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however, enter rather directly in the level-densi-
ty calculation. In the present calculations as in
previous calculations with the two-center model,
the volume of the equipotential surface for V
= 2m+ R' with S(a) =41A. ' MeV and R =xoA. ' fm
is maintained. For the large saddle-point distor-
tions the volume contained in other equipotentials
is not necessarily conserved. It should be noted,
however, that this is a general difficulty that ap-
pears in all deformed single-particle calculations
that are more general than the simple harmonic-
oscillator potential of the Nilsson model. There
is also an indication that volume conservation is
inadequately treated in the latter potential in that
the Strutinsky normalization procedure is neces-
sary to keep the deformation energy well behaved
at large deformations. We have tried to qualita-
tively account for proper volume conservation by
requiring the Fermi energy to be invariant with
deformation. Some improvement is obtained, but
not sufficient to reproduce observations. This
problem is being pursued further.
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4 3 4 3He(y, p) H and He(y, n} He cross sections have been calculated for photon energies
from the (y, n) threshold to 84 MeV. Effects of Coulomb interactions, channel spin
mixing, and mass differences have been taken into account using a coupled-channel con-
tinuum-shell-model calculation of p-3H and n- He elastic and charge-exchange scatter-
ing. The ratio o(y, p)/o(y, n) is predicted to be close to 1, except at energies very close
to the (y,n) threshold.

Recent experiments" of the photodisintegration
reaction ~He(y, n) showed a striking behavior for
the neutron total cross sections. In particular,

the (y, n) measurements of Berman, Fultz, and
Kelly' (BFK) for photon energies 21 MeV (E

&(31 MeV were significantly smaller than the
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He(y, p) cross sections inferred from the 3H(p,
y) He data of Meyerhof, Suffert, and Feldman, '
and were also substantially smaller than earlier
measurements of He(y, n) cross sections, ' which
were essentially in agreement with the existing
(y, p) measurements in this energy range. Com-
pared with the data of Meyerhof, Suffert, and
Feldman, ~ the BFK results gave a ratio R = o(y, p)/
v(y, n) of approximately 2, and R appeared to be
increasing for E &-31 MeV. The quantity R has
recently been extracted by Dodge and Murphy'
from electron-scattering experiments on 'He
corresponding to photon energies 30 MeV (E

&(51.8 MeV. The extracted (y, p) cross sections
of Dodge and Murphy are in agreement with the
cross sections of Meyerhof, Suffert, and Feld-
man, and they obtain a value for R approximately
equal to 1, apparently in disagreement with the
BFK results.

The large ratio of R obtained by BFK was rather
unexpected, since simple isospin arguments pre-
dict a proton-neutron ratio of 1. Differences in
proton and neutron cross sections can occur
through (i) the Coulomb interaction in p-'H final-
state scattering, (ii) the n-'He and p-'H mass dif-
ference (Q =0.764 MeV), (iii) effects of higher
multipoles (E2, M2, etc.) in the photodisintegra-
tion reaction, (iv) charge-dependent effects in
the nuclear interaction, and (v) charge-dependent
effects from three- or four-body final states.
BFK noted that a naive interpretation of their
experimental results implied a violation of charge
symmetry significantly greater than zero, while
that suggested from an analysis of low-energy
A =4 scattering data' was consistent with zero.

In view of the present experimental situation,
it is clearly of theoretical interest to examine
the (y, P) and (y, n) cross sections from 4He, and
using realistic continuum and bound-state wave
functions to investigate sources of charge-depen-
dent effects in the photodisintegration reaction
without invoking large violations of charge sym-
metry in the nuclear interactions. This Letter
describes the results of a theoretical calculation
of the reactions ~He(y, p)'H and 4He(y, n)3He. The
final-state A = 4 scattering wave functions were
obtained from a coupled-channel continuum-sheII-
model calculation of p-'H and n-'He elastic and
charge-exchange scattering, to be described in
detail in a subsequent paper. ' The photodisinte-
gration reaction was assumed to proceed through
E1, E2, and M2 transitions, and contributions
from three-body final states were ignored. The
Coulomb p+ H interaction and the nuclear mass
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FIG. 1. Comparison of calculated and observed p + 3H

elastic and charge-exchange differential cross sections
versus cosoc ~ for proton laboratory kinetic energy
3 MeV. Experimental data were taken from the com-
pilation in Ref. 9.

difference Q, which both give rise to isospin-
mixing, were taken into account explicitly teffects
(i)- (iii) listed above].

In Figs. 1 and 2, we show the elastic and charge-
exchange differential cross sections for p+'H
(solid and dashed lines, respectively) calculated
from our A = 4 scattering wave functions for pro-
ton laboratory kinetic energies of 3 and 8 MeV.
The results are very similar to the cross sections
obtained from the resonating-group calculation
of Szydlik and Werntz'; the experimental cross
sections' are not well reproduced at 3 MeV, but
at 8 MeV and higher energies the cross sections
are in extremely good agreement with experi-
mental data. The experimentally observed struc-
ture at 3 MeV is presumably due to low-lying 0
and 2 states in the A = 4 system. ' However, the
2 contribution to the photodisintegration occurs
through M2 transitions, which have little effect
on the total photo cross sections (although, as
pointed out by Crone and Werntz, "the ratio
[do(0')/dO]/do(90')/dQ depends strongly on M2
transitions).

With the wave functions described above, and
using the expressions for E1, E2, and M2 tran-
sitions from 'He (as given, for example, in Ref.
11), we have calculated the photodisintegration
cross sections o'(y, p) and v(y, n) as shown in
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FIG. 3. (y,p) and (y,n) calculated and observed total
cross sections as a function of photon energy. Solid
line, calculated value for (y,p). Dashed line, (y, g)
cross sections. Solid rectangles, data from Ref. 3.
Solid circles, data from Ref. 1. Open circles, data
from Ref, 2.
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FIG. 2. Comparison of calculated and observed p + H
elastic and charge-exchange differential cross sections
versus

cosmic

~ for proton laboratory kinetic energy
8 MeV. Experimental data were taken from the compil-
ation in Ref. 9.

Fig. 3. For energies E& above 26 MeV, agree-
ment with experimental (y, p) data is rather good,
but below this energy both the (y, p) and (y, n)
cross sections are significantly smaller than ex-
periment. ' Up to 26 MeV the (y, p) calculated
cross section closely resembles the R-matrix
(y, p) calculation of Crone and Werntz" using the
Werntz-Meyerhof'2 phase-shift solution WM I;
this is not surprising since the ordering of levels
in the A =4 system is the same in our calculation
as with the WM I parameters. The (y, n) cross
sections are somewhat smaller than experiment"
up to about 25 MeV; above this energy the cross
sections become significantly larger than the BFK
values, but are in agreement with the results of
Busso et al. ' We should emphasize that we have
the most confidence in our theoretical results at
the higher energies where our fits to the p(t, t)p
and p(t, He)n data are excellent (see Figs. 1
and 2).

In Fig. 4 the solid line is the calculated value
of R =—o(y, p)/o(y, n) as a function of energy F. z.
B decreases with energy from a value of p = ]..7
at 22 MeV to R = 1.1 at 34 MeV. For energies E

&

&25 MeV, R is clearly in disagreement with the
values obtained by BFK relative to the inferred
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FIG. 4. Comparison of calculated and observed ratio
of (y,p)/(y, n) cross sections for He, as a function of
photon energy. Solid circles, data from Ref. 1. Open
circles, data from Ref. 5. Solid line, calculated value
of g. Dashed line, value of R obtained when 8 =0,
T = 0 J = 1 resonant state is added.

(y, p) cross sections. ' In our calculation, for en-
ergies just above the (y, n) threshold, the mass
difference Q between n 'He and -P'H chann-els is
responsible for the large proton-neutron ratio.
Such mass-difference effects contribute roughly
as Q/&„, where &'„ is the n 'He c.m. -energy; with
increasing photon energy these effects become
negligible. For energies E

&

—30 MeV, the total
cross section from &2 absorption becomes notice-
able; E2 transitions contribute unequally to pro-
ton and neutron cross sections because of differ-
ent effective charges for proton and neutron &2
transitions. " For energies below about 25 MeV,
a ratio R —1.5 is consistent with the Q-dependent
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effects, but for Ez —30 MeV it is difficult to pro-
duce R &1.2 with this model. For E& ~ 30 MeV
we have graphed the results for R extracted re-
cently by Dodge and Murphy' from electron scat-
tering on 'He. Our results are in good agree-
ment with Dodge and Murphy's values for .R in
this region.

In order to enhance the charge dependence in
the final states, we have investigated the effects
resulting from a low-lying A = 4 resonance with
quantum numbers S = 0, T = 0, J' = 1 . Such a
state is not predicted either by analyses of ex-
perimental data" or from shell-model calcula-
tions in A =4 ' (indeed, it is a spurious state
for one-particle, one-hole harmonic-oscillator
shell-model states, and would presumably appear
as a low-lying three-particle, three-hole state).
If present, this state might interfere strongly,
through Coulomb mixing, with the 8= 0, T= 1,

states reached by electric-dipole transitions.
The scattering potential in the A =4 system was
modified to produce aP-wave resonance with S=T
=0 at proton lab kinetic energy 3 MeV (the poten-
tial was left unchanged in all other channels).
The resulting values of R are plotted in Fig. 4.
It is apparent that the presence of such a state
produces a change in R, but it results in values
of R less than 1.

In conclusion, our model calculation gives rea-
sonable values for A =4 scattering cross sec-
tions and 'He(y, P) cross sections to E ~= 34 MeV.
Charge-dependent effects can be moderately
large, notably Q-dependent effects at low ener-
gies; however, the proton/neutron ratio R differs
markedly from the BFK values even after inclu-
sion of several charge-dependent effects. Our
results are presently in good agreement with the
values of R inferred by Dodge and Murphy. If
the BFK results are correct, our calculations
suggest that the large values of R are an indica-
tion of significant violation of charge symmetry
in the nuclear interactions. "
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