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‘He possesses a seconddlate; the transition form factor has been measured via inelastic electron scatter-
ing. The nature of the Pstate’s spatial structure has been controversial. An accurate four-nucleon calculation
utilizing a realisticNN force (Argonne V8) plus phenomenologicdiNN three-body force has been performed
for both the*He ground state and seconti €tate(E,=20.21 Me\} using the Gaussian expansion method. The
calculated one-body densities and transition density show a significant difference between the states. The
resulting impulse approximation transition form facfdafe(e,e’)"He(OE) agrees with the available data. The
overlap of the § wave function with the trinucleon ground state suggests that the structure is primarily a
loosely bound Bl+N system and not a breathing mode. It is found that a major part of the energy-welitfhted
sum rule value is exhausted by nonresonant, low-energy continuum states other than the Sestate]
contrast to heavier nuclei where a dominant fraction of the sum-rule limit is exhausted by the séctaie 0
because it corresponds to a collective, breathing mode.
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[. INTRODUCTION properties of the second Gtate of*He using realistic inter-
actions. One must reproduce simultaneously the ground state

4 . . . .
_The "He nucleus is the lightest nucleus that exhibits x5, the excited state which have the same spin, isospin, and
cited stategresonances The first excited stat¢0;) at E, parity, but possess quite different spatial structure.

=20.21 MeV has the same spin, isospin, and parity as the | investigating the spatial structure of thde O state, it
ground state. Therefore, thé Btate should have qUite a dif- is particu|ar|y important to exp|ain the Observeﬂj e’) tran-
ferent Spatial structure in order to be Orthogonal to t@e Osition form factor. Moreover, from ana|yzing the low-
state. The second'Gtate in‘He is then the smallest system momentum-transfer part of the form factor, it was reported
in which one can study nuclear spatial excitation using realthat only about 11% of the energy-weightégW) EO sum-
istic interactions. rule limit was exhausted by the second 6tate [3]. In

In an electron-scattering experiment Frosahal. [1,2]  medium-heavy or heavy nuclei, normally 80%-90% of the
obtained the inelastic scattering cross sectibence, the limit is exhausted by the second Gtate because it is a
transition form factoy for the 0" excitation of thea particle.  collective, breathing mode. For tifele nucleus, one should
Later experiments by Walch¢B] and by Koebschalet al.  understand where the major component of the sum-rule
[4] confirmed the measuremenitialdersoret al. [5] provide  value is situated.
a succinct discussion of the relationship among the published The “He experimental and theoretical situation was sum-
inelastic-scattering cross sections and transition form facmarized by Tillyet al. [8]. Within the past six years, several
tors) The question of the nature of the structure of the  calculations pertaining to the structure of theeXcited state
0; state has since been the subject of numerous theoreticef “He have been reported. Hofmann and Hale explored the
studies. system in a Bl+N resonating group modéRGM) calcula-

One of the important tasks in few-body nuclear physicstion [9] based upon an ear¥N Bonn potential. Despite the
has been to solve the four-nucleon bound-state probleramission of anNNN three-body force needed to reproduce
(*He) using realisticNN interactions. A benchmark calcula- the ground-state energy, the authors concluded that it was
tion was reported in Ref6] by 18 co-authors including two unlikely that the 0 excited state was a breathing mode.
of the present author&.H. and M.K). Seven different few- Csét6 and Hale also performed an RGM calculatjdg]
body research groups solved for thée ground state using a using a phenomenological effectiéN force. The ground
realistic interaction, the Argonne V&otential (AV8’) [7]. state was slightly overbound without the inclusion of an
Agreement between the results of the significantly differenfNNN force, although the radius was found to be larger than
calculational schemes was essentially perfect in terms of thithe experimental value. The authors concluded that their best
binding energy, the rms radius, and the two-body correlatiomodel result implied a resonance at 93 keV above tie
function. One of the next challenging projects is to calculatetp threshold.
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Recently, a four-nucleon calculation of the secondiate N, N, N N
using the AV8 potential was performed by Navratil and 2 4
Barrett[11] using the no-core shell model. The authors state
that the results for the Ostate and transition form factor
obtained within the limited model space should be viewed 'k H
with some caution. Indeed, the energy of thejrslate lies H
some 4 MeV above the energy obtained by our calculation R
(see below, and their(e,e’) form factor,|Fi.e%, is approxi-
mately three times larger than the observed one. One needs a N N N N
much larger model space to describe the spatially defuse 8 1 8
structure of the D state and reduce thej 6-0; transition K—type H-type
form factor.

Most recentl_y, Fonseaet al. [12] r_eported a calculation of FIG. 1. Jacobian coordinates for the rearrangement channel of
the @, state using the AGS equations to explore the modedye The four nucleons are antisymmetrized.
dependence for several realistic potentials. Without including
a Coulomb force, they obtained twd Bound states, the;0 ¢
state lying 0.02—0.04 MeV below the coincident®He and and & states ofHe. In the GEM approach, the four-nucleon
p+3H thresholds. wave _functlon is ertt_en as a sum of the component func-

One may conclude that proper inclusion of a Coulombt'o_”s in J_ac_obl coordlnate_s for the rearrangement channels
force and arNNN force in a realistidNN force miltonian (Fig. 1) within the LS coupling scheme,
is required to obtain a realistic description of ground
and the first excited states simultaneously. Furthermore, a V=2 C(aK)(D&K)JrE C(aH)CD(aH)’ (2.7)
sufficiently large four-nucleon function space is necessary in “

order to solve the puzzle of where the major component ofyhere the antisymmetrized basis functish$’ and®*" are

a

the monopole sum-rule value is situated. described by

Therefore, we have performed a full four-body calculation
of the 0 and G states and the monopole sum rule using the DM = AT (r) K (o) At (RO}
Gaussian expansion meth@@EM), which was proposed by
the Kyushu group some 15 years ad@,14 and has been X Ixs(12)x12(3) I X1/2(4)}s)am
successfully used in the study of various three- and four- X AL(12) 915(3) 1112712 B) Yol (2.2

body systems, includingfthe above-mentioned four-body
benchmark calculation ofHe, four-body calculations of (H) _ (H) (H) (H)
light hypernuclei, and Coulomb three-body calculations of @, = A[({[ &0 (ru) @ (pr)Iadng (Ru)h
reactions of muon-atomic sys_ter(see the review of GEM X [xs(12) xs 3Dl (12 (38 1], (2.3
[15] plus the references thergin _ .

Strictly speaking, the second 8tate(E,=20.21 MeVj is ~ With a={nl,»\,A,NL,1,s,8',S,t}. A is the four-nucleon
a resonance lying above théH+p threshold (E, anUsymmetnzer. The(’s and 7's are the spin and isospin
=19.815 MeV and, therefore, a scattering boundary condi-functions, respectively. The functiong,(r), ¢,\(p), and
tion is needed to solve for the wave function. However, it lies¥nL(R) are taken to be Gaussian basis functions,
below both the top of the®H+p Coulomb barrier R XA
(~0.88 MeV) and the®He +n threshold(E, =20.578 MeV, Goim(r) = Nore 0 Y (7).
located almost at the mean posititi,=20.20 Me\j of the

(o]0 )2 «
two thresholds. The width of thiswave resonance is rather enu(p) =N, p e PPy, (p), (2.9
small (500 keV\). Therefore, it is acceptable to solve for the

wave function using a bound-state boundary condition in an um(R) = NNLRLe'(R’RN)ZYLM(Ii).

isospin basis where a pufe=0 configuration is assumed. . o .
Indeed, we used this framework in the present calculatiod Ne Gaussian ranges are postulated to lie in geometric pro-
and obtained thd=0, G, state as a bound state below the 9r€ssion,
calculatedT=0 (averagegithreshold. This appr(_)ximate treat- r=rat(n=1-n,.),
ment of the asymptotic behavior of thg 8tate is, thus, rea-
sonable so long as one is discussing the(e,e’)*He(03)
transition from the ground state, which has a short-range tail.
In Sec. Il we briefly explain our GEM calculational Ry= RAVE (N= 1N, )
method. Interactions employed in the present calculation are N7 max
discussed in Sec. lll. Calculated results are presented in Sec. The number and ratio of range parameters for the Gauss-
IV. ians depends upon the spins and isospins
(I,\,A,L,1,s,8",S,1); the explicit dependence is suppressed
for simplicity of notation. Eigenenergies and wave-function
We employ an isospin basis, rather than a neutron-protopoefficientsC, of the ground and excited"Gtates are deter-
(particle) basis, and assume=0 configurations for the 0  mined simultaneously by using the Rayleigh-Ritz variational

PV:plaV_1 (v=1-vmad, (2.9

IIl. METHOD
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principle, namely by diagonalizing the Hamiltonian using the  TABLE I. Calculated energies and specified wave-function
basis functiongb™ and®™. In the following calculations, Properties of the Dand § states ofHe. The interactions employed
satisfactory Convaergenceawas obtained within, A <2 (i.e., are AV8 NN force,_ the Coulomb force, and a phenomenological
approximately 100 four-body angular momentum channels three-.body force given bﬁ:l). The numpers in parentheses are
However, in our variational method, thN interaction is not experlmer;tal valges. In the isospin formalisB3N) is the average
truncated in angular momentum. Basis functions so chosef"€"9y 0f'H and“He, -8.08(-8.10 MeV.

can describe accurately both short range correlations and

long range asymptotic behavior simultaneoydlg$—13. "He 0 0,
Diagonalization of the Hamiltonian gives rise to many
discrete eigenstates other than tjeaid G states, so-called E (MeV) -28.44(-28.30 -8.19(-8.09
pseudocontinuum states, each corresponding to a superposig-g(3N) (MeV) -20.36(-20.20 -0.11(+0.0)
tion_of cont_inuum states in a narrow energy range around a E, (MeV) 0.0(0.0 20.25(20.21)
particular eigenenergy. In Sec. IV, tB® tran5|t|on_strengths_ Ps (%) 85.54 91.18
to all 0" pseudocontinuum states are calculated in connection s
with the EWEO sum rule. P (%) 0.38 0.08
Pp (%) 14.08 8.74
<r§>1/2 (fm) 1.660(1.671+0.014 5.3
I1l. INTERACTIONS
For the NN interaction we employ the AV8force [7], (O3[Zprpl0p) (fm?) 1.38(1.10+0.163))
which is the same as that used in the benchmark test calcu-
lation of the ground statgs]. In this case, without including V. RESULTS

the Coulomb force, the calculated energies of the ground and
the second 0 states are -25.90 and -7.86 MeV, respec- The calculated energies and certain wave-function prop-
tively. The latter state is very weakly bound with respect toerties of the ground and the secorids@ates are summarized
the calculated B+N threshold at -7.76 MeV, in agreement in Table I. For the ground state, the calculated rms charge
with Ref. [12]. radius,(rﬁ)l’z, reproduces the experimental value. The calcu-
In order to investigate thee,e’) form factor and the spa- |ated energy of the second @tate agrees well with the ob-
tial structure difference between thg @nd G states, it is  served value. ThelOstate is very weakly bound with respect
necessary to reproduce with sufficient accuracy their eneto the theoretical B+N threshold,E(3N)=-8.08 MeV. In-
gies(-28.30 and -8.09 Me)as well as the energies 8H  terestingly, the percentage probabilities of ®eP, and D
and “He. Because the use of two-body forces aldtiee  components in the Dstate are almost the same as those in
AV8' potential plus Coulomb forgedoes not reproduce the 3y  \hich are Ps=91.24%, P,=0.07%, andPp=8.70%
binding energies of théH, *He, and'He(0;), we introduce a  (similarly for He). This implies that the loosely coupled
phenomenologicaNNN force with a two-range Gaussian 3N+N configuration is dominant in the second $tate.

form, We introduce one-nucleon diagoriglansitior) massden-
2 sitieSpo;or(r) with i,f=1,2,
SV e, (3.2) X
o poror(DYoolP) = (O 32 8 —rplo). (4.1
=

where(ijk) run over the particle numbe(4,2,3,9 cyclically

in a total of four termsy;; being the distance between par- wherer is the position vector ofth nucleon with respect to
ticlesi andj. A sophisticated, spin-dependeNNN force iS  {he center-of-mass of the four nucleons. Figure 2 illustrates
not necessary for the present purpegediscuss the spatial he mass densities of the ground and the secondtates.
structure of the Dand ¢ stateg; to reproduce the binding The size of the excited state is significantly larger than that
energy is essential, so that the wave functions have the cogs e compact ground state. The lower panel of Fig. 2 shows

rect asymptotic behavior. It is possible to adjust MMN e ransition density between the twé 6tates, which is
force parameters so as to reproduce simultaneously the b'”@i(plored by the(e,e’) experiment.

: ; 3 4 T I :
ing energies ofH, *He, and He(07) within the desired ac- The inelastic charge form factdif;e(q?)|? correspond-

. (3) =
curacy: a SetS)Of the parameters/;”=-2.04 MeV, u1 ing to the transition to the Dstate, is given in the impulse
=(4.0 fm)_z, \/<2 =35.0 MeV, M2=(O75 fm)_z} yleld the approximation as
binding energies 8.48.48 MeV, 7.747.72 MeV, and

2
28.4428.30 MeV for °H, *He, and*He(0]), respectively, o L f jar ., - 2
where the observed values are shown in parentheses. Finei()| an|) € pozos(r) Yoo(F)dr | fo(q),
There are no additional adjustable parameters in the cal- (4.2)

culation. The issues we address are th@nls the energy of

the second Dstate reproduced®j) Is the(e,e’) form factor ~ where f,(q%)=[1/(1+0.05483]* is the proton finite-size
reproduced?, andii ) Where is the major contribution to the factor (q in fm™). In the range 8<q?>< 2.5 fm 2, where the

EW EO sum rule? (e,€’) data have been reported, the effect of meson exchange
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FIG. 2. Mass densities of thg @nd G states of'He (uppe) and
the transition density between theiower).
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do do
Finel )P =—~ / 4nZ? : 4.3
| |ne|(q )| dQ/ . dQMott 4.3
where
1
(3
do _<i) co 20
dwor 2o sin4(l0>{1+2—Egsin2(}0)J
2 Mc 2
(4.9

with M andZ being the target mass and charge, respectively,
andE, the incident energy. The data of R¢f] are included
in the data reported in Ref2], and the cross-section data
from Ref.[2] were divided by 3.2, as suggested by the re-
ported analysis; see also R¢8]. The square of the form
factor was obtained from Ref3] by multiplying B(CO,q) by
a factor of 4. Our values for the data appear to be similar to
those reported in Ref5], where|Fine(g?)|? in Eq. (4.3) cor-
responds tdF(g?)| in [4,5]. Agreement between the data and
our calculation appears to be quite good. Therefore, it can be
said that the drastic change in the spatial structure between
the 0 to 0; states is well understood in terms of the reported
four-body calculation. For a more extensive study, however,
a new(e,e’) measurement with smaller errors would be re-
quired. Such data would contribute significantly to few-body
investigations of nuclear spatial excitations.

An effective way to investigate the spatial structure of the

currents is negligiblg16], and our calculated elastic form Oi and § states is to calculate the overlap amplitude between
factor reproduces satisfactorily that observed in Refsthe 0" wave function and théH wave function,

[2,17,18; e.g., ¢E|Fe|(q2)|=0.7910.79610.025 at o
=0.5 fm? and 0.4140.391+0.012 at g?=2.0 fr2 in the
calculation(observationf17]).

The observed inelastic form factf2—4] and our calcula-

tion are shown in Fig. 3. In analogy with elastic scattering

we have plotted the data of Refd.,4] as

q°(fm)

FIG. 3. Inelastic form factor fofHe(e,e’)*He(0}) from the re-
ported four-body calculatio¢solid line) is compared with the avail-
able datg2—4], A, X, andO, respectively.

Yor(Re) = ([0 (123 YR xuo )] 7 -1:49)

X [Wo:(1234), (4.5)

Where®(13,;')(123) is the*H wave function composed of par-
ticles 1-3 andyy(4) and #7y5(4) are the spin and isospin
wave functions of particle 4, respectively. HeRg is the
position vector of particle 4 with respect to the center-of-
mass of particles 1-8f. K type of Fig. 3. The overlap
amplitudes)y:(R) for the 0 and G states are illustrated in
Fig. 4. In the ground state, the fourth nucleon is located close
to the other three nucleons, but it is far away from them in
the second Ostate.(A similar result, but with a larger inner
oscillation, for the § state was obtained by Furutaei al.

[19] in a AN+N two-cluster RGM with an effectiveNN
force) This loosely coupled§+N clustering property of the

0, state is consistent with the fact that, as mentioned above,
the probability percentages of thé 8, P, andD components
are almost the same as those’df (°He).

Finally, we discuss th&0 transition and the EVEEO sum
rule for the four-nucleon system. Létprz denote theEO
operator, withr, being the distance between a proton and the
c.m. of ‘He with the sum running over protons. In the case
where the interactions commute with ti® operator, the
sum rule can be written 0]
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O L A B tribution of some 200 pseudocontinuum states above fhe 0
state but belowk,=60 MeV amounts to 70% of the LHS
value. Thus, we understand that a major part of the EW
sum rule is exhausted by nonresonant, low-energy continuum
states.

The reader will note that the AV8potential does not
strictly commute with theéEO operator. Therefore, E@4.6)
does not hold; in our model space, summation in LHS satu-
rates atE,~300 MeV with some 3000 pseudocontinuum
states and exceeds the right-hand gidelS) value by 4%.
However, we verified that for the MinnesoiN force [21],
which does commute with thie0 operator, the LHS value of
L é PR R S N R S R Eq. (4.6) exhausts 99.9% of the RHS value WKH‘E)OJ{ cal-

R, (fm) culated using the force. This means that our four-bodly 0

K basis functions form an approximately complete set in our
finite space and, therefore, are reliable in the investigation of
the 0" states and thée,e’) form factor.

In conclusion, we have found that the present four-body
calculation using realistit\N forces plus a phenomenologi-
calNNNforce can explain the dramatic change of the spatial
structure in going from the ground state to the secoitd 0
state in*He. Moreover, the structure of thg 6tate is prima-
whereE, and |0,’;> are the energy and wave function of the rily 3N+N in nature, which explains why only some 11% of
nth state of the four-nucleon system, respectively,is the  the EWEO sum rule is exhausted by thg §tate; the § state
nucleon mass, and=2. Completeness is assumed for the sefis not a monopole breathing mode.
of states{|0;);n=1-} which are normalized in a suffi-
ciently large volume. ACKNOWLEDGMENTS
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FIG. 4. The overlap amplitude between fhdae(o;j) wave func-
tion and the®H wave function as defined by E¢g.5).
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2 h’Z
:m_N<r§>OI’ (4.6)
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