm/sec . a = 200 a = 300 "Old" th . Exp .

2,2 . 105 0,23 (0,39) 0,26 (0,39) 0,35 6,27 22)
2,5 . 10 5 0,20 (0,34) 0,23 (0,34) 0,31 0,31 23)

The values in brackets are obtained by omitting the exchang e
term . In the last column but one, the values according to the
old theory are given ; cf. loc . cit. 12 ), equ. (95). The agreement
with experiment is satisfactory .

We have considered in some detail the dependence of thi s
effect on z . Just as for PM disintegration, it appears that for
x1 = 0 the contribution due to the exchange currents vanishe s
and that only .ko differs from zero . For u = 2,2 . 10 1 cm/sec . ,
Øcagn

= 0,39-10-24 in this case . Further, by disregarding the
exchange effect, one obtains the range dependence due to th e
form of the radial wave-functions and, thus, to the Yukawa
potential employed in the present calculations . It then appears
that, for small values of x 1,

0magn
is practically constant* an d

then decreases very slowly . As, for very small z, Q N x- `3 , it can

be seen from the analytical expression of the quantity considered
that for z -3 0 it tends to a finite value differing from zero .

* This has also been found for the case of a Monsa potential") . However, in
the present case, calculations up to 20 . 10-1 ' cm . show a steady decrease of th e
capture cross-section, whereas in loc . cit . a sharp increase is found at 6 . 10-'' cm .
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Appendix .

Note 1 . On the PE effect. This has been calculated usin g
the operator -6P. But as

CAP = ~
P+ cdt (P)

and as the second term on the right has vanishing matrix ele-
ments for the transitions concerned, because of energy conserva -
tion, - P = SL eI may be taken just as well . This will be don e
here ; in the centre of gravity system 13)

4-

	

e ())

	

(1) A T(2))31 +

	

1
0(1)a(2)

)}

	

e
-ir

. (29)P =

	

(1 -z3 --,( i ) +	 e	 (T 9192 xo
2 i

	

4ahc

The first term give s

-	 2e [(

	

(1)) (1>

	

(

	

(2)) (2 ) 11- z3 az { 1- z3 az
J

where A = - icEv 1 is the amplitude of the vector potential .
With the help of (9), the matrix elements are found to b e

(I a, 1= 1, j = O ~SLéI 0) = ieAh J
3 M c

(lb,

	

11=1
SL~ I 0)=

i~7c~J1 ll

1/616

(I a, 1 = 1, j = 2 SL eI

-1/6/6

A

with

1/6f6
ieAh

0)
_	 J

Mc

	

V2/
3

1/6, 6

.11 = drR(1) (-) RI (0) .
0

The second term of (29) is treated in the same way ; the matrix
elements are obtained from (30) by replacing
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h

	

9 2 +92
McJl

by

	

2zZc J2 '
where

``
ø

J2 = dr e-" RI (1) RI (O) .
0

Writing down the equations for RI (0) and RI (1) in accordanc e
with (4) and (5) and multiplying the first with RI (Or, the
second with RI (O)r, it is after subtraction and partial integra-
tion easy to see that

2

2e

	

M1Ic
Jl+

2mltc J
2 .

For J, cf. p. 13 . Therefore,
>>

	

ll

S~el O) _ (F ~~ Pnuc1I O /

and the following expression for duel is equivalent

~
J

	

g i -;-g 2
Mc

	

2 7rhc

(F

0e] _ Sce 2 c

3v

2

It can also be seen more directly that the matrix element s
corresponding to PYß•11 vanish in our approximation ; for thes e
are all proportional to

v

	

9192
x c

	

h c

and thus are obviously of higher order in the velocities than th e
matrix elements corresponding to the second term of (29) .

As (18 b) and (32), of course, only would give identica l
numerical results if exact explicit expressions for the radia l
wave-functions are used, this provides a check as to the relia-
bility of the approximate expressions for these functions pro -
posed by various authors . Previously 15), we had employed for
RI (0) WILSON ' S result 25) and it appeared that then the cross-
section obtained from (32) for h v = 2,64 MeV is 4,5 times th e
corresponding quantity obtained from (18 b), if Mm = 0,1 M; i t
is thus quite impossible in this case to predict anything with
regard to such a sensitive effect as the angular distribution .
Using (25), this ratio becomes 0,7 for the same energy .
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In order to understand better the origin of these discrepan-

cies we have computed the ratio of the two expressions for el
at the photo-electric threshold : h v = Eo . Here, the Bessel-func-
tion representation for R I (1) is certainly accurate so that, i n
this limiting case, the remaining deviation should be entirel y
ascribed to the ground state function . The threshold ratio i s
found to be 1,5 for WILSON'S function and 0,94 if (25) is used .

HULTHÉN'S expression is therefore a much better approximation .

The larger deviations for energies greater than E0 will be partly

due to the inaccuracy of RI (1) ; in this connection, it should be

remarked that the values of the matrix elements may be very
sensitive even for small changes in the radial functions .

From the above it seems reasonable to assume that th e
values for Del

given in § 4 are too large for energies not much
greater than Eo. The agreement of the theoretical values for th e
cross-section with experiment will therefore be better if mor e
accurate approximations for the wave-functions are used, while
the results with regard to thll/th1 would remain satisfactory. In
fact, it follows from the results stated for 2,64 MeV that this
quantity would lie between 5,5 0/0 and 8 0 /0 for a = 200 and
between 7,5 0/0 and 10,5 °/Q for a = 300 . As to the meson res t
mass, one might infer from this result that a = 200 is a mor e
probable value than a = 300 .

Finally, it should be noted that (31) also holds in a pur e
vector or pure pseudoscalar meson theory, provided the dipol e
interaction potential (including cut-off) may be considered a
perturbation and the contribution of the 3 D wave-function t o
the ground state may be disregarded .

Note 2. The electric quadrupole effect . In accordance
with (10) and (13) and remembering the assumption on th e

direction of propagation and polarization of the y-rays, th e
operator of the quadrupole transitions may be written a s

iveE
Qquadr -

	

16 c [2 -
(r31)

+ rat )] xz .

The only allowed transitions are to D-states that are anti-sym-
metric in isotopic spin :
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I a, 1 = 2, j = 3 ('D3)

I a, 1 = 2, j = 1 (3D1)

lb, l = j = 2

	

( 3 D 2 ) .

c
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There is therefore no interference with the electric or magneti c

dipole transitions . For these states, Dquadr = - i v e E x z/8 c and

V5/2

-V6/4
1 -+ 2

1-+ 0

(I a, l = 2, j = 3 I
~

iv U
1 0-> 1

I 0) .= -
60 c

eE

quadr -1 0- 1

1/6/4 -1 ->- 0

-V5/2 -1->- - 2

1 1 ~ 0

iveE 1 0 ~ 1
(I a , 1 = 2 , j = 1 1?.quadr l 0 ) =

	

80 c G

	

-1 0 ->- -1

- J
(i b, 1 = .1 = 2 5~quad r~

	

i0)

	

iv eE

= 240c G ~ - 1/ 5
- V1 5

~

	

V1 0
with

G = dr R I (2) RI (0) r2 .

The contributions of the different magnetic substates of the
ground state appear to be equal, as in the electric dipole case .
Averaging over directions of polarization gives a factor 1/2 .

The result is

e 2

	

'
dØquadr

= 512 ' ~c) ~

G sin 2 e cos' 9• sin B dB d

2

Øquadr

	

960
() 3 I G I .
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This expression would also have been obtained in the old theory ;

the electric dipole and quadrupole cross-sections thus both hav e

the saine general form as in the old theory .

For RI (2) we have to take 7 (kr) 1`e J6 , (kr) . Estimations show

quadr to be at most of the order of 10-29 cue ; as this effec t
has, furthermore, no bearing on the quantity (1), these transition s
are of no practical interest. The electric quadrupole capture i s
of course negligible, since a jump of 1 from 2 to 0 would be in-

volved, which is highly improbable for small energies 29 )

1 am much indebted to prof. L . ROSENFELD for his interest

in this work and for many helpful discussions .

Instituut voor theoretische Natuurkunde, Rijks-Universiteit Utrecht, Holland .
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