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The electric dipole bremsstrahlung-weighted cross section <r& and integrated cross section a-lnt for the photo-
disintegration of helium have been calculated using the modified Irving wave function. Good agreement has 
been obtained with the current experimental values: 0-5 = 2.4±0.15 mb and crint = 95=b7 MeV mb. The results 
have also been compared with the recent calculations of Gold hammer and Valk. 

LE T the electric dipole absorption cross section, 
neglecting retardation, of a nucleus for photons of 

energy W, averaged over all orientations of the nucleus, 
be denoted by a (W). The integrated bremsstrahlung-
weighted cross section (0-5) and the integrated cross 
section (Vint) are then denned by 
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In their paper, Levinger and Bethe1 had derived 
expressions for the electric dipole bremsstrahlung-
weighted cross section and the integrated cross section 
for the nuclear photoeflect on the basis of the generalized 
Thomas-Reiche-Kuhn sum rule, using a partially at­
tractive potential of Majorana type. The calculations of 
Levinger and Bethe were extended by Rustgi and 
Levinger2 to include the two-body Heisenberg forces 
as well. By introducing the proton and neutron effective 
charges Levinger and Bethe obtained the following 
expressions for the bremsstrahlung-weighted cross 
section: 

a- 4TT2 e2 NZ 

—dW= (r2)00. (3) 
>o W 3 he A 

^ 6 = 

Here (r2)oo denotes the mean square radius of the 
charge distribution of the nucleus. This expression, 
however, failed for small nuclei because terms of order 
\/A, neglected by Levinger and Bethe1 in their use of 
effective charges, are appreciable for small nuclei. 
Foldy3 has included these terms and obtained 

where 
<x&= ^ {*/hc)[NZ/ {A - l)](r2)oo; (4) 

<r2)oo= ( l /Z )CLi (^ -« ) 2 ]oo . (5) 

Here "i" stands for the proton and R is the coordinate 
of the center of mass of the nucleus. Foldy's derivation 
assumes a nuclear wave function that is spatially sym­
metric for all pairs of nucleons and should be quite 
accurate for A = 2, 3, and 4. The special cases of .4 = 3 
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and ,4 = 4 were treated by Rustgi4 and Rustgi and 
Levinger,2 using Irving's wave function.5 A comparison 
between theory and experiment for the He4 nucleus 
showed a serious discrepancy between the two for the 
bremsstrahlung-weighted cross section (o-&) and the 
agreement between the two for the integrated cross 
section (orint) was also not so good. Since the calculations 
of cb usually provide a good check on the ground-state 
wave function, the large disagreement between theory 
and experiment for cr& was thought to be due to the 
small rms value of the alpha particle given by Irving's5 

wave function. Recently, however, new experimental 
data have become available through the work of 
Gorbunov and Spiridonov6 and the wave function of 
Irving has also been modified by one of the authors7 to 
fit the size and binding energy of the He4 nucleus. I t 
was, therefore, thought desirable to re-evaluate both the 
electric dipole bremsstrahlung-weighted cross section 
and the integrated cross section to find out if the modi­
fied Irving wave function could resolve the discrepancy 
between experiment and theory. The present treatment 
for the integrated cross section differs from that of 
Rustgi and Levinger and has been, therefore, described 
in detail. 

The complete wave function for the ground state of 
an alpha particle representing a mixture of the ^ o and 
the principal BDQ states may be written in the form2,5 

where 
^=[l/(l+C2)1'2](^s+C^0)) (6) 

^s=i \^exp[-2a( t t 2 +2> 2 +w 2 ) 1 / 2 ] , (7) 

^c=A r
Dexp[-2 l3(tt2+z>2+w2)1/2][6(ovv)(ff3-w) 

+ 6 (<>•! • w) (<r3 • v) - 4 (<ri • <r3) (v • w)] , (8) 

v = ( r 2 - r i ) / 2 1 ' 2 ; w = ( r « - r , ) / 2 1 « (9) 

u = | ( r 4 + r 3 - r 2 - r i ) , (10) 

R = i ( r i + r 2 + r 3 + r 4 ) , (11) 

iVD
2=27/313/(52347r4), (12) 

and 
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Here ri, r2, r8, and r4 denote the positions of the particles, agreement with the experimental value (2.4±0.15) mb 
1 and 2 denote the neutron and 3,4 the proton coordi- obtained by Gorbunov and Spiridonov.6 

nates. C2 denotes the amount of "D" state in the In the sum-rule calculations of Levinger and Bethe 
mixtures assuming that " S " and " D " parts of the wave and Rustgi and Levinger it is shown that for central 
function have been separately normalized to unity, a, forces of the form V(rij)[l+xPijM+yPijH']1 the inte-
0, and C are the parameters that are usually determined grated cross section may be written as 
by a variational calculation. Instead, Mukherjee7 has 
used the high-energy e—He4 scattering experiments8 to 
determine a and, employing a potential of the form 
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+yS%r 
exp(—rij/rt)\ where the summations extend over i protons and j 

r. / y neutrons, and x and y are the fractions of Majorana and 
Heisenberg exchange forces present in the two-body 

has determined the other two parameters 0 and C by a interaction operator V{n3). The other notation follows 
that of reference 2. For the present calculation a 
potential of the following form will be assumed: 

variational calculation. He finds that 

a=0.841X101 3 cm"1, 0 = 1.365X1013 cm-1, 

and (14) 
C = -0 .153 . 

Following Rustgi and Levinger, one can write for the 
bremsstrahlung-weigh ted cross section using the modi­
fied Irving wave function, 

V(ri3) = - Volia+bPif+xPiF+yPiftAnj) 

+y(af+b'Pij
B+xfPij

M+yfPij
H)K(rij)SiJl (18) 

where the tensor operator is 

Sij=rir2L3(*i'*ii)(<rj'tii)--(0i'<rj)l, (19) 
and 

°b= J (er, /W)dW 

4TT2/e2 \ 

3 \fic) ( 1 + C ) W / \ SB2 J 

(15) 

= 2.70 mb. (16) 
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(rij/re) (ra/rt) 

This value is considerably higher than the one obtained 
by Rustgi and Levinger and is in reasonably good For an alpha particle, 

Here the parameters VQ, 7, re, and rt have been chosen 
to fit the binding energy of the helium nucleus.7 

Fo= 54.59 MeV, 7=0.2305, rc=1.184X10~13 cm, 

r«= 2.121 X10-13 cm. (21) 
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For the "S" state of an even-even nucleus 

fs*PHyl'8=+s*PMPBil's = bl's*PM+s. 

p . . B C . . _ C . . p . . B = C\. 
Further. 

and 

From the orthogonality of the " 5 " and "Z>" states, it follows that 
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This expression differs from that of Rustgi and Levinger2 [Eq. (24) of reference 2] in the third, fourth, and fifth 
terms. The differences arise because Rustgi and Levinger assumed Eq. (23) to be valid even for the "JD" state. 
The spin matrix elements can now be evaluated as in Irving's paper. The spatial integrals have the general form 

tp(l — t2)qdt 1 1 Q n+n-QB(p+v+l,r+n—v) 
£ £ _____ C,»-Cv_„ 

where 
(a+t)r (a+\)p+l aq+l M=O ,-M an-v(a+l)' 

n=r-p-q-2, a>0, £ + l > 0 , g + l > 0 , r^p+2q+2, 

nCr 
rl(n-r)\ 

B(a,b) = -

()n working out the radial integrals and on substituting 
the value of the constants, one obtains for the integrated 
cross section 

(Tint=60[l+0.63S(*+4y)+0.124(a;'+y) 
+0.014(*+:y)]. (28) 

Table I shows the values of o-mt for the Rosenfeld, 
Inglis, and Serber mixtures, assuming the same param­
eters for the central and tensor forces (#=#', y=yf). 

The result for the bremsstrahlung-weighted cross 
section ab—2.7Q mb is in complete agreement with the 
calculations of Goldhammer and Valk but there is a 25% 
disagreement in the value of the integrated cross section 

TABLE I. Integrated cross sections for photodisintegration 
of the helium nucleus. 

Mixture 

Rosenfeld 
Inglis 
Serber 

a 

-0 .13 
0 
0.5 

.T 

0.93 
0.8 
0.5 

b 

0.46 
0.2 
0 

y 

-0 .26 
0 
0 

0"int 

(MeVmb) 

96.0 
97.1 
83.2 

as calculated for the Serber mixture. This disagreement 
may be mainly attributed to the unusually large 
"D"-state mixture of about 10.6% employed by Gold-
hammer and Valk to fit the binding energy of the helium 
nucleus. The presence of this large "D"-state probability 

r(a)T(b) 

T(a+b)' 
(27) 

TABLE II. Contributions to the integrated cross section for helium. 

Type of 
contribution 

Nonexchange 
Total central 
Total tensor 
Total 

Goldhammer 
and Valka 

(MeV-mb) 

60.0 
27.7 
19.7 

107.4 

Present work 
(MeV-mb) 

60.0 
19.5 
3.7 

83.2 

»P. Goldhammer and H. S. Valk [Phys. Rev. 127, 945 (1962)], have 
evaluated the integrated cross section only for the Serber mixture. Calcula­
tions with other force mixtures would have further enhanced the disagree­
ment for (Tint between their calculations and the experimental value 
<rint=95±7 MeV mb. 

enhances the tensor contribution to the integrated 
cross section as shown in Table II. 

The results of the present calculations for ab and a-lat 
for Rosenfeld and Inglis mixtures are in good agreement 
with the experimental values. Perhaps another interest­
ing number for comparison with experiments is the 
harmonic mean energy W#=(7int/(r&. Using crint=95dz7 
MeV mb and o-&=2.4±0.15 mb, the experiments give 
W#=39.6 MeV. The results of the present calculations 
give WH=S6 MeV, which is also in reasonable agree­
ment with experiments. 
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