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Using a theory previously developed for the 0" nucleus, the energy levels of He4 were calculated using
the nuclear shell model and the random-phase approximation (RPA). Though no attempt was made to
optimize the parameters of the calculation, the predicted energies of the excited states compare favorably
with those determined from experimental analyses. Qualitative agreement with experiment is obtained
for the calculated electron inelastic-scattering form factor to the first 0+ excited state and for the integrated
photoabsorption cross section. However, the prediction of the majority of the E1 strength in the higher
of the 1—,7"=1 levels does not conform to most experiments which indicate the lower level to have the
stronger 'I'& component. The RPA produces some improvement over an ordinary shell-model calculation
by decreasing the energies of the lower excited states by several hundred keV and by increasing the relative
E1 strength of the lower 1—,7=1 level.

dieted by the calculation was later determined to be
spurious. ') Prior to this, Laskars had formulated the
complete 3&(3 scattering matrix using the same model
but performed no calculations which considered cross-
channel coupling.

The present analysis of the He' nucleus also utilizes
the nuclear shell model with harmonic-oscillator basis
functions and the random-phase approximation (RPA)
as developed for 0" in a previous paper" Lafterwards
referred to as (I)j.This theory includes all the matrix
elements of the Tamm-Dancoff approximation (TDA)
for one-hole-one-particle (1h-1p) and 2h-2p excita-
tions from an A =4 nucleus closed in the 1s shell, plus
the matrix elements corresponding to those "backward-
going diagrams" which occur in the 6rst RPA. When
the harmonic-oscillator shell model is applied to He4,
a truncated set of bound-state wave functions is used to
represent resonances in the continuum. As Barrett' has
indicated, for the excitation of particles into states of
nonzero orbital angular momentum, the centrifugal
barrier for He4 is suKciently high ( 40 MeV above the
zero of the nuclear potential for p states) to increase
the lifetime of the excited configurations and lend cre-
dence to their description by bound-state shell-model
wave functions within the nuclear confines. For a par-
ticle in an s state there is no such barrier. The first 0+,
T=o excited state is largely the result of excitation of
a particle from the 1s to the 2s shell. However, since
this 0+ state is only slightly above the t+p threshold,
its description as a bound state should still be valid.
A brief report of some preliminary shell-model results
for He4 has already been presented by the author. "The
current study will determine all the energy levels of
He4 obtainable within the limits of the present model
with additional concentration on determining the elec-
tromagnetic transition strengths between the ground

I. INTRODUCTIOK

EVERAL shell-model calculations' ' have been per-
formed to determine theoretically the odd-parity

excited states of He . These calculations used the par-
ticle-hole model and the bound-state wave functions
of the harmonic oscillator as a basis. By considering
the excitation of more than one particle-hole pair,
Vashakidze and Mamasakhlisov' determined the ener-

gies of certain even-parity states of He4 in addition to
the odd-parity states formed by single-particle excita-
tions from the 1s to the 1p shell. Moshinsky and his
co-workers' ' have determined both the even- and odd-

parity states for a system of four nucleons in a har-
Inonic-oscillator well. The spacing of the oscillator levels
was derived from the rms charge radius of He4 deter-
mined from electron elastic-scattering experiments.
'Their initial calculations utilized central forces for the
residual nucleon-nucleon interaction. The calculation
-was later repeated using the more realistic Brueckner-
Gammel-Thaler potential. The results of these shell-
model calculations will be reviewed later in the context
of comparisons between experiment and results ob-
tained in the present calculation.

The cluster model or resonating-group approximation
is another theoretical model which has been used to
determine levels in He4 by searching for resonances in
the t+P, Hes+st, or d+d systems. A calculation as-

suming charge invariance, using a central nucleon-
nucleon interaction and considering only the first two
channels found a virtual state with the quantum num-
bers 7=0+, T=0 at approximately the same energy
as measured experimentally. r (A 1—,T=O state pre-

' A. de-Shalit and J. D. Walecka, Phys. Rev. 147', 763 (1966).' B. R. Barrett, Phys. Rev. 154, 955 (1967).' S. Shastry and M. L. Rustgi, Phys. Letters 25B, 391 (1967).
4I. Sh. Vashakidze and V. I. Mamasakhlisov, Yadern. Fiz.

-6, 732 (1967) LEnglish transl: Soviet J. Nucl. Phys. 6, 532
(1968)g.' P. Kramer and M. Moshinsky, Phys. Letters 23, 574 (196' J. Pineda and M. deLlano, Bull. Arn. Phys. Soc. 12,
(&967) .' P. Szydlik and C. Werntz, Phys. Rev. 138, B866 (1965).

8P. Szydlik and C. Werntz, Phys. Rev. 140, AB4 (1965).
6). QW. Laskar, Ann. Phys. (N.Y.) 17, 436 (1962).
634 R. J.Philpott and P. P. Szydlik, Phys. Rev. 153, 1039 (1967).

~ P. P. Szydlik and R. J.Philpott, Bull. Am. Phys. Soc. 12, 47
(1967).

j. 146



EXCITED STATES OF He4

;state and the excited states. Since the excited states of
He4 are very high in energy (20 MeV or above), these
energies determined from the RPA are not expected
to be materially different from those determined in an
ordinary shell-model calculation. However, Gillet and
Melkanoff" have shown that the ground-state correla-
tions introduced by the RPA did affect signidcantly
the electron-scattering form factor of the strongest
giant-dipole states of 0" (both of which are above
20-MeV excitation) . The RPA could inhuence the
1—,T= 1 states of He4 in a similar fashion. Our results
for the lowest 0+, T=O state will be compared with
those of BlomqvistI3 who used the RPA in a description
of monopole vibrations in closed-shell nuclei including
He'. Several deficiencies in his model (to be enumerated
later) were corrected by the model used in the present
investigation.

In summary, the hole-particle shell model has been
reasonably successful in reproducing the general fea-
tures of the He' spectrum, particularly the odd-parity
levels. The extension of the model to further study the
even-parity excited states and to determine other prop-
erties of the He4 structure, notably the electromagnetic
transitions, hopefully would enjoy the same degree of
.success.

II. THEORETICAL CONSIDERATIONS

A. Eigenvalues and Eigenvectors in the
Random-Phase Approximation

The method for obtaining the energies and wave
functions for excited states of nuclei according to the
random-phase formalism was developed in detail in
(I). Only the essential features of that method will be
reproduced here for the sake of continuity and to define
operators used later in obtaining expressions for the
matrix elements of one-body operators.

The excited states
I

k& are generated from the ground
state

I g) by the operators I'it which satisfy the corn-
mutation relation

which means

Here gC is the nuclear Hamiltonian consisting of one-
particle and two-particle operators, and the col, are the
energy eigenvalues. In this theory, the ground state
I g) contains hole-particle pairs in addition to a, com-
ponent of the closed-shell "vacuum, "

I
0).

"V. Gillet and M. A. Melkano6, Phys. Rev. 133, 81190
(1964) .

'3 J. Blomqvist, Nucl. Phys. A103, 644 (1967).

It was shown in (D that a suitable I'I, t is'4

Fy =Q c qSq +Q c q8q

8q ——(—) ™S(gJ—M), (6)

where the phase and coupling to —M give this destruc-
tion operator the same rotational properties as 5qt. As
an example, 5q~ for a 1h-1p state is

S'(yijq JM)

( JitÃr JqBsq I
JM) (—) ~i+~'rl;tG , (7)

ming

where the (jinni jzmq I JM) is a Clebsch-Gordan co-
efficient and the a~ and u are the fermion creation and
destruction operators. The isospin can easily be in-
cluded on the same footing as angular momentum.

In (I) the I'qt were defined with an additional con-
stant term c". It was shown there that c~ did not affect
the eigenvalue problem (even for states of J'=0+,
2= 0) . Since c is just a constant it commutes with S,t
and 8,. Whether c~ is included in the definition of FI,t
or not, the usual RPA orthonormality condition

g (c"',c',—c"',c",) (8)
q

(where the c"„etc., are taken to be real) is obtained,
since

I S„8,,3=I 8,t, S,,tj=o
and the usual appeal is made to the quasiboson ap-
proximation

&g I I s„s,'j I g) = —
&g I I 8,', 8, 3 I g)=a„.. (Io)

The basis used to describe the odd-parity states con-
sisted of 1h-1p states with 15' excitation. The even-
parity states were constructed from all the possible
1h-1p and 2h-2p conhgurations with oscillator energy2' above the 2=4 closed shell. The eigenvalue cal-
culation included in addition to all the matrix elements
of an ordinary 1h-1p and 2h-2p shell-model calculation

~4 Very often I'I,t is defined with the second term negative.

where the Sq~ and Sq are, respectively, the hole-particle
state creation and annihilation operators, the c~q are
the components of the eigenvectors occurring in the
usual shell-model approximation and the c~q are the
coefficients of those components of the excited states
resulting from the destruction of particle-hole pairs in
the ground state referred to as ground-state correlations.

If we write

S,t= St(AM),
where the individual angular momenta are coupled to
J and M, and q refers to state quantum numbers other
than J and 3f, then
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those matrix elements which occur in the first-order
RPA. The derivation of the eigenvalue problem is de-
scribed in detail in (I) and will not be repeated here.
Formulas for obtaining the required matrix elements of
the nucleon-nucleon interaction are contained in Ap-
pendix A of (I). There the hole-particle matrix ele-

ments are given in terms of the particle -particle matrix
elements and the appropriate angular-momentum cou-

pling coefficients.
For a nucleus as light as He', a valid description of

the energies and wave functions of the excited states
requires the elimination of the spurious states of center-
of-mass motion, Since the present calculation considered
all possible configurations of a given oscillator excita-
tion, this elimination was accomplished merely by
adding to the nuclear Hamiltonian an inordinately large
component of the c.m. Hamiltonian, Upon diagonaliza-
tion of the interaction matrix the spurious states occur
at very high energy, become decoupled and no longer
aGect the composition of the low-energy eigenstates.

B. Matrix Elements of One-Body Oyerators in the
Random-Phase Formalism

In order to determine the strength of electromagnetic
transitions, the quantities (JrMr I

T
I
J M ), the matrix

elements of appropriate tensor operators between the
initial and final states, must be evaluated. The operator
T is defined by

T= g (P I Tgjr I
n)ua'a. ,

a,P;J,M

where the T~M will be the various multipole operators
and (P I

and
I
n) are single-particle states. The reduced

matrix elements are defined by the Wigner-Eckart
theorem

(zM, I r, IxM)=( —) r

(z,
xI 1(~r II

7'.
ll ~;) (»)

(—M, MM)
Observables (such as cross sections) are functions of

the squares of matrix elements. Taking the matrix
element of T between initial and final states, squaring,
averaging over initial states, summing over Anal states,
and using Eq. (12), the result is

Mi ~Mf

=(2~~+1) 'z (Jfll 2'~ll~') I' (13)

The present analysis will consider transitions only
from a 7=0+ ground state. Therefore, J;=0 and one
has J=jr as the order of the only multipole contributing
to the transition. The problem reduces to the evaluation
of

(a I
I'~~2'

I g) =
&a I L~~~, &j I g), (14)

where T is given by Eq. (11) and (JM l=(g I
I'q~.

The ma, trix element (14) can be evaluated in two equiv-
alent fashions. The atu can be converted into a coupled.
hole-particle creation or annihilation operator (i.e., St
or S depending on which of the single-particle states is
initially occupied) with an appropriate phase and.
Clebsch-Gordan sum. Equation (14) is then evaluated
using the commutation relations (9) and (10) . Alter-
nately the St and S in I'JM can be decomposed into
single-particle creation and annihilation operators. The-
commutator with T results in sums of products of these
creation and annihilation operators which are then
contracted using the anticommutation relations for
such operators. Certain terms must still be discarded.
resulting in what is tantamount to the quasiboson ap-
proximation. The Wigner-Eckart theorem is invoked
and the expression for the reduced matrix element of
the transition is found to be

In the single-particle reduced matrix elements on the
right-hand side, o, refers to the hole quantum numbers
and p to particle quantum numbers. The phase (—)',
where s=j +ja—J, results from having coupled holes.
to particles in our S~t and S~.

In the isospin formalism, s has the additional terms
-', +—', —T, where T is the isospin of the final state. The
reduced matrix elements in isospin space of the charge;
operator

e= —',(1+ra)

and the magnetic moment operator

I = 2(~.+~-)+2 (~. I -)rs—(17)

must then be included in (15) in a manner specified'

by the electromagnetic operator being considered. In
both expressions (16) and (17), the first term, essen-
tially the unity operator, is an isoscalar contributing to
transitions to T=O states. The second term is an iso--

vector contributing to transitions to T= 1 states. The
eigenvalues of r3 are the isospin projections (+~ or ——,)
of the nucleon isospinor. The p,„and p,„are, respectively,
the proton and neutron magnetic moments in units of.

the nuclear magneton.

C. Electromagnetic Transitions

Using the wave functions determined from the-

energy level calculations, the strengths of electromag-
netic transitions from the ground state to the excited
states will be calculated. These strengths will be de-
termined by evaluating the electron inelastic-scattering
form factor for the first excited 0+, T=O state ancl
the total integrated photoabsorption cross section for
those states which can be connected to the ground state:

(~a=~ II &~ II ~'=o)

=& ( )'C"—-a(& II
7'~

II ~) 'c- —
(a~ II

2'~
II ~) 3
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:by the electric dipole, electric quadrupole, and mag-
netic dipole operators. However, transitions to the
1+, T= 0 states will be reduced from those to 1+, T= 1

.States by a factor of approximately

.and will therefore be neglected.
Frosch et al." have measured the differential cross

section for inelastic electron scattering from He' and
have found that it proceeds predominantly through a
longitudinal (or Coulomb) monopole transition to the
first 0+, T=O excited state. They have determined
the inelastic form factor from the relation

where

~inel
(do/dn);. ,i

'~'

&point

where Ef; is the energy of the excited state; q=Ef;/Sc,
and n is the fine structure constant. For the cases con-
sidered here J;=0, Jf=J so the Tg", the transverse
electric multipole operator, and Tg 'I, the transverse
magnetic rnultipole operators, will not both appear in

"R. F. Frosch, R. E. Rand, H. Crannell, J. S. McCarthy,
L. R. Suelzle, and M. R. Yearian, Nucl. Phys. A110, 657 (1968)."T. deForest, Jr., and J. D. Walecka, Advan. Phys. 15, 1
(1966).

'~ F. H. Lewis, Jr., and J. D. Walecka, Phys. Rev. 133, B849
(1964).

e cos'(-', 8)
19

2Eo sin4(-,'8) 1+ (2EO/Mc') sin'(-', 0)

is the cross section for electron inelastic scattering from
a point nucleus, Eo is the energy of the incident electron,
8 is the scattering angle of the electron, and M is the
ma. ss of the target nucleus.

In the plane-wave Born approximation, the form
factor for a longitudinal inelastic monopole transition
lS

F; i= (4 )'"(0 II Mo '"'
ll 0), (20)

where J;=J~= 0, and the atomic number of the target
nucleus is not included in the definition, consistent
with the definition of Frosch et ul. '5 with whose results
our calculation will be compared. The carat above the
Coulomb operator Moc'"' indicates that the operations
in isospin space are to be included. The multipole opera-
tors and their reduced matrix elements used here are
as given in the comprehensive analysis of the electron-
scattering problem by deForest and Walecka. '

The total integrated photoabsorption cross section
for a transition to a discrete excited level of a nucleus
is~~

f o,b, (E)dE= (2~) 'nl (5c) '/Ef~] (2J;+1)—'
one level

x Z II (Jf II &~'(q) II J*) I'

transitions to the same level because of the different
parity selection rules for electric and magnetic multipole
operators.

For the transverse matrix elements to be consistent
with the conservation of electromagnetic current, the
wave functions used must be exact eigenstates of the
total nuclear Hamiltonian. This requirement is only
approximately satisfied by shell-model calculations
using harmonic-oscillator wave functions. Corrections
for this fact and for the effects of nuclear recoil can be
made only in very simple cases and are beyond the
scope of the present treatment. On the other hand, all
the matrix elements were corrected for center-of-mass
motion and the proton charge radius as outlined by
Tassie and Barker, "and the long-wave approximation
was not used.

III. PARAMETERS OF THE CALCULATION

No optimization of the parameters was attempted
in the present study of the He4 nucleus. The single-
particle energies, nucleon-nucleon interaction, and
ha, rmonic-oscillator size parameter were all selected
a prion as "reasonable values" of a particular quantity.
While the effects of the variation of some of the param-
eters and their reliability will be discussed, the illus-
trated energy spectrum and the electromagnetic transi-
tions were all determined from this initial parameter
choice.

The single-particle energy of the Is~/2 hole was de-
termined from the difference in binding energies of the
He' and He nuclei. Energies of the p3~& and pi~~ paiticles
were obtained from the broad but well-known p-wave
virtual states occurring in the e(or p) +He' system. "
The splitting of the 1P3/2 and 1Pi~~ states was taken as
2.6 MeV. There is as yet no evidence for s- or d-wave
resonances. In fact, the s-wave phase shifts for the
scattering of neutrons from He' appear to be almost
entirely hard sphere. '0 The narrow resonance at about
16.7 MeV in the A = 5 system is known to consist of d+ t
(or 8+He') clusters. "Even the broad level at 20 MeV
is now believed to have the same cluster character and
to differ from the 16.7-MeV state only in the value of
the total angular momentum. "The uncertainity in the
2s energy is rather pointedly demonstrated in the
variety of values used for this energy in shell-model
calculations for the very light nuclei. Fraser and Spicer"
in a study of mass-3 and mass-5 systems adopted a
value of 45 MeV for the 1p:i&-2s&~2 energy difference on
the basis that the n+He4 s-wave phase shift appeared

"L.J. Tassie and F. C. Barker, Phys. Rev. 111, 940 (1958).
9 P. Fessenden and D. R. Maxson, Phys. Rev. 133, B71

(1964)
20 B.Hoop, Jr., and H. H. Barschall, Nucl. Phys. 83, 65 (1966).2'F. Ajzenberg-Selove and T. Lauritsen, Nucl. Phys. 11, 1

(1959)."J.C. Roynette, Ch. Ruhla, M. Arditi, J. C. Jaemart, and
M. Riou, Phys. Letters 19, 497 (1965).

2' R. F. Fraser and B. M. Spicer, Australian J. Phys. 19, 893
(1966).
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TAar.z I. Single-particle spectrum (MeV).

1P3/2 1'/2 1'/ 2z/2

—20.6 0.95 3.5 22.2 24.2 27.2

to be increasing in that energy region. Consistent with
this splitting, the energy of the

~
(1sqg) '2sq~s) con-

Qguration would be 65 MeV. This is the value adopted
by Blomqvist" though no reason was given for this
choice. Two recent papers on He came to our atten-
tion after the present calculations were completed.
Vashakidze et al.'4 determined the single-particle ener-
gies of He' from a Hartree-Fock calculation using the
Tabakin potential. What they would consider their
best results (for Ace=20 MeV) indicate 36 MeV for
the

~

1s '2s) energy. Surprisingly, their 2s&~s state is
almost 2 MeV below the d5/2 state. Kuo and McGrory25
studied the effect on the binding energy of He4 of the
excitation of particles into other orbits and incidentally
calculated the energies of some of the excited levels in
He4. Their single-particle energies were obtained from
the harmonic-oscillator energy Sco = 13 MeV which
gave the best agreement with experiment for the excited
levels. Thus their

~

1s '2s) energy would be only 26
MeV.

Since direct experimental evidence is lacking for the
energies of 2s or 1d particles, the following procedure
was used to estimate those energies. The position of an
unsplit 1p state was determined assuming that the shifts
of the 1pq~s state and the 1ps/s state from the unsplit
level were in the ratio of (1+1)/l, as would be the case
for an effective one-body spin-orbit potential. This
gave a separation of 22.4 MeV for the 1s and 1p levels
(which is close to the value Sa& =21.8 MeV derived from
the oscillator size parameter used in this calculation).
A 2s-1d level was then set at twice this energy (though
these states are degenerate only in an oscillator well)
and the 1d levels were then somewhat arbitratily split
by 5 MeV. This splitting, however, is reasonably con-
sistent with the early work of Elliott and I.ane" on the
two-body spin-orbit force which indicates that for the
oscillator size parameter and force range used in the
present calculation, the 1d splitting is about 2—3 times
the 1P splitting. The analysis of Vashadkize et al.s4

favors a value of 7 MeV for the 1d splitting. While
a somewhat larger value for the separation of the 1d5/&

and 1dsg than 5 MeV is indicated, it will be found that
the important features of the results were not sensitive
to this splitting.

The potential used was of the form

U(r) = Us exp( —r'/r ') (W+MP'+BP'+HP"P')

(22)

where I'" and I" are, respectively, the operators which
exchange the space and spin coordinates of the nucleons.

The parameters of the potential used are given in
Table II.

The size parameter b = (5/Mco) 'l' adopted for the har-
monic-oscillator wave functions Pq, expL —-', (r/b)'j
was 1.38 fm determined from the electron-elastic-scat-
tering form factor for the He4 nucleus. This value has
also been used in several previous shell-model investiga-
tions of the He4 nucleus. ' "

Iv. RESULTS

A. He4 Energy Spectrum —Comparison with Experiment
and Previous Calculations

The energy levels of He', up to about 50 MeV, pre-
dicted by the present calculation using the fixed-param-
eter set described in Sec. III are compared in Fig. 1 to
the known levels in He4. Experimental data are taken
from Fig. 1 of the paper by Werntz and Meyerhof"
(WM). Their level scheme was obtained through an
analysis of Hs(P, e) He' cross-section and polarization

TAsxz II. Force parameters.

Vo (MeV) ro (fm) 8'

—48.75 1.85 0.42 0.42 0.08 0.08

The single-particle spectrum finally adopted is given
in Table I.

A simple two-body central potentiaP~ consistent with
the low-energy two-nucleon data (viz. , the triplet and
singlet scattering lengths and the binding energy of the
deuteron) and containing only triplet-even and singlet-
even components was used for the nucleon-nucleon
interaction. No parameters of the force were adjusted
since it was expected

(1) that the use of a free nucleon-nucleon force
should still be valid for a nucleus as light as He4;

(2) that because of the large energy gaps between
major shells, the neglected configurations should not
affect the results of the calculation appreciably; there-
fore it would not be necessary to adjust the effective
interaction to compensate for the truncation of the
basis.

'4 I. Sh. Vashakidze, T. R. Dzhalanganyan, and Dzh. V.
Meboniya, Yadern. Fiz. 7 1016 (1968) )English transl. : Soviet
J. Nncl. Phys. 7, 611 (1968)g."T. T. S. Kuo and J. S. McGrory, Nucl. Phys. A134, 633
(1969)."J.P. Elliott and A. M. Lane, Phys. Rev. 96, 1160 (1954).

2~ J. C. Carter, W. T. Pinkston, and W. W. True, Phys. Rev.
120, 504 (1960); W. W. True, ibid. 130, 1930 (1963).

'SC. Werntz and W. E. Meyerhof, Nucl. Phys. A121, 38
(1968). For more complete data on A =4 nuclei see W. E. Meyer-
hof and T. A. Tombrello, Nucl. Phys. A109, 1 (1968).
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FIG. 1. Comparison of the observed
energy levels of He' and those cal-
culated from the present theory using
the "reasonable" parameter set of
Sec. III. Experimental data are
taken from Fig. 1 of Ref. 28.
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results. They favor their solution "II" for the odd-
parity T= 1 states because of its compatibility with a
particular set of phase shifts and p-wave channel spin
mixing angle determined by Morrow and Haeberli" in
their analysis of the He'(p, p) reaction. One very im-

portant result of this choice is that the lower 1—,T= 1
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FxG. 2. Variation of the calculated energies of the 6rst 0+,
7=0 and 2+, T=0 excited states of He4 as a function of the 2s
and 1d "single-particle energies, respectively.

"W. Haeberli and L. Morrow, in Few Body Problems, Light
XNclei and Egclear Interactions, edited by Guy Paic and Ivo
Slaus (Gordon and Breach Science Publishers, Inc. , New York,
1969).

level will be predominantly 'I' and the upper level
largely 'I'. The relationship of this interpretation to
the present calculation of these same levels will be in-
dicated shortly.

Our model is successful in producing the first 0+
excited state a,t a relatively low energy (26.3 MeV),
although the single-particle energy of its dominant
configuration

~
(1si~~) '2sip) was taken as 44.8 MeV.

The particle-hole interaction has thus lowered the
energy of this conhguration by 19 MeV. Consistent
with experiment, the next even-parity T=O level is
a 2+ with the correct energy separation from the 0+
level. While both the 0+ and 2+ levels are about
6 MeV too high, Fig. 2 demonstrates that their posi-
tions are strongly dependent on the position of the 2s
and 1d single-particle energies, respectively, whose
values cannot be obtained from experiment. Figure 2
shows that if the 2s and 1d energies are 16 MeV
(a 1s-2s or 1s-1d separa, tion of 36 MeV) the energies of
both the lowest 0+ and. lowest 2+ excited states will

agree with the results of tA"M. It should be remarked
that the position of the 2+ level is only weakly de-
pendent upon the 1'~~—1d5~~ splitting. Moreover, the
wave functions for the lowest 0+ and 2+ excited
states are essentially unaffected by such an energy
variation. The 1+ and 3+ levels would of course be
sensitive to the positions of the individual 1d3~~ and
1d5~& states, respectively, not just their "center of
gravity. " %34 have found that the deuteron widths
of the 0+ and 2+ levels are large, comparable to those
of neutron and proton channels. The effects of the 0+
deuteron width are suppressed, of course, since this
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TABLE III. Shell-model prediction of T=2 states of He
(energies in MeV) .

0+

65.6

64.2 56.6

62.7

state is below the d-d threshold. A further important
result in WM is that single-particle —hole states are
found to have very large two-nucleon cluster widths.
The lowest 0+ and 2+ states in our shell-model cal-
culation are predominantly 1h-1p states in accord with
the large deuteron widths found for those states in WM.
Their analysis assumed only a 'D wave contribution
to the 2+ state. The combination of the two 1h-1p
components in our 2+ wave function is largely 'D.
Interestingly, the next two 2+, T=O levels predicted
by our model consist almost entirely of 2h-2p states.

The present results for positions of the energy levels
are only roughly comparable to those of Kramer and
Moshinsky. ' For the even-parity levels they made no
estimates of the 1p or 1d splittings. It also appears that
the two-body force they employed was weaker than
that used here, since given excited states are at rela-
tively higher excitation energies. Vashakidze and
Mamasakhlisov' obtain results for the energy levels of
He4 for values of 5~ from 16 to 21.8 MeV. For 5~= 16
and 21.8 MeV, considering both 1h-1p and 2h-2p excita-
tions, their lowest 0+ state is at 20.7 and 28.1 MeV,
respectively. Regardless of the value of Sco they employ,
their lowest 0+ and 2+ states a,re always separated by
less than 2 MeV and they obtain a low-lying 4+ level

( 25—30 MeV) because of incorrect treatment of the
c.m. motion for that state, where up to 4p-4h excita-
tions were allowed. The results published for other even-
parity levels apparently considered only 1h-1p excita-
tions and would have spurious c.m. components in
T=0 states. Their odd-parity spectrum is comparable
to ours, though for Geo =21.8 MeV their odd-parity levels
are several MeV higher. The odd-parity results of the
present calculation are similar to those obtained by
de-Shalit and Walecka. ' The ordering of the odd-parity
levels follows the Lande interval rule, contrary to the
spectrum of WM shown in Fig. 1. Furthermore our
T=0 odd-pa, rity spectrum is too compact. Barrett et al."
found that a tensor force depresses the 0—,T= 0 state
close to the 2—,T=O level, in agreement with the
analysis of H'(p, e)He' polarization data. In Barrett' s
complete analysis' of the He' odd-parity levels, the use
of a realistic nucleon-nucleon interaction, the Tabakin
potential, is found also to force up the 1—,T=O level,
completing the agreement with the features of the ex-
perimental odd-parity T=0 spectrum.

0.50 I I I I I I II I I I I I I II

O. IO

C

0.05

O.OI I I I I I I III
0.5 I.O

q (fm )

l

I I I I I I I

5.0 IO.O

FIG. 3. A comparison of the calculated and observed E0
electron inelastic-scattering form factor versus the square of
the momentum transfer. Experimental data are those of Ref.
15. The solid curve is obtained using the results of the energy-
level calculation (the size parameter was 1.38 fm). The dashed
curve is the form factor calculated using a size parameter of
1.6 fm and arbitrarily reducing the result by a factor of 0.6.

The energies of the odd-parity T= 1 states calculated
here are close to the experimental values though slightly
high and with a change in the order of 0—and 1—
levels. More serious is the fact that this calculation
predicts the upper 1—,T= 1 level to be predominantly
'I'. This agrees with the result of de-Shalit and Walecka'
(our calculations are very similar) and with Tombrello's
phase-shift analysis" of p+He' and n+H' scattering
data. Morrow and Haeberli" have reanalyzed the
p+He' da, ta and obtain another solution consistent
with the lower states being predominantly 'I'. As pre-
viously mentioned, this is the result favored by the
analysis of WM. Once more the calculation' with the
Tabakin potential was found to produce the correct
level ordering for T= 1 odd-parity states and to increase
substantially the 'I' component of the lower 1—state,
though not sufficiently to obtain precise agreement with
the latest experimental analyses. In view of the favor-
able results obtained with the Tabakin potential for
the odd-parity levels of He', calculations by the author
are in progress applying this potential to a reanalysis
of the even-parity states.

There is, at this time, no strong experimental evi-
dence for even-parity T= l levels. Some of these levels
obtained in our calculation will be considered in our dis-
cussion of the electromagnetic transitions.

Largely for the sake of completeness, the energies
of the T=2 states (all of which are above 50 NeV)
predicted by the present model are given in Table III.

As expected, the spectrum obtained using the RPA
was substantially the same as that obtained in the usual
shell-model approximation. The energies of a few of the
states were reduced by small amounts. The largest
effect of the RPA matrix elements was on the first
0+, T=O excited state whose energy was reduced

"B.R. Barrett, J, D. Walecka, and W. E. Meyerhof, Phys.
Letters 22, 450 (1966).

3'T. A. Tombrello, Phys. Rev. 138, B40 (1965); 143, 772
(1966).
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by slightly more than 0.5 MeV (compared to the 19
MeV produced by the particle-hole matrix elements).
'There were small effects on the odd-parity T=1 states
,as well. These were lowered by 0.2—0.4 MeV.

B. Electron-Inelastic-Scattering Form Factor

Level
energy
(MeV)

Level
quantum
numbers

Cross
section

|,'mb-MeV)

TABLE IV. Calculated photoabsorption cross sections
to levels in He4.

The monopole electron-inelastic-scattering form fac-
tor calculated using Eq. (20) and the ordinary shell-
model results is compared with the data of I'rosch
et a/. " in Fig. 3. The calculated results are about 60%
high and peak at too large a value of the momentum
transfer. The RPA adds another 11% to the form
factor, increasing the discrepancy. The effect of the
RPA determined here is less than that obtained by
33lomqvist. is /His ZF(q) is to be identified with our
F;„,i, since F(q) has a factor 1/Z in its definition. $ In
his wave functions, the amplitudes of RPA contribu-
tions are more than 40% of the usual shell-model am-
plitudes. The sum of these latter amplitudes is )1 in
order to satisfy the RPA normalization condition (8).
In our case, the presence of 2h-2p components tends to
lower further the monopole strength. The primary
'cause of our differences with Blomqvist is not the fact
that his states have spurious c.m. components which can
'be eliminated completely only by including 2h-2p com-
ponents. (It is to be noted that Blomqvist's wave func-
tion also has a smail 4fio&

~

Is '3s) component. ) The
present calculation was repeated neglecting 2h-2p
components with the result that the RPA amplitude is
still only 10% of the usual shell-model amplitude, but
the 1h-1p components (and the form factor) are in-
-creased because of renormalization in the smaller basis.
His results are apparently caused by using too large
.single-particle energies and compensating for this by
more than doubling the usual strength of the Kallio-
Kolltveit potential used as an effective interaction in
order to obtain the monopole state at the correct ex-
perimental energy. OG-diagonal components of the
interaction matrix (including the RPA terms) are then
much larger than would be the case if agreement with
experiment were obtained with smaller single-particle
energies.

The dashed curve in Fig. 3 shows the effect on the
form factor obtained from the shell model with a size
parameter of 1.6 fm (spreading out the wave function)
and arbitrarily multiplying the result by 0.6. (Of course,
since the two parameters in the form-factor relation
have been freely varied, there is no longer any connec-
tion with the results of the present energy-level calcula-
tion. ) A good even-parity energy spectrum could be
obtained using b=1.6 fm by adjusting the 2s and 1d
single-particle energies. The 1h-1p component of the
lowest 0+ state is insensitive to changes in the har-
monic-oscillator parameter and single-particle energies.
To obtain agreement with the experimental form factor
the eRects of a realistic two-body force would have to re-
duce the present 0.86 amplitude of the

~

1s '2s) con-

29.0
31.9
34.2 .
47.9
50.5
46.8
49.0
51.6

J=1-
J=1—,
J=2+,
J=2+,
J=2+,
J=2+
J=2+,
J=2+

T=1
T=1
T=O
T=O
T=O
T=1
T=1
T=1

6.7
34.5
0.76
0.01
0.03
0.15
0.52
0.06

figuration to about 0.52. This effect is being investi-
gated.

» V. P. Denisov and L. A. Kul'chitskii, Yadern. Fiz. 6, 437
(1967) LEnglish. transl. : Soviet J. Nucl. Phys. 6, 318 (1968)].

C. Integrated I'hotoabsorytion Cross Sections

The integra, ted photoabsorption cross sections cal-
culated from the present model for various levels in
He4 are given in Table IV. The sum of the listed terms
is 42.7 mb MeV. The cross sections shown were evalu-
ated at energies predicted by the theory. Evaluating
the E1 cross sections at energies predicted by WM for
the dipole states (placing our stronger state at 28.0
MeV and our weaker state at 30.5 MeV) would increase
the results by another 3.6 mb MeV. The lowest quad-
rupole state would be somewhat weakened (by about
20%) bees, use of the energy variation of the E2 trans-
verse matrix elements.

The calculation indicates that 96%' of the total cross
section is due to electric dipole transitions. This sup-
ports the procedure used to obtain total photoabsorp-
tion cross sections wherein the diRerential cross section
measured at 90' is merely multiplied by 8rr/3 to ac-
complish the integration over the sin 0 angular distribu-
tion characteristic of particles emitted following an E1
transition. It is significant that there are certain 2+
levels with observable quadrupole strengths but no
1+ levels with a measurable magnetic dipole strength.
The quadrupole strengths of 2+, T=O levels at 39.6
and 44.1 MeV are zero, consistent with the 2h-2p char-
acter of their wave functions.

Denisov and Kul'chitskii" have determined that the
total integrated He' (y, P) H' cross section between 20
and 50 MeV is 28.0&2.0 mb MeV. If it is assumed that
for all levels the neutron width equals the proton width
and that the deuteron widths are zero, then the photo-
absorption cross section from 20-50 MeV has a total
value of 56 mb MeV. Thus our calculation produces
almost 80% of this value. The assumption concerning
the particle decay widths is compatible with the findings
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of WM. Their results were obtained with zero deuteron
width for all odd-parity levels including the dipole
states. For the terms contributing to photoabsorption,
only the lowest 2+ level has an appreciable deuteron
width. However, our results show that its contribution
is considerably smaller than the contribution from the
dipole states.

The majority of our E1 strength is in the upper 1—,
T= 1 state contrary to an experiment' which indicates
that the E1 strength of the upper state is only about
half that of the lower state. This discrepancy, however,
was expected in the light of our observation of the am-
plitude of the 'P components of the dipole states.

The use of the RPA was not essential to the shell-
model determination of the photoabsorption cross sec-
tion. Kith the exception of the 1—,T=1 states the
eRects of the time-reversed matrix elements were quite
negligible because of small RPA amplitudes in the eigen-
states. In the lower electric dipole state considered in
the usual shell model, the E1 contributions of the

~
(1sg)2)

—
'1pg(, ) and

~
(1sgp) '1paf2) con6gurations are

of opposite sign, with the pap component having the
larger magnitude. The pr~q RPA component interferes
destructively with the pq~2 shell-model contribution
reducing the cancellation with the pa~2 shell-model term
and thus increasing the cross section to 9.0 mb MeV.
In the upper state where the p~~2 and p3~~ shell-model
contributions have the same sign, the RPA produces
destructive interference lowering the cross section to
31.9 mb MeV. Percentagewise there is a large increase
in the cross section to the lower state and the relative
strength of the upper and lower states has been reduced
from 5.1:1 down to 3.5:1.The essential fact remains
that the present model predicts the upper 1—,T= 1
level to have most of the E1 strength and the sum of
the cross-section contributions from the two states
remains virtually unchanged.

Crone and Werntz'"' have studied theoretically the
photodisintegration process in He . Their wave func-
tions were members of SU(4) supermultiplets. Shell-
model wave functions inside the nucleus were coupled
to wave functions in the continuum using boundary
conditions determined from R-matrix theory. In their
treatment, the resonances were not assumed to be iso-
lated so that interference eRects between multipoles
could be evaluated. For the He4(y, p) H' process they
obtain better agreement with experimental measure-
ments of the total cross section by assuming that the
dipole strength is mainly in the lower 1—,2= 1 state.
However, their peak is too sharp and the calculated
results are lower than the experimental values in the
high-energy tail. This they attribute to not varying the
wave function with energy in this range.

Certain features of the present model are in general

"I.Crone and C. Werntz, Nucl. Phys. A134, 161 (1969).

agreement with the results of Crone and Werntz. Their
analysis of the He4 (7, p) H' and He4 (7, e) He' angular
distributions indicates the presence of E2-E1 inter-
ference in the region of 29 MeV caused by a 2+, T=O
level. This agrees with the present results which indicate
that a 2+, T=O state at about this energy contains.
virtually all the T=O quadrupole strength. Because of
observed differences in the forward-backward asym-
metries of the proton and neutron angular distributions
they have added a 'D2, 2+, T= 1 state at an arbitrary
energy of 35 MeV to account for this. In the present
model, the quadrupole strength (and 'D2 hole-particle.
component) is distributed among three 2+, T= 1 states
at 46.8, 49.0, and 51.6 MeV, with the second state dom-
inating. Allowing for the fact that our model predicts.
energies several MeV high it would still seem that an
energy somewhat in excess of 40 MeV is indicated for-

the strongest 2+, T= 1 state.
The transverse matrix elements of Crone and Werntz

were multiplied by a factor Er~/5&v for odd-parity
states and Er;/25&v for even-parity states (where Ef;
is the experimental energy of a level) to make the matrix
elements consistent with current conservation. Such a
correction is strictly true if the nucleon-nucleon inter-
action has only a, Wigner component. For a force with
exchange terms, such as employed here, the correc-
tions are more dificult to make. If these corrections in
the present case were comparable to those made by
Crone and Werntz, the calculated cross sections would
increase, thereby improving the agreement with ex-
periment. It would be surprising, however, to obtain
exact agreement with experiment in view of the simpli-
fied approach used here in treating the photoabsorption
process.

V. SUMMARY AND CONCLUSIONS

From the present analysis it is evident that the shell
model can successfully describe the known excited
states of He4. The agreement with the experimental
results is reasonably good in view of the simple nucleon-
nucleon force assumed and the fact that there was no
parameter search. Ground-state correlations of the
type occurring in the erst RPA are found to have a
negligible eRect on the positions of the energy levels.
A more realistic force than that employed here is neces-
sary to obtain a better quantitative description of the
odd-parity spectrum.

The model does predict the over-all magnitude of the
integrated photoabsorption cross section very well,
though the E1 strength is concentrated in the wrong
state. The monopole form factor to the lowest 0+ state
is only qualitatively correct and the results indicate that
the harmonic-oscillator size parameter should be in-
creased. The RPA causes some redistribution of the
E1 strength to the lower 1—,T= 1 level and enhances
the EO electron inelastic-scattering form factor by
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about 10/~. The general effects of the RPA, however,
are not pronounced.

The present results dictate that a more reliastic force
be used as well as lower 2s and 1d energies. Calculations
using the Tabakin potential a,re currently in progress
and a brief report of the results will be given in the
near future.
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Elastic and inelastic excitation functions and differential cross sections of ~ particles scattered from C"
have been measured. Excitation functions were taken from 18.90 to 30.06 MeV in 20-keV steps. Differential

cross sections were measured at the energies of anomalies in the excitation functions. Optical-model and

phase-shift fits to the elastic angular distributions were attempted without success. A statistical analysis
of the excitation function indicates that the reaction is proceeding mainly through the compound nucleus

with a coherence width I' of 360 keV (c.m. ) .

INTRODUCTION

~ 4HE scattering of n particles from Ijght nuclei has
recently been of interest to severa, l workers. ' This

interest has increased since the report by Singh ef, al.'
of evidence for intermediate structure in these reac-
tions. In a series of experiments on s-d shell nuclei,
structure of two to three times the compound nuclear
width was observed in the 22—27-MeV region of excita-
tion in Si" Si" and P".Singh and others' 4 have inter-
preted this as evidence for simple structure, possibly
4p-4h states.

An investigation of this same region in other light
nuclei seemed worthwhile and feasible with the ex-

panded energy range of the newer tandem accelerators.
We began with an investigation of the n elastic and in-
elastic scattering from C".

o. scattering from CJ2 has been studied as a function

t Work supported in part by the U.S. Atomic Energy Com-
mission. This paper is AEC Report No. CCO-1265-78.

* Present address: Kellogg Radiation Laboratory, California
Institute of Technology, Pasadena, Calif.

~ K. B. Carter, G. E. Mitchel, and R. H. Davis, Phys. Rev.
133, 31421 (1964).' P. P. Singh, B. A. Watson, S. S. KroepQ, and T. P. Marvin,
Phys. Rev. Letters 17', 968 (1966).

3 P. P. Singh (private communication) .
4 J. P. SchiGer, J. Phys. Soc. Japan Suppl. 24, 319 (1968l.

of energy and angle up to 19 MeV (for a list of refer--

ences see Ref. 1). Above this energy, only scattered
cyclotron data, are available. For this reason we began
our investigation at 18.9 MeV. Excitation functions
were measured in 20-keV steps to 30.06 MeV. Angular
distributions were then measured at the energies of the
anomalies in the excitation functions.

The doubly charged helium beam from the |A'illiams

Laboratory tandem Van de Graaff accelerator struck
self-supporting targets in an ORTKc 17-in. scattering
chamber. For the excitation functions, the data for
elastic scattering from C" and 0" were measured
simultaneously, using J iOH evaporated on 20-ttg/cms
carbon foils.'' The diGerential cross sections were
measured using 100-ttg/cms C's foils. Monitor runs
indicated that the carbon thickness increased linearly
with time due to hydrocarbon contamination, in-

crea, sing by about 18/& in 6 days of exposure to the
beam. The data were suitably corrected.

The accelerator energy was originally calibrated using

5 J. F. Morgan, Ph.D. thesis, University of Minnesota, 1968
(unpuhhshed} .

6 Clark Bergman, Ph. D. thesis, University of Minnesota, 1963-
(unpuhlishedl.


