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A 4He shell-model formalism, including two- and three-body forces, is used to 
calculate the energy and width of the following T = 1 levels of Fiarman an d Me­
yerhof: 2 -( 2 6.4 MeV), 1 - ( 27.4 MeV), o- ( 29.5 MeV) and 1 - (30.5 MeV). Three­
-body plus two-body forces lead to significant improvements, in comparison with 
only two-body forces, in the calculation of energy level estimates for the T = l
states noted above. Improvements in the level width are difficult to ascertain be­
cause of the experimental uncertainties in determining the level width. 

I. Introductt"on 

Improvements in the calculated o+ T :;::  0 4He spectrum as well as an impro­
ved charge form factor and rms radius were recently obtained by introducing a 
shell-model Hamiltonian which includes two-body plus three-body (TPTB) for­
ces 1 >. The success of the TPTB model in describing the (O+, 0) spectrum suggests 
that the inclusion of three-body forces may lead to improvements in other 4He 
levels. A logical choice of 4He levels for investigation is the T = 1 spectrum which
is fairly well established2 -s>. An investigation of the T = 0 spectrum is more
uncertain because of the large experimental uncertainties in the position and width 
of these levels 5 • 6>. 

*Present address: GPU Nuclear Corporation, P. 0. Box 480, Middletown, Pennsylvania 
17057, U.S.A. 
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This paper will apply the TPTB model to the calculation of the level width
and energy of the T = I levels of Fiarman and Meyerhof5> - i. e. the (2 - , '1 )
26.4 MeV, ( I  -, 1 )  27.4 MeV, (O-, I )  29.5 MeV and (I -, 1 )  30.5 MeV levels. The
calculations will derive the strengths of the three-body interaction for these states.
The reader should note that the TPTB shell-model approach will lead to highly
model dependent results o. Even though our results will be model dependent, 
they will provide an indication of the applicability of three-body forces in the 4He 
T = l spectrum. 

The approach taken in this paper in deriving a three-body interaction is only 
one of a large number of three-body approaches which have appeared in the lite­
rature. The reader is refered to Refs. 5 and 9-33 for a selection of papers which
discuss the use of other three-body forces in the A = 3 and A = 4 systems. 

2. Formalism

Following the approach used in the three-body study of the ground state and
first excited state 1 >, the three-body force components for T = 1 levels will be deter­
mined by considering the differences between the measured and calculated (two­
-body) position of the lowest lying T = l state (2-, 26.4 MeV) 5>. This difference
may be minimized by including a three-body tem1 into the standard two-body
Hamiltonian 

H' = H + U ( 1 )  

where H is the two-body Hamiltonian 6> and U is the three-body term 1 > .  The choice
of the three-body term is motivated by a recent study of the splitting of the ground
and first excited state in 4He1 >. The three-body term is defined in terms of a projec­
tion operator which selects A · _:. 3 triton ( IP 1 )) or 3He ( IP2)) clusters from the 
4He basis state1 • 6•34> .  

2 2 
U = L L IP, ) L11, ( p, I .i= l i= l 

(2) 

The quantities appearing in Eq. (2) are discussed in detail in Ref. l .  The term Liil
represents the strength of the three-body interaGtion. Since the low lying states 
in the 4He system are composed ofa'few dominant configurations (at least in terms
of the total oscillator content) 1 • 4• 6>, the following simplifying assumptions are made
for the strengths L11, (N1 ·2, L12,·Ns,·Ls, i) 

LIJl (N12, L12, N s, Ls, i) = L1q 
where 

e . 2 (N12  + Nn) +. L.1 2  + Ls. 

(3) 

(4) 

In Eqs� (3) . and ( 4), N, and L, label . $e radial and orbital quantum numbers, res­
pectively, in the ;; coordinate of the A = 3 cluster. The ;: 2 coordinate labels the 

-+ pp (nn) coordinate and r8 labels the coordinate between the center-of-mass of the pp (nn) cluster and the. remaining nucleon n (p) for 3He (3H)3 4>. 
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The constraint of Eq. (3) in1plies that the three-body strengths are only de­pendent on the total oscillator constant (a) of the A = 3 cluster state which is de­fined by Eq . . ( 4). For example, all A = 3 clusters with 3 Ii w of internal excitation,such as (Os) (Of), (Op) (Od), and (Ip) (Os), have the same three-body strength within the framework of our model. Following the methodology of Ref. I, J 1 and LI 3 may be obtained by fitting the model (2-, 1 )  eigenenergy to the experimental value of 26.4 MeV. This is achie­ved with the values LI 1 = -0.49 MeV and Ll3 = -0.65 MeV. These values areconsiderably smaller than the L1 0 = + 1.86 MeV and Ll 2 = -3.60 MeV three-body strengths of Ref. 1 .  However, the LI 1 and LI 3 values are reasonable because the dif­ferences between two-body model and experimental values in T = 0 levels, usedto obtain LI O and LI 2, are considerably larger than the T = 1 differences. The aforementioned LI I values complete the specification of the model three­-body force. When this force is combined with the model two-body interaction 6• 3 5 >, the general Hamiltonian of Eq. ( I )  is completely specified and can be used in an analogous manner to the standard Hamiltonian H in the generalized R-matrix equa­tion36, 3 7> L [ (). IH' - El A.') + L YAc (b;.,c - be) YA'c-] A;., = 0. (5) 
i.1 C 

The quantities appearing in Eq. (5) arc defined in detail in Refs. 6 and 37 and will not be discussed further herdn. The · determination of level energies and widths is achieved from the information appearing in Eq. (5). 
3. Comparison of the TPTB interaction with other three-body interac­

tions 

111 this section, we compare the results of the TPTB potential with the histo­rical Fujita-Miyazawa (FM) potentfol9> as well as with the more recent Tucson potential 2 2>. These interactions differ in their level of detail and in the underlying physical assumptions used to establish the respective interactions. 
In the work of Fujita and Miyazawa9 >, the :re N amplitude was assumed tobe dominated by the excitation of the L1 resonance. The FM intera:tion is also ba­sed on the assumption that the background amplitude could be properly represen­ted by the isospin symmetric scattering length. As noted by Coelho et al. 33>, both assumptions are not universally valid. For example, the L1 dominance of the :re N amplitude occurs only when the total center of mass energy is about equal to the mass of the resonance. In addition, contributions from <1 and e exchange are often as important as the LI contribution. These comments show that the L1 based n N amplitude which is the basis of the FM potential does not reproduce the on-shell data, and is not suitable for off-shell extrapolation. These limitations cause the FM potential to be only partially realistic. However, the FM interaction was de­veloped in 1957 and has made a significant contribution to the understanding of multibody forces. A more modem version of the FM potential is the potential derived by the Tucson group2 2> and by Coon and Glockle2 3>. The Tucson potential is based on 
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an off-shell n N amplitude which was constructed by means of chiral symmetry and also reproduces the on-shell data. The basis on chiral symmetry indicates that the Tucson potential is app1 opriate for off-shell extrapolation. This interaction in­volves two-pion-exchange three-nucleon forces. The Tuscon potential, which puts the description of the off-shell n N amplitude on the generally accepted phenomenology of current algebra and partial conservation of axial-vector current, is today considered to be one of the best available three-body interactions. The TPTB interaction proposed in this paper is based on a philosophy which does not attempt to directly describe the n N amplitude. Instead, the TPTB inte­raction is based on reproducing the 4He level spectrum which is affected by the n N amplitude. In its present form, the TPTB interaction is somewhat simplistic since it is based on projection operators with strengths which are constant in a given oscillator shell. However, future work will recast and generalize the TPTB formalism into a form which is similar to a n N amplitude approach. At that t:me, a more in depth comparison of the TPTB potential with the Fujita-Miyazawa and Tucson potentials will be possible. 
4. Results and discussion

Using the L'.1 1 and L'.13 values, calculations for other T = 1 levels can be per­formed. Herein, we restrict consideration to the T = I levels summarized in the compilation of Fiarman and Meyerhof5> . Table 1 summarizes the results of two-body (TB) and two- plus three-body (TPTB) calculations for the 2- (26.4 MeV), I - (27.4 MeV), o- (29.5 MeV) and1 - (30.5 MeV) levels. Model calculations using the TPTB force are improved considerably in comparison with TB results for the T = I states considered he­rein. The average value of the magnitude of the difference between calculated and experimental level positions is significantly improved with the use of three-body forces. This value decreases from 2.6 MeV for them TB force to a value of 0.25 MeV for the TPTB interaction. The most striking improvement occurs for �he 1 - (27.4 MeV) level. The TB force predicts this level occurs at 3 1 .7 MeV and the TPTB interaction predicts a value of 27.9 MeV which is within 0.5 MeV of the experimental position (27.4 MeV). 
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TABLE 1 .  

J:i 
Excitation energy/MeV TB TPTB Expe,imenfl> 2- 29.0 26.4 26.4 1 - 3 1 .7 27.9 27.4 o- 30.5 29. 1 29.5 1 - 33.0 30.4 30.5 

a) Ref. 5.

T = 1 level energies with two-body and three-body forces in 4He.
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Jn (Ex MeV) 

2- (26.4)
1 -(27.4)
0- (29.5)
J -(J0.5) 

TABLE 2. 

Level width /MeV 
TB TPTB Experiment'J) 

0.7 1 .6 � 10.0 
2.5 4.2 � 10.0 
4.2 3.9 � 10.0 
5.1 5. 1 � 10.0 

a) Calculated from the single particle
widths of Ref. 38.

T = J level widths with hvo-body and three-body forces in 4Hc. 

The TPTB force also alters the calculated T = I level widths. Experimental 
widths for all the T = 1 levels considered herein are predicted to be on the order 
of 10 MeV 3 5>. The 2- (26.4 MeV) level width increases from 0.7 MeV (TB) to
1 .6 MeV with the TPTB force. The 1 - (27.4 MeV) width also is increased with 
the use of the TPTB force (2.5 MeV (TB) to 4.2 MeV (TPTB)). However, the
calculated TPTB o- (29.5 MeV) and 1 - (30.5 MeV) level widths are slightly smal­
ler than the TB widths. In view of the uncertainties in the experimental widths 38 >, 
it is not possible to ascertain if TPTB forces significantly improve the calculated 
level widths. 

5. Conclusions 

The results of this study suggest tl1at three-body forces when combined with 
standard two-body forces lead to improvements in the energies of the negative 
parity, T = 1 levels of Fiarman and .M.eyerhof. When these T � 1 results are com­
bined with previous T = 0 results for the o+ spectrum, they provide added evi­
dence for the importance of three-body forces in the 4He system. 
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UTJECAJ TROCESTICNIH SILA NA T = l SPEKTAR U He4 

JOSEPH J. BEVALACQUA 

United States Department of Energy, P. O. Box E, Oak Ridge, Tennessee 37830, U. S. A.

UDK 539. 14  

Originalni znanstveni rad 

Energije i sirine T = 1 nivoa u 4He: 2- (26.4 MeV), I - (27.4 MeV), o- (29.5MeV) i I - (30.5 MeV) izracunati su koristeci formalizam modela ljuske, te uklju­civsi site dva tijela i tri tijela. Proracun izvrsen kada su pored sile dvaju tijela uve­dene i sile triju tijela daje bitno poboljsanje u proracunu energija. Tesko je procije­niti da Ii ima poboljsanja u izracunatoj sirini stanja uslijed eksperimentalnih neod­redenosti. 
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