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We calculate the photodisintegration integrated (om, ) and bremsstrahlung-weighted (ob) cross
sections of the trinucleons (H and He ) by applying the sum rules of Levinger and Bethe. The
ground state of the trinucleon is assumed to be a mixture of symmetric S state, the mixed
symmetric S' state, and the D states; the radial dependence of all these states being (a) Gauss-
ian and (b) Irving. We obtain the parameters of the radial part of these wave functions from
a variational calculation of the binding energy of the triton using the velocity-dependent poten-
tial of Nestor etal. Our results for o~ show good agreement with experiments.

A comparison with similar calculations using hard-core potentials shows the inability of
0'~, calculations to distinguish between hard-core and velocity-dependent potentials. This fea-
ture of o~ calculations, which is common at least to all the nuclei in the 1s shell, is ex-
plained in terms of the well-known range-depth relationship for the two-body potentials.

I. INTRODUCTION

Most of the earlier calculations' on the photo-
disintegration integrated [o,„,= I,"o(W)dW] and
bremsstrahlung-weighted [ob= f,"[o(W)/W]dW].
cross sections of the trinucleons are not realistic,
because either the tensor component or hard core
(or velocity dependence) in the two-body potential
used in them is neglected. Only recently Lucas'
and Davey and Valk' have employed hard-core real-
istic forces containing tensor components to cal-
culate a;„, and ob for the three-nucleon systems.
But so far no such calculation has been performed
with a realistic velocity-dependent potential. In
the present paper we apply the sum rules of Lev-

inger and Bethe' to present the first such calcula-
tion of oz, and ob of trinucleons using a velocity-
dependent potential, viz. , that of Nestor et al. '(only
singlet-even and triplet-even parts of the potential
have been considered). The static central and ten-
sor parts of the potential contain Majorana ex-
change force, while the velocity-dependent part is
assumed to have Wigner character. We assume
the ground-state wave function to be a mixture of
the spherically symmetric S state, the mixed sym-
metric S' state, and the D states. The radial depen-
dence of all these states is assumed to be (a) Gauss-
ian and (b) Irving, whose parameters are deter-
mined by a variational calculation of the binding en-
ergy of the triton (H~). On account of the charge
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symmetry of nuclear forces, the other trinucleon
He' is also described by the same wave function
and we expect

o;„,(He') =o;„,(H'), ob(He~) =o (H }.
We compare our results for v;„, and Ob with exper-
iments' to examine to what extent our model for
the trinucleons is satisfactory. We also compare
our values for these cross sections with those of
Lucas' and Davey and Valk' to study the equiva-
lence of hard-core and velocity-dependent poten-
tials in photoeffect calculations. Since our wave
function is not very good —it has not been obtained
from an elaborate variational calculation —the
main result of our calculation is a, „,and not ob,
which is sensitive to the wave function.

II. THE POTENTIAL AND THE GROUND-STATE
WAVE FUNCTION

The explicit form of the potential of Nestor et al.
is given in Ref. 8. Since all the odd-parity poten-
tials and L S potentials are expected to contribute
very little to the triton binding energy and also to
the integrated cross section, ' we ignore these po-
tentials and use the parameters for the singlet-
even and triplet-even states of the Set B (Set B
gives a better fit to the two-body data than other
sets} in our calculations. We assume the effective
two-body interaction in the ground state of the tri-
ton to be

is given by

$ —Ms$$ + VPs ~ $s + MD/D,

in which P~ is a linear combination of the three D
states, viz. , $6, g„and g, in Sachs's" notation.
That is

(I)D =$7 +&46 +&08 ~ (4)

The radial parts of the wave functions g~, g~. and

gD are given by

f;=N,e' "."~+& i, i=S, S', D, (5)

in which n = 2 and n = 1 give the Irving and Gaussian
forms, respectively.

In our variational calculation with the Gaussian
wave function we use all three D states, but in the
case of the Irving wave function we use only the
principal D state f, , which is the most important
D state in the binding-energy calculations. " We
treat the a s, the probabilities Ps, Ps, PD, and
a and b as variational parameters, and their best
values obtained in our variational calculation of the
binding energy of the triton are shown in Table I.

o;„,= (2v'e'g/Mc) Q f,„. (6)

III. CALCULATION OF 0. , AND 05

The integrated cross section is proportional to
the summed oscillator strength g„f,„and is given

bylaw

V,f,(r;,) =-,'f Q[3V'(r;, )+ V'(r;, )j
5&/

+(V'(~, ,) —V (&,,)Jo,. o,.)
+ Q V,'(~, ,)S„.. (2)

We follow the analysis of Srivastava' to evaluate
0,-„, for the triton in the dipole approximation and
obtain

2 2M
Zfo 3 3 g2 «'(~, 2)x/2 xPgg)00

n

We follow Sachs's' formulation and notation for
the ground-state wave function. Because in any
variational calculation the P states and the anti-
symmetric S state are expected to have negligibly
small probabilities and consequently are unimpor-
tant in sum-rule calculations, ' we assume that the
ground-state wave function of the triton is a mix-
ture of the completely symmetric S state, the
mixed symmetric S' state, and three D states and

-
3 ~ (V' (r„)r„'x'S„P,",) + '((u'(r„))

(7)

In Eq. (7) x and x' denote, respectively, the frac-
tion of the Majorana exchange force in the static
central and tensor potentials.

We evaluate g„f,„ in Eq. (7) by using both the
Gaussian and Irving form of wave function whose
parameters are given in Table I. Finally, we eval-

TABLE I. Best values of the variational parameters of the wave function obtained in our variational calculation of the
binding energy of the triton with the velocity-dependent potential of Nestor et al .

Trial wave function

Percentage probabilities
of various states

Ps Ps) P~

Gaussian
Irving

0.08 fm 2

0.57 fm i
0.11 fm-2

1.20 fm i
0.13 fm 2

1.02 fm i
0.2 0.08 98.0

96.0
0.5
1.0

1.5
3.0
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uate o,„,from Eq. (6). We estimate the contribu-
tion of the L S and (L S)' parts and also of the
odd-parity terms in the potentials of Nestor et al.
to be about 3/p and add it to the value of 0;„,ob-
tained in our calculation to get the value of o,„,
shown in Table II, which also lists the experimen-
tal values of o;„„aswe1.1 as those obtained with
hard-core potentials.

Foldy" has shown that the bremsstrahlung-
weighted cross section is related to the mean-
square charge radius (r')~ through the expression

(8)

where

Rc -R2 2 (10)

In Eq. (9) r~ denotes the proton coordinates; and

R, the c.m. coordinates. The quantities R,' and
R~' are the mean-square radii of the charge dis-
tribution in the nucleus and the proton, respective-
ly.

For our Gaussian and Irving wave functions we
use Eq. (9) to evaluate the rms radius of the tri-
ton. Equation (8) finally gives ob for the triton.
Our values of ((r') ~)"' and ob for H' along with
those given by electron scattering" and photodis-

integration experiments are shown in Table II,
which also gives the experimental and theoretical
values of the harmonic mean energy WH=o;„,/ob,
another quantity suitable for comparison with ex-
periment. Table II also lists the values of these
quantities obtained in calculations using hard-core
potentials.

IV. RESULTS AND DISCUSSION

We see from Table II that both single-D-state
Gaussian and Irving wave functions give nearly the
same values for a,-„„sothat o, „, is insensitive to
the form of the wave function. The fact that the
inclusion of additional D states in the Gaussian
wave function causes a marked increase in the cal-
culation of o,.„, indicates the importance of D states
in the calculation of o,.„,of the trinucleons with a
potential containing a tensor component. Also, in
agreement with Lucas, ' we find that additional D
states decrease ob on account of their mixed sym-
metric nature.

Our values of the rms radius and obof the triton
for the Gaussian wave function are slightly lower
than those given by the experiments of Fetisov,
Gorbunov, and Varfolomeev, ' and those for the
Irving wave function are comparatively higher.
Thus, unlike the integrated cross section the
bremsstrahlung-weighted cross section is sensi-
tive to the form of the wave function.

TABLE II. Values of fr~„ the rms radius, rb, and the harmonic mean energy.

om, (MeV mb)
Serber mixture

(~ 2)i/23

(fm)
(Jb

(mb)

Gaussian function
with principal
D state
Present calculation

Gaussian function
with all the
D states
Present calculation

Irving function
with the principal
D state
Present calculation

Theory (Ref. 6)
Theory (Ref. 6)
Theory (Ref. 5)
Theory (Ref. 2)

Experiment:
photodisintegration
(Ref. 9)

Experiment:
electron scattering
(Ref. 13)

57.50

65.00

56.55

65.00
64.40
63.64
56.00

62+ 6

1.46

1.44

1.88

1.59
1.60
1.75
1.92

1.62

1.50

2.05

2.01

3.41

2.36
2.40
2.92
3.50

2.53+0.19

28.05

32.33

16.58

27.50
26.80
21.57
16.00

24.50
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Nice agreement of our results for cr;„t with ex-
periment shows that our wave functions and the
velocity-dependent potential used by us (singlet-
even and triplet-even potentials of Nestor et al. )

provide a satisfactory model for the calculation of
o;„,for the three-nucleon systems. The agree-
ment with experiment is comparatively poor for
o b because o b is sensitive to the wave function and

our wave function is not very good.
A comparison of our results for o,.„t with those

of Lucas' and Davey and Valk' shows that it is not
possible to differentiate between hard-core and
velocity-dependent potentials on the basis of o,„,
calculations for the trinucleons. This appears to
be a general result, at least for nuclei in the 1s
she11, and holds good not only for velocity-depen-
dent and hard-core potentials but for any two po-
tentials giving a good fit to the two-body data.
Thus our calculations of v;„t for the deuteron'
and the e particle, "as well as those of other au-
thors'"" for these light nuclei with different po-
tentials, justify this conclusion. In view of the fact
that the expression for o,.„, involves the potential
directly, the inability of calculations of 0;„,to
distinguish between two potentials may seem sur-
prising. However, this is a fact and finds its ex-
planation, as shown in the Appendix, in the well-
known range-depth relation, Von' = constant, for
the two -body potentials.
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T CX
+int +int++int ~ (A 1)

APPENDIX. EQUIVALENCE OF TWO
INTERNUCLEON POTENTIALS

IN THE o. , CALCULATIONS

The integrated cross section for any nucleus is
given by"

where

or„,=60 MeV mbxNZ/A,

and

(A2)

o,'„",= Const(gg r,,' V(r, ,)xP,.~&) (AS)
i j

In Eqs. (Al) and (A2) o,„,gives the kinetic energy
contribution to o;„,, and o,'„"t gives the contribution
of the Majorana type of exchange force (x = 0.5) in
the potential. The expression for cr,'„"t involves the
potential directly. Even then, the calculations of
o;„t for nuclei in the 1s shell fail to distinguish be-
tween two different potentials.

In this connection it should be noted that a very
good fit to the experimental data (see Table III) on

0;„,for the trinucleons' and the a particle" is ob-
tained if in the expression (Al) o;„, is calculated
from the expression (A2) and the exchange contri-
bution from the equation

o,'„",(nucleus) = (number of n /pairs i-n the nucleus)

x o,'„",(deuteron), (A4)

in which o „",(deuteron) =9.34 MeVmb. [This is the
value for o,'. „",(deuteron) obtained by us in our cal-
culation" of o,„,for the deuteron. ] Thus each n P-
pair in the trinucleons or the u particle acts in-
dependently and behaves like a quasideuteron in
the photon absorption (so far as the calculation of
o,'„", is concerned). And if we can show that o,'„",(deu-
teron) is independent of the form of the potential,
an obvious explanation results.

For the deuteron the exchange contribution is
given by'4

o,'„",(deuteron) = 15 Me V mbx — (Vr').4 Mx
3 I (A5)

We next calculate the integral (Vr') in Eq. (A5) in
the approximation of zero binding energy of the
deuteron. We note that because the product Vr'
occurs in the integrand, neither distances beyond
the range of the potential (for which V = 0) nor too
small values of r contribute to the integral, so
that o,'„",(deuteron) is an intermediate-distance quan-
tity. We assume a central square-well potential
of depth V, and range n. In the evaluation of the

TABLE III. Values of o, for the 1s shell nuclei according to the model given by Eqs. (Al), (A2), and (A4).

Nucleus
Number of
n-p pairs

ex
~iiit

(MeV mb)

o, (our model)

~mt
T

(MeV mb)

T CX
~mt = o nt + ~ ht

(MeV mb)

~ifit

(experimental)
(MeV mb)

Deuteron
Trinucleon
e particle

30.0
40.0
60.0

9.34
18.68
37.36

39.34
58.68
97.36

40.9+ 3.4 '
+6b

95 ~7c

' See Ref. 16. See Ref. 9. 'See Ref. 18.
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integral (Vr') we have to consider only the inside
wave function"

sin~~r, (A6)

(Vr') =a V n' (A7)

where a & 0.2 [we are in effect replacing the two-
body central, tensor, and other forces in the deu-
teron by an effective central potential for the cal-
culation of of"„,(deuteron)]. Equation (A7) when
combined with Eq. (A5) gives

o,'„",(deuteron) =15 MeVmbx —,aVon'. (A8)
3 h

with ~,z = ~m and k a =0.47. We then obtain

(Vr')„„„,( = 0.2 Von' .
Inclusion of tensor and hard-core (or velocity-de-
pendent) forces increases" o,'„",(deuteron), so in
the presence of these forces we put

Equation (A8) then explains why o „",(deuteron) is
the same for any two potentials giving good fit to
the deuteron properties —it is on account of the
product V,n', the well-known range-depth relation-
ship, which is a constant for any two-internucleon
potentia, ls. [Since most of the contribution to the
integral (Vr') comes from the plateau region (z, n
=-,v), the fraction a is also almost constant for
two potentials. ] Further, Eq. (A8) combined with
the expression (A4) shows why it is not possible to
distinguish between two potentials on the basis of
v, „,calculations for nuclei in the 1s shell.

With the known values of x and V,a' (x=0.5, Van'
= 1.02 MeVb), we calculate a from Eq. (A8) for
o „",(deuteron) =9.34 MeVmb, the value required
to give a good fit to the experimental value of 0;„,
for the deuteron and obtain a =0.38. This value of
a lies between 0.2 and 1.0 and therefore looks rea-
sonable. Thus we conclude that the model based
on Eqs. (Al), (A2), and (A4) works very well for
nuclei in the 1s shell.
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