Downloaded from http://rspa.royalsocietypublishing.org/ on July 19, 2018

The scattering of mesotrons 85

References

Bhabha 1938 Nature, Lond., 141, 117.

— 1939 RaRy Soc. A, 172, 384.

Blackett and Wilson 1938 Proc. Roy. Soc. 165, 209.

Blau and Wambacher 1937 S.B. Akad. Wiss. Wien, 146, 623.
Brode and Starr 1938 Phys. Rev. 53, 3.

Brunt 1931 Combination of Observations. Camb. Univ. Press.
Fowler 1938 Phys. Rev. 54, 773.

Fowler and Oppenheimer 1938 Phys. Rev. 54, 320.

Heitler 1938a Proc. Roy. Soc. A, 166, 529.

— 19386 Phys. Rev. 54, 873.

Schopper and Schopper 1938 Phys. Z. 40, 22.

Williams 1939 Proc. Roy. Soc. A, 169, 531.

Wilson 1939 Proc. Roy. Soc. A, 172, 517.

The photodisintegration of the deuteron in the
meson theory

By H. Frohlich
H. H. Wills Physical Laboratory, University of Bristol

W. Heitler and B. Kahn
At present at Royal Society Mond Laboratory, Cambridge

( Communicatedby J. D. Cockcroft, —Received 14 August 1939)

1. Introduction

Bethe and Peierls (1935) have given a theory of the photoelectric effect
of the deuteron which was based on the assumption that between a neutron
and a proton forces of a very short range exist. This made it possible to
calculate the cross-section and the angular distribution in a way which
seemed to a great extent to be independent of the nature of the nuclear
forces. Massey and Mohr (1935) have extended this theory. Later on Breit
and Condon (1936) have taken into account the influence ofexchange forces
of the Majorana type.

In recent years a theory of nuclear forces has been developed, the funda-
mental ideas of which are due to Yukawa (1935). In this theory, the exist-
ence of free mesons (cosmic rays) is connected with the nuclear forces in a
similar way as the electromagnetic forces between electrically charged
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particles are correlated with the existence of light quanta (cf. Yukawa,
Sakata and Taketani 1938; Bhabha 1938; Frohlich, Heitler and Kemmer
i1938)-

According to this meson theory a proton (neutron) can be regarded as
surrounded by a meson field which, owing to the exchange nature of the
nuclear forces, is electrically charged, the charge being positive (negative)
for the proton (neutron).

The charged nature of the nuclear field has the following important
consequence: In treating the interaction of a nucleus with a light quantum
one has to take into account not only the direct interaction of the light
guantum with the protons but also its interaction with the charged nuclear
field. The latter consists of two parts: (i) the spin independent part
(®-interaction) and (ii) the spin dependent part (/-interaction). The first
part gives rise to ordinary exchange forces whose influence on the photo-
electric effect has in principle been considered by Breit and Condon. The
second part is characteristic for the meson theory in its present form and
leads, as we shall see in this paper, to results differing essentially from
those of previous theories.

One can thus divide the interaction of a light quantum with a deuteron
into two parts: (i) the part in which the light quantum acts directly on the
proton (Bethe-Peierls), (ii) the part in which the light quantum interacts
with the meson field. It will be shown in this paper that for not too high
energies both are of the same order of magnitude. The dependence on the
frequency v is, however, quite different for the two parts. The contribution
to the cross-section of (i) decreases, for high energies, like I/rf, whereas the
contribution of (ii) decreases only like 1v*. For high energiesithe new effect
is therefore preponderant. For the 17 MeV y-rays of Li for instance the
cross-section turns out to be seven times larger in the new theory than in
the old one. Also the angular distribution will be seen to be very different in
the new theory.

These effects are characteristic for the spin dependent exchange forces
in the present form of the meson theory. We want to emphasize that the
effect is mainly due to not too fast mesons and that none of the difficulties
of the meson theory connected with fast mesons plays any role in these
calculations. The results should have the same degree of reliability as
those for the nuclear forces.

It should be possible to check the effect experimentally. We believe that
such experiments on the photoelectric effect of the deuteron with hard
y-rays should be considered as a crucial test for or against the present form
of the meson theory.
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2. Calculation of the ceoss-section

Our aim is to calculate the cross-section for the photo-disintegration of
the deuteron. We shall do this, using Born’s approximation. This is justified
because it will turn out that the wave function of the ejected proton is not
an S-wave function and therefore very little influenced by the proton-
neutron interaction (this is not true for the photomagnetic effect which we
shall not consider in this paper, cf. 83).

(i) The wavefunctions of the deuteron

The wave function of a heavy particle depends on the following co-
ordinates: The space co-ordinates, the spin co-ordinates and the co-
ordinates describing whether the heavy particle is a proton or a neutron.
The ground state ofthe deuteron has an angularmomentum 1. It was usually
assumed that it is a 35-state. From the proton-neutron interaction derived
from the meson theory it follows, however, that there is a large spin-orbit
coupling, and that therefore the ground state is a mixture of 35 and DX
(cf. Yukawa, Sakata, Kobayasi and Taketani 1938; Frdhlich et al* 1938).
The presence of a 3D Xadmixture to the wave function finds its expression
in the existence ofa quadripole moment ofthe deuteron, discovered recently
by Kellogg, Rabi, Ramsey and Zacharias (1939).

It is, however, likely that the contribution of the 3D Xwave function is
not very large, owing to the centrifugal forces. In this paper we are mainly
interested in the effects arising from the meson character of the nuclear
field. These effects are clearly shown even if we assume a 3S-wave function
for the ground state of the deuteron as we shall do in this paper for reasons
of simplicity.

The wave function for the ground state of the deuteron can thus be
written in the form

y =7(1,2) T(l, 2)17(1,2), 6))
where if depends on the space co-ordinates rx r2  on the spin variables,
and U on the charge variables of the two particles. For the 35-state these
wave functions are

«(1)«(2)
T =j 2{oc()ft(2) +a(2)/2(1)},

mm

* In the following quoted as F.H.K.
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where a, /? are the two spin functions and £(?) is equal to 1, (0) when the
particle is a proton and equal to 0, (1) when it is a neutron. For ijrwe shall
assume the wave function used by Bethe and Peierls (1935):

r= Iri—r2|, (3)

where a is connected with the binding energy EOof the deuteron by

w
M @

M is the mass ofthe proton. The wave function (3) corresponds to a neutron-
proton potential of the form of a A-function. For the final state into which
the deuteron disintegrates we assume plane waves according to the use of
Born’s approximation. For parallel spins this wave function is

a(ha(2)
W Gi(KIm)+i(K2) £ (1) (2) I\/Z{a(l)/>(2)+a(2)/J(I)} (5)

mm

Kxis the wave number of the ejected proton, K2ofthe neutron. Transitions
into states with antiparallel spins are only due to the photomagnetic effect,
which we do not consider here.

(i) Interaction energy

The transition from the ground state to the final state are due to the
interaction of the deuteron with the light quantum. In the theory of Bethe
and Peierls (1935) the proton was considered as the only particle carrying
a charge. In the meson theory we have in addition an interaction of the
light quantum with the charged meson field.

The Hamiltonian of a meson field in the presence of both heavy particles
and an electromagnetic field has been given in its complete form by Bhabha
(1938). We Write down the interaction part of this Hamiltonian in the
notation of F.H.K. (1938), making use of the longitudinal and transverse
meson wave functions <pand <Ais the electromagn
and V the scalar potential.

The Hamiltonian consists of three parts

H= H +H"+H", (6)

where H' represents the interaction between the electromagnetic field and
the meson field, H" that between the meson field and each of the heavy
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particles, H" is a “mixed interaction” containing the electromagnetic
field, each ofthe heavy particles and the meson field,f The three contributions
are (for one heavy particle):

H = kivr (A xA*)+(curlO[A> - xM])

+ F(00*) + F(OO*)J

AL\ (A0) P+ AT I+~ AN |2+ AR 2

+1 (A0) (A0%) +i (AD) (A0*)}, )
H" =| Jfdiv0 +~ (Scurl 0) +~ | 2|df |2 ®)
f'=-S A (AN +A)-M (S[AM -7~ 1) o>

In these expressions it is to be understood that the complex conjugate
terms have to be added to all those terms which are not automatically real.
The definition of f§ X =L/c dxjrjdt. M and S depend on the wave functions
of the heavy particles W and the charge operator Il which is defined as

follows:
TE= 1*7) =0, 77 =£ TPE=1j, (10)

M = (P*1IP)S= (W*naV).  (11)

a is the spin vector of the heavy particle. In the Hamiltonian (7)-(9) all
terms have been omitted which depend on the velocity ofthe heavy particles.
We expand the wave functions of the meson 0 and 0 into plane waves

0 = 2 "eye"()MATIC)

+= %< y ei(klV (4ws)-

gk and Qk are quantized according to the Pauli-Weisskopf formalism, j is
the unit vector of polarization for transverse mesons. It has to be noticed

f We are indebted to Dr Bhabha for having drawn our attention to the existence
of this term.
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that the wave number k is connected with the momentum p of the free
meson in a different way for positive and negative mesons:

for Y+ p = hck,

for ¥: p = —Tick

This follows immediately from the Pauli-Weisskopf formalism.

(iii) Matrix elements

The interaction H gives rise to a number of transitions for which we give
the matrix elements. The following transitions are due to
(1) A longitudinal meson with wave number k absorbs a light quantum

with wave number q ( fiv=Qand has then a wave number k".
conservation of momentum is then
for ¥:k'=k+q, for Y~ —k' =

(2) The analogous transition for a transverse meson. The transitions in
which a longitudinal meson is transformed into a transverse one through
the absorption of a light quantum give no contribution to the photoelectric
effect.

(3) The creation or annihilation of a pair of longitudinal mesons with
absorption of a light quantum. The momentum law is far the two cases

g=k+-k, g+k+—k_ =0. (13)

(4) The same for transverse mesons. The matrix elements of H' for
these four transitions are (e, €' are the energies corresponding to k, k';
e= -hch(k2+ A2)\e is the unit vector of polarization of the light quantum):

ehz2 ¥ 2n \ Ik t, \
r-v I~ m (ke)+i (ke)d’

--nrv (rlJ u'e» + ®'k'Ji*o»>

b = 4 €hZ2 4
T o2~y (iS")(fe<kt+e)H : ke)}
Ht = + N2 {(G- k1 [i+e]) + ([+k+1 [i_eD}.

H[ and H2are valid both for positive and negative mesons if the momentum
law (12) is taken into account. Hz and H\ are valid for creation and anni-
hilation.
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H" has matrix elements for emission and absorption of mesons by a
heavy particle. They are given in F.H.K. (1938), equation (32).
H™ gives rise to the following transitions:

(5) A proton emits a longitudinal Y+ and absorbs a light quantum.
(6) A neutron emits a longitudinal Y~ and absorbs a light quantum.
(7) A proton absorbs a longitudinal Y~ and a light quantum.

(8) A neutron absorbs a longitudinal Y+ and a light quantum.

(9) -(12) The same as (5)-(8) for transverse mesons.

These matrix elements are, for the heavy particle at the position r0,

2neghc 1
A A ) 6£|€_i’(k“Q0)’
2neghc 1
HI —T77 A .
h; =-hi Img—- 3195[,
Hg, H'lgare the same as FHqgwith replaced by/(o[ej]),

L ST _ﬁw\

minjffg we have omitted the contribution arising from the term + "'—g‘f(S[A</>])

of II'" (and similar terms in Hq, etc.), because these terms do not con-
tribute to the photoelectric effect.

(iv) Total matrix element

Let \AF be the matrix element for the transition of the deuteron from a
ground state A into a final state F under the action of a light quantum.
The differential cross-section of this process is then

o7r-

d.0 = £ \r AFV*P@6)

where pdQ is the density of final energy states with the direction of the
proton in the solid angle dQ. The ground state is three-fold owing to the
three orientations of the spin. Disregarding the photomagnetic effect, the
final state is also a triplet and transitions occur from each of the three initial
states to each of the three final states. In (16) the sum has to be taken over
the three final states and the average over the three initial states.
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The matrix element \AFconsists for each of these ni
three parts:
Va+ K+ Yd (17)

with the following significance:

(a) \ais due to a combination of the interactions H' and H" and isathird-
order matrix element. The transition takes place by means of two subsequent
intermediate states. There exist four possible sequences of those inter-
mediate states:

(@) (i) Emission of F+ by proton; (ii) absorption of light quantum by
F+; (iii) reabsorption of F+ by one of the two neutrons.

(/?) The same for Y~, emitted by the neutron.

(y) (i) Creation of a pair of mesons by the light quantum; (ii) absorption
of F+ by neutron; (iii) absorption of Y~ by one of the protons, (ii) and (iii)
can occur in the reverse order.

(8)(i) Emission of F+by proton; (ii) emission of Y~ by one ofthe neutrons;
(iii) annihilation of the pair with absorption of the light quantum, (i) and
(if) can occur in the reverse order.

All mesons can be longitudinal or transverse. In the approximations
used in our calculations (see below) all four contributions are identical and
we shall only give the calculations for (a).

Let us denote by Enand Enthe energies of the 1
mediate states (i) and (ii), and EA, EF the energies in the initial and final
states. Then \ais given by

B- 8 m TR , ue
3 MWW A Il
where HAn, etc. are the matrix elements of for the transitions (a).

For HAnand HnF only H" and for Hnn.only H' gives a contribution. In the
intermediate states n, n' the heavy particles are two free neutrons and have
wave numbers K®, Kg, whilst the meson has a wave number k in  and
k' in n'. The conservation of momentum shows that

Ki+K'+k =0 k'=k+q, (19)
In the final state with the wave function (5) the momentum law gives
K" "Ki+k', K2—Kg. (20)

In each of the intermediate states n, n' the spin functions can be either of
the four functions a(la(2), a(Dy?(2), a(2)/?(l), y»D™(2). The emitted
meson can be longitudinal or transverse; in the latter case one has to take
the sum over the two directions of polarization in the intermediate states.
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As an example we calculate \a for the transition a(l)a(2)*->a(l)a(2)2p
for a longitudinal meson. In this case the interaction is independent of the
spin and the intermediate states have the same spin functions. According
to F.H.K. (equation (32)) we have

PAN < f \(~e-) A1) Q)

X (77* e-iQttiy+ 77*e-m 2) N D)
- - Jhhcekjdr sin|(kr) "), (21)

where ijf is the wave function of the deuteron (3). In the second equation
(21) we have separated the motion of the centre of gravity and made use
of the conservation of momentum.

Hnn. —H[ is given by equation (14). 7 is again given by F.H.K.
(equation (32)):

(22)
The resonance denominators are
EA-En=-E0- K ¢c J (I ¢ * +X2-£m +K'A?
(23)

7.7l
EA-E n. = -E 0+fiv-KcJ(k™*+A *) -~ (K ? + K I*.

The double summation over n, n' in (18), viz. overk, k', can be reduced to a
simple integral over k by means of the conservation laws (19) and (20).
The contribution to Vafrom the transition in question is then

- Tm w NP Kke)+” (ke

ej*(rk+2K9sjn i(kr) \]f(r) (24)

" {E°+e+m (K?+K"){E°-,"“+e'+ m (Ki2+K&)

In this formula it is to be understood that all wave numbers k', Kj, K2are
to be expressed by means of (19), (20), by k, q, KEK2

Before we evaluate this integral we calculate the contributions VWband \&
to the matrix element.
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6) Ms due to a combination of H" and H" and is a order matrix
element. The transition takes place by means of one intermediate state.
There are again four sequences of those intermediate states:

(@) (i) Emission of F+ by proton and absorption of light quantum;
(if) absorption of Y+.

(/?) The same for Y~.

(y) (i) Emission of T+ by proton; (ii) absorption of F+with absorption
of light quantum.

(d) The same for Y~.

Again all four sequences give the same contribution resulting in a factor 4.
\bis of the form

X (25)

For (a) HAmis due to H™ and HmFo

We evaluate \b for the same transition a{\)a{2)A->cc(l)cc(2)F and for
a longitudinal meson. We easily find, according to (15) and F.H.K. (equa-
tion (32))

m 2nicghc // 2 .. .

b~ - — w jm ) (efc) \g~ii(KILK2,r) sin
with Kj and K2given by Ki+K'+k = q, 27
m ticls Kx= K[+k, K2= K" (28)

The resonance denominator is
EA-Em oM (Kf+K?). (29)
Hence \b becomes

Vo= f¥  (ek) ~ I'k:ig+2K-nsi® ~ (3(5)) *{r)

*khkkkk*k !

Here again K2are expressed by k, g and kI5k2

(c) \is due to the direct interaction of the proton with the light quantum.
There is no intermediate state.

In this transition the spin function does not change. \tis the same for
all these three transitions and is given by the well-known formula

(31)
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(v) Approximations
We shall now confine ourselves to energies

hv</pc2 #x 106e-
(p=rest mass of meson.)
In this case we may neglect throughout the recoil of the meson due to the
absorption of the light quantum and therefore replace k' by k. This is
justifiable because the main contributions to our integrals arise from values
k~ A Furthermore, we make use of the conservation of energy in the final
state
~ (K \ +K\ ) = hv-E,<”.(33)
The term er;\i —(K'-A + K*2)in the denominators of (24) and (30) can then be
neglected since K2 = K2andK” = K”~+k which gives the order of magnitude
hx22M ~h2A22M ~pc2.p\2M.In the resonance denominators of (24)

(30) we can therefore neglect everything except e~e'.

We want to mention that in making these approximations the transitions
to a final singlet state all vanish. In these approximations we do not get
therefore any photomagnetic effect. For the photoelectric effect these
approximations are obviously unimportant for the energies considered.

Vaand \b (equations (24) and (30)) are then given by

R AW )\ didkW AW em~24KKkr)

Inserting for i/r(r) equation (3), the integration is straightforward and we
obtain
F 2~ 2ya’r(eKl)

a + A 2]
A a+A A-a | a2-2A2 Ki "l
34
N(a AR+ |+ PR FRYND &
_ 2M2aTT-eK)Ta—A / AQ retg (35)
+ Av(fe)rrLAr_| +~w)
7 20Bren2" K r) (36)

c= ~ Myl{hv){K\ +a?) *
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(vi) Formulae for the cross-section

(34) and (35) are the contributions from the
transition and from longitudinal mesons. We give the matrix elements for
the other transitions and for transverse mesons without calculation. The
matrix elements for transverse mesons depend on the angles between spin
and light quantum. We choose the direction of g as the one to which the
spin directions are referred, (a means spin in +q direction.) Let 6 and ¢

be the angles

6 = &Kja), ¥ =<(e; Kv.
Then we have for the total matrix element = \Va+\b+\t:
a(Da(2)-*a(a(2) or 2(D2(2)->/?(1)™2):

2ine
A Jifiv) CS s + B) + /2sin +
+ /2sin36{A —9C) —G2sin  };

*(1)/3(2) + a(2)/3(1)->0t(1)/3(2) + x(2)j3(1),:

V=" [(!;]jcos0{ff2sin 8(A+B)+ sin
+/2sin  cos20(2A-8C)-G 2sin 6D};

a(Da(2)-*/i(hN(2) or [?2(D/?(2)-*a()a(2):

) 2"7rej

A2
a(Da(2)->a()/?(2) +a(2)/?(l) or a(lj/?(2)+/?(a(2)->a()a(2)

or 1?2(D/?(2)*a()/?(2) +a(2)/?(1) or a()/?(2) +a()/?((1)->/?(1)/?(2):

2%e

V= ol () {2taso(fr+ +A2sin2 60056 0057
where

A

[/ 2~sind{"+ +/2sin36 cos fi(A—£0) j ;

A2 a+A +_A—a 1 a2—=2AA A Kx
KXa+A)2+ Zf " "K7 +(1+- i 1 ) arctt e
a-mA |/ a2—~A2A
7-(1+t t ) X+A’
at+tA 3(@+A@A)2 1 a2+A 3(a2_Az)2\1arctg
~2Z£ + 2 Z f +,2 Zf a+A’
Z XA
"Zf+a2

finc

arctg
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Hence we find the differential cross-section according to (16), by taking
the sum of | \Jover all the nine transitions and dividing by 3. We take the
average over the directions of polarization of the light quantum and obtain

=~smddO ~irl{4 ™ +B'j2+ smM3{gSA+B)-G *

- 4 GI D(A+B) +4 + )2
B2 2B26  BE

= sin Odd{0¥+sin26 (0+—$,,)}. (38)
The total cross-section is

2uprtfC ~M
*=T [%V +B)~ G*Df- WPf*D(A +B)

+ "i-fJHA f Bfi+ifHuC2+ SA2-HAC+ 1«7;2+ UiAB)}.  (39)
In these formulae K 1is the wave number of the ejected proton

m
q hv — Jn

3. Results and discussion

We now evaluate the formulae (38) and (39) numerically. The wave
function which we have used for the ground state ofthe deuteron corresponds
to a potential with the form of a ~-function. In order to take into account
the finite range of the nuclear forces, Bethe and Bacher (1936) have shown
that it is sufficient to renormalize the wave function in such a way that it

is normalized to
1-t-a/A (40)

instead of to unity. We therefore have to multiply the expressions (38) and
(39) by this factor. For the numerical evaluation we assume the following

figures:
EO = 22MV,

Meson mass = 160 m. or A= 1607:C= T8a.

Hence 1+a/A = 1*56, G2Ahc —0-087.
For gand/2we shall use the figures derived by Kemmer (1938) from the
nuclear forces, i.e. g2hc 6057, f 2Hc = 0-143. These figures are

from the hypothesis of charge-independent nuclear forces and may not be

Vol. 174 A 7
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the true values. The order of magnitude, however, is certainly correct.
The functions A, B, C, D are independent of the choice of gand/ and are
given in table 1. In this table we give the values of the total cross-section
0 according to equation (39) (including the factor 1-f-a/A). r0 2is
the electronic radius. For comparison, we also give the cross-section

according to the old theory of Bethe and Peierls (1935). For the discussion

of the angular dependence we give the ratio i.e. the ratio of the
cross-sections for 6 =0ad 6 =\r
In figure 1, Gi6 units 99 and the ratio 0J 0+ are plotted as a funci

of the frequency v together with the cross-section 0dd according to the
Bethe-Peierls theory. In the Bethe-Peierls theory 0] 0.

Table 1

KJcc fiv (MeV) A -B C D old2o

0-43 2-61 0-126 0-17 0-10 0-65 0-016 0-011 0-11
0-9 3-98 0-26 0-34 0-20 0-90 0-048 0-028 0-18
1-3 5-8 0-37 0-47 0-28 0-87 0-058 0-025 0-27
20 110 0-55 0-67 0-40 0-72 0-061 0-014 0-46
2-6 171 0-69 0-81 0-47 0-60 0-056 0-0084 0-65
40 37-4 0-93 1-03 0-59 0-42 0-048 0-0030 0-86

10* 222-2 1-31 1-35 0-74 0-18 0-030 0-00022 10

* This value is beyond the validity of our approximations.

hv (MeV)

Figure 1
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As it is seen from the figure, the total cross-section is for high frequencies
very much larger than in the old theory. For the Li y-rays (17 MeV), for
instance, the cross-section is seven times larger in the new theory. The
difference between the two theories is most striking in the asymptotic region

for high frequencies, i.e. hvA>EQor K+*>X a. In this case we ok
22 Meet .
do A v sin26), (41)
mnzle2/ f 2 2MigPc2A
12X*folhc) ~ (42)
In the old theory, the cross-section is
d&om = 2nsmdd6Ar-9- Z - A - | A\ sin20 f#ﬁn'/Mrz\%
g = 2nsm r-9-z -n - sin20. M ﬁ}h/
0 J]M(P\2("M[\3hv (44)

Hence nid ™ R \ho) \fi) fie

Thus in the new theory the cross-section decreases like I/*Jv whereas in the
old theory it decreases more rapidly, like * As it is seen from equ.
(42), this asymptotic behaviour is solely due to the /-type of interaction.
Ordinary exchange forces also give an increase of the cross-section at
smaller energies as has already been shown by Breit and Condon (1936). The
angular distribution contains a constant term and a term proportional to
sin26. This is, however, not due as it might seem at first sight to a super-
position of a S- and a P-distribution, but to a superposition of P- and
F-distributions, as can be seen from the derivation in §2. The process is a
three-stage process; in each stage the angular momentum can change
by one.

In the old theory the angular distribution is a pure P-distribution
(~sin2d) as long as the photomagnetic effect is neglected. The latter leads
to a pure S-distribution, i.e. to a term independent of 6. In the old theory
(cf. Bethe and Bacher 1936), the photomagnetic effect is only appreciable
for energies just above EOand is for high energies very small. In our theory
the photomagnetic effect is zero in the approximations made in §2. The two
essential approximations which we have made were (i) and (ii) hv
not too small (Born’s approximation). For energies well above EQonly the
first approximation is essential, which means that the recoil of the meson
due to the light quantum is neglected. If this approximation is not made
we would obtain transitions to singlet terms, i.e. a photomagnetic effect,

7-2
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as well, but the cross-section for those transitions would be smaller by a
factor of the order of at least Hvl/ic2

The angular distribution is also influenced by the fact that the ground
state of the deuteron contains a D-function. Even in the old theory one
would obtain in addition to the P-, a F-distribution. The admixture of the
D-wave function is probably quite small, as can be seen from the size of the
quadripole moment which is about fifty times smaller than the cross-section
of the deuteron (Kellogg et al. 1939). We, therefore, hardly expect any con-
siderable modification of our results.

It should be possible to check this theory experimentally. At present, no
experiments in the high-energy region are available. Such experiments
would provide a very valuable check for the meson theory. Atheory in which
the nuclear forces are described by a neutral field would not lead to any
such high cross-section and it is just the exchange nature of the nuclear
forces which is responsible for our effect. Furthermore, as it is seen from the
asymptotic formula (42) the large cross-section and the peculiar angular
distribution is due to the/-type of the interaction of the meson and a heavy
particle, i.e. to the spin-dependent interaction. This interaction which has
no analogy in electrodynamics leads to new types of effects, such as the
magnetic moment of the neutron, and to the spin-dependent proton-neutron
interaction. In all these effects some kind of divergency occurs which has
led to the assumption that the meson theory is only correct for small
meson energies. Our effect is mainly due to mesons with Kinetic energies not
much higher than the rest energy, and for those energies the theory should

essentially correct.

The photoelectric effect of the deuteron provides therefore Ltest of some
of the most interesting features of the meson theory, namely the /-type
of the interaction and the charged nature of the field, in a region where it
is not seriously affected by high-energy difficulties.

One of us (B.K.) would like to express his thanks to the Cavendish
Professor for a grant from the Scott Fund.

Summary

We have calculated the photoelectric effect of the deuteron on grounds
of the meson theory of nuclear forces. In this theory the nuclear field is
considered as electrically charged and, consequently, the light quantum
can act on the nuclear field as well as on the proton. Because of the small
mass of the meson, this effect is large. For the calculation we have assumed
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for the ground state of the deuteron a 3S-state. The result is that at high
frequencies v the cross-section is much larger than in the old theory, and
decreases only like I/sjv as compared with the I/y?law in the Bethe-Peierls
theory. Also the angular distribution is different. In addition to the sin26
distribution about the direction of the y-ray, there is a *-independent term
which becomes increasingly important for increasing energies. For the Li
y-rays (17 MeV), for instance, the cross-section is seven times larger than
in the old theory and the ratio ofthe number of protons emitted parallel to
the y-ray to that emitted perpendicular to it is O7.

[Note added in proof.

While this paper was in press we noticed that the derivation of the
matrix element (37) can be simplified if the approximations made in this
paper (dipole radiation) are applied from the very beginning. The energy
of the heavy particles does then not occur in the resonance denominators
and the rules of ordinary matrix multiplication can therefore be applied
for the summation over the intermediate states. The total matrix element
then takes the following simple form:

Va+\b=ieJ~jdT"er) (45)
%
whilst \ewas: (46)
Here i/Fis the deuteron wave function in the final state, p is the relative

momentum of the deuteron and W the exchange potential of the deuteron
(without the exchange operator) as given in F.H.K. equ. (44). Thus the
meson effect finds its expression in the fact that the operator (
which usually describes the interaction with light is replaced by

<4 7 >

This is true for dipole radiation only. Equ. (47) is in agreement with a
general theorem derived by Siegert (1937) and confirmed by Lamb and
Schiff (1938). These authors have also shown that the sum of the two
operators (47) is equal to the operator (er) if exact wave functions are
used. We have used approximate wave functions and in this case, as shown
in our paper, the consistent procedure is to take the operator (47).

The formula (45) is useful because it- allows one to see more clearly in
which way the frequency dependence of the cross-section is connected with
the expression for the nuclear forces. The cross-section is proportional
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t°® ]F [2dv. From mere dimensional considerations it can easily be seen

that terms of W proportional to I/rn give a contribution to the cross-
section which asymptotically depends on v like vn~*. Thus our asymptotic
formula (42) (0 ~1/~v)is due to the 1/r3 terms in the proton n
interaction.]
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Critical and co-operative phenomena
V. Specific heats of solids and liquids

By A. F. Devonshire, Ph.D. f
TheUniversity Chemical Laboratory, Cambridge

(Communicated by J. E, lemeligF¥E— Received 18 August 193

1. Introduction

In the first two papers in this series (Lennard-Jones and Devonshire
1937-8) we developed a simple method of calculating the free energy of a
dense gas or a liquid in terms of interatomic forces. We used this to calculate
critical temperatures and also vapour pressures and boiling-points. In later
papers (Lennard-Jones and Devonshire 1939) we showed that the model
used in the earlier papers was more appropriate to a solid than to a liquid,
and that to obtain a satisfactory theory for a liquid we must modify it by
introducing the concept of disorder. In this way we were able to account
satisfactorily for the phenomenon of melting.
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