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Nucleon momentum and density distributions in“*He considering internal rotation
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A successful, simultaneous reproduction of density and momentum distributidieiis presented in a
method accounting for nucleon correlations using only two functiossafid 1d) and totally three parameters,
while in the best fit of equal quality known to us there are 12 parameters. Further, a physical interpretation of
the 1d state involved is given as coming from an internal rotation of nucleons. Such an interpretation provides
a hint that the neutron skin and neutron halo in exotic nuclei could have a rotational origin.
[S0556-28188)05010-9

PACS numbgs): 21.60—n, 21.90+f, 27.10+h

[. INTRODUCTION tial for each nuclear shell. This important difference of the
ISM from the conventional shell models makes it possible to
As is well known, the mean field approximation has beenincorporate  short-range  nucleon-nucleon correlations
proved to be very fruitful in nuclear physics for many years.(SRC’9 and to consider their effects on basic characteristics
However, many recent experimental findings have pointed tof nuclei, such as nucleon momentum and density distribu-
the limitations of this approximation and have opened thdions, energies, radii, and others. This eventually leads to an
way for investigations beyond it. Such experimental findingsapproximate simultaneous description of the momentum and
include the appearance of a tail in the momentum distribudensity distributions in nuclei which was impossible within
tion, the observation of a halo in the mass distribution ofthe models based on the mean-field approximatgb).
exotic nuclei, and the discovery Bf-state admixture in very It has been shown recentf$] that, using the natural or-
light nuclei, e.g., in*He. The present work is one of the bital representatiofi7] and quasiexperimental datee., data
attempts beyond the mean field theory in its effort to invesWhose analysis is based on certain assumpliforsthe pro-
tigate some of the above phenomena which usually are réon momentum distribution ofHe [8], it is possible by em-
lated to the study of very light nuclei. Moreover, it supports Ploying the ISM wave functions to obtain good agreement of
the assumption that some of these phenomena, at least fite calculated momentum distributior(k) with the avail-
very light nuclei, have a common origin, namely, that theable experimental data fdfC and°%e and with the results
key for their explanation is to consider additional degrees off other sophisticated correlated methods ', “°Ca, and
freedom which have not been included in the models used s&Pb nuclei. The successful estimation of the correlated part
far. Indeed, there are indications that for these nuclei th@f n(k) in [6] is based on the well-known fact that the high-
adiabatic assumption is not valid and as a consequése momentum components of the momentum distributiairk
will become clear in the next sectipthe nucleon internal =2 fm™%) (normalized to unity are nearly the same for all
motion contains internal rotatiof@ven in their ground state  nuclei with A=4 [5]. This important fact leads to the neces-
beyond the usual motion described by the mean field apsity of studying the momentum distribution &fe by itself
proximation. This additional motion needs investigation be-simultaneously with the density distribution and constitutes
yond mean field theory. The simultaneous reproduction ofhe subject of the present investigation.
experimental results of different observables in this work In doing this we consider carefully the internal motion of
lends support to the present assumption that the invalidity othe particles in*He whose peculiarities seems to be respon-
the adiabatic approximation and its consequence of appeasible for the mentioned high-momentum components of the
ance of internal rotation is the starting point for a commonmomentum distribution and, in addition, they modify the
explanation of several from the above mentioned new phedensity distribution and the radius. This also gives a hint why
nomena in very light nuclei. the tail of the momentum distribution in all nuclei is almost
This work employs the isomorphic shell modéEM) identical to that ofHe and why a halo appears in some
[1,2], which considers a different harmonic-oscillator poten-exotic nuclei. One also could find common points between
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this work and that of Ref[9] describing the appearance of consideration. The natural orbital representafidhis suit-

D-state admixture iffHe. able for this purpose as explained below.
As is known, the natural orbital representation makes it
Il. THE MODEL possible to “restore” in a model-independent way the sim-
o o plicity and transparency of the single-particle picture within
We start by considering the Hamiltonigh0—12: the methods which account for nucleon-nucleon correlations.

The single-particle natural orbitalfNO’s) contain informa-
tion on the SRC included in a given model. They form a
where the three terms on the right-hand side describe th@atural orbital Fermi sea and the NO's below the correspond-
motion of the internal degrees of freedom, the rotation of thdng Fermi-level(FL) which possess large occupation prob-
nuc|eus and the Coup“ng between the rotat|on and the |nteﬁb|l|t|es are called hole-state NO’ S, while those above this
Fermi-level which possess small occupation probabilities are
nal motion, respectively. If the total momentunis written called particle-state NO's.
as the sum Let the radial function of the NO'’s for a state with quan-
EERC tum numberal in the coordinate and momentum space be
I=R+J, 2 Rni(r) andR, (k), correspondinglythe latter being the Fou-
~ ~ rier transform of the formey and its occupation probability
whereR is the angular momentum of the rotation ah the  (occupation numberbe \,;. Then, the nucleon density and
angular momentum associated with the internal degrees ahomentum distributions can be written in the form

H=Hy(r')+H+H, (1)

freedom, the Hamiltonial) takes the forn{10] 1 -
h2a B2a B2an p(N)= 77 2 2021+ D[ Ru(N)]?
H=Hy(r’ )+—JZ+?I2——IJ+H’ 3
FL

1
— 2
For the ground state whele=0, the last three terms in T4 % 2(21+ )Ny Ru(1)|

Eq. (3) become zero and the Hamiltonian is simplified to

h2 1
H=Hq(r’ )+—J2 4 +E; 2(21+ 1)\ p|Ry(N)?
where both terms refer to the internal motion of the nucleons. =pn(r)+pp(r), (6)

Now, the internal wave functiofup to normalization factor q
an

WocXe_o(r'), (5

1
can be assumed to be an eigenfunction of Hamiltoréan n(k)— E 2(2I+ 1)\ “'|R”'(k)|

whereK is the projection of the total angular momentum on

the axis ') and 7 stands for the rest of quantum numbers.
The existence od#0 implies that a sort of nonadiabatic- T 4nZ E 2021+ D\l R (k)2

ity is included in Hamiltonian(4). Indeed, for very light

nuclei it has been founfil3] that the frequency of internal

FL

Motion winyinsic IS cOMparable with the frequency of rotation T Az £ 2 2(21+ 1)\ |Ry(K)|?
®yotation (1-€+, Wint =~ ®yo1), IN CONtrast with the case of nuclei
in the rare-earth region Whereyinsic> ®rotation- 1HESE rela- =np(k)+np(k), (7)

tionships ofw mean that while in the rare-earth region the
condition for the adiabatic approximation is valid, in very wherep,(r), ny(k), andpy(r), n,(k) are the hole-statén)
light nuclei it is not. and the particle-statép) contributions to density and mo-
N mentum distributions.
Apparently forl =0 from Eq.(22 we obtainR=—1J, i.e., The normalizations for Eqg6) and (7) are
if the interior angular momenturd is different from zero,

hence a rotation should exist to compensatend lead to f p(rydr=2z, f n(k)dk=1. ®
|™=0%. That s, there is a collective rotation of nucleons. For
reasons of parity the minimum value & #0) is 2. Indeed, The first moments of the distributionp(r) and n(k),
this value ofJ can be obtained by coupling of nucleon spinsnamely, the mean-square radius and the mean-kinetic energy,
in “He. It is obvious that in this case any possibility to ap-are also divided into hole- and particle-state contributions,
proximate the internal motion Hamiltonian by a mean-fieldsimilar to these distributions themselves in E@.and(7):
one is excluded. This already is an indication that correla-
tions should be included in the Hamiltonian. (r2)= 1 f (r)r2di= 1 f (r)r2dF

The problem ofJ#0 can be approximated by using the P Ph
formalism of the one-body density matrix corresponding to 1
the correlated state of the system. It has to describe correctly - 247 — /2 2
as many as possible observables of the nuclear system under * z f Pp(NTEAT=(rSnF(rp, ©
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M= X gdi= [ n ok ()= —2 & Zf*d (e s r(z”/)
= om =1 5m Mh r= e ' pr r'r’p(r’)e" "“psin :
2m 2m Pch \/;aprr o p an)r
12k . (13
+J Sm np(k)dkE<T>h+<T>p. (10 . - -
from which we obtain the expression for the charge rms ra-
dius
It has been shown in different theoretical correlation
methods and for different systems of partic(és instance, ) 8\/; 1 [ b 2
in [14] for Fermi-liquid drops of*He and in Jastrow-type <rCh>=Ta_ J drrie” "o
correlation method15] for “*He, %0, and“°Ca) that the pr 0
particle-state NO’s are much more localized in the coordi- o o 2 orr’
nate space than the unoccupied mean-field orbitals and, Xfo dr'r’p(r’)e”" ’“prsinf( 2 )
pr

hence, they have significantly larger high-momentum com-
ponents. Due to the SRC’s small but nonzero occupation E<r2h>h+<r2h> _ (14)
probabilities appear for the particle-state orbitals. At the ¢ e
same time it was show[ri5] that hole-state NO'’s are close to

occupied mean-field orbitaléshell model or Hartree-Fock

ones in coordinate and momentum spaces. Thus, a concl
sion has been drawn, that SRC’s do not affect significantl
the hole-state orbitals in nuclei, but they affect the hole—stat?]

occupation probabilities, which are close (tmut less thah I[8]. Our curves present the results of the simultaneous fitting

unity. These properties of hole and particle NO’s and thei .
occupation probabilities have been used for the analysis o?f pen(r) andn(k) to the corresponding data. The best values

n(k) in [6]. Following them, it can be stated that hoIe—statecjzéh;O '\t/loet?/llyﬁzlj)ree: 1p§0ra'1vlme<3erf r\éoé\éei a:réécé)zlg
contributions to densityp,(r)], to momentum distribution ) ’ 1d P BT TR ld T e

[ny(K)], to mean-square radiu¢r@),), and to mean-kinetic where 2+ 10\ ;q=2. The comparison of our results with
SN d h/ e * _the data from both Figs.(4) and Xb) is satisfactory. This is
energy (T),) correspond to shell-model predictions, while

becoming more interesting if one considers that only two

particl_e_-state co_r_ltributions present SRC effe_cts_on thesﬁmctions(namely 5k and 1d) and totally three parameters
guantities. Specifically, concerning the mean-kinetic energy, . employed. Indeed, this fit is at least comparable in qual-

it has been showh16,5] that SRC's lead to a substantial ity with that of any other previous publicatiofe.g., [19])

glﬁégazef;gimh\i/;!u%s r(\;\llg?e(jretzp?r?é ;[1? :E?nlggsggjerﬁ'gfl;fwith simultaneous fitting of density and momentum distribu-
' e gh-m o tions and, most importantly, it uses the smallest number of
the momentum distribution. It was shown, in addition, that

the increase ofT) and of the mean-removal energy when parameters. Specifically, here only three parameters are used,

SRC’s are included leads to a good agreement with the e while in [19] WhiCh Is the best'fit we "“.OW_‘heFe are 12
pirical binding energy per nucleon, which is not the case fo arameters. It is farther interesting to notice in Fi¢a) the

L i S . —'great similarity of our point proton density distribution with
the Koltun sum rule within the Hartree-Fock approxmaﬂonthat 0f[20] for *He.

[5]- The use of only(two functions anglthree parameters in
this work has the additional advantage that it leads to an
IIl. RESULTS OF CALCULATIONS AND DISCUSSION understanding of the physics hidden behind these param-
) ) o eters. Indeed, it relates our results with the interjcallec-
The point proton density and momentum distributions oftjye) rotation of nucleons irfHe mentioned in Sec. Il as
“He have been calculated according to Egsand(7) using explained below.
the corresponding wave funct.i(_)ns and occupation numbers Inspired by Refs[9] and[13] we interpret the @i-particle
for 1s and 1d states. In addition here, we calculate thegtate involved in the present analysis as coming from the
folded charge density distribution internal rotation of nucleons ifHe. Indeed, the largéiw)
value of this state implies strong localization apparent from
. o the shift of the d wave function towards the origin and from
Pch(r):f pp F=F)p(F")dF", (1D its very small width. This is further seen by comparing our
(hw)14=150 MeV with that of Ref[2] equal to 9.32 MeV.
In order to test this interpretation we substituted odniave
function with a simple Gaussian function imitating a rotation
and we repeated our procedure. Similar results were obtained
whenf o takes on larger values than that stated above. Given
2 2 thatJ™=2" for both the I and the rotation, the above close
Pp1) = (7a2)?? exp(— 1 ap), (12 similarity of results gives us a basis to interpret the
o 1d-natural orbital as due to internal rotation of nucleons in
“He. In such a case the high-momentum components of the
with r(rms)=(3)*?a,~0.8 fm [17]. momentum distribution and the maximum of the point pro-
After integration over angles in E4ll) we get ton density distribution are due to the internal rotation of

Figure X¥a) presents the calculated poifip(r)] and
charge[ pe(r)] density distributions together with the ex-
perimental charge distributiofiL8] for comparison. Figure
(b) presents the calculated proton momentum distribution
(k) and the corresponding quasi-experimental data from

wherep(r') is taken from Eq(6) and the charge distribution
of a proton is taken to bEL7]
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FIG. 1. (a) Density distribution in*He. Continuous thick and thin lines stand for the present predictions of charge and point proton
density distributions, respectively, while the broken line and croéskih correspond to the upper limit of the experimental errors from
[20)) for the corresponding experimental quantitigs.Momentum distribution ifHe. The continuous line stands for the present prediction,
while squares stand for the quasiexperimental values.

nucleons. Hence, our analysis supports that the Hamiltonian (T)y=(14.51)+(36.79=51.26 MeV. (16)

of “He is that given by Eq(4), i.e., despite the fact that for

the g.s. of*He the total angular momentuhs=0, there is an  The square of our rms charge radius 1.77 fm has to be re-
internal angular momenturd= 2. This J value comes from duced by the negative contribution of the charge distribution
coupling of the nucleon spins. The rotation discussed abovef a neutron (0.34 This reduction leads to(r3)Y?
=1.74 fm, which compares well with the corresponding ex-
perimental value 1.71 frfil8]. As seen from Eq(15), there

is a component of the radiu®.47 fm) coming from the
rotation which, however, fofHe is rather small.

results from Eq(2) for “He g.s.(i.e., 0=R+J) and intends
to compensate the internal angular momentliin such a
way thatl =0. Thed-state tos-state ratio(i.e., 10\ 14/2\ )

here is 0.16. Despite the fact that the rotation*ite sup- The part of kinetic energy due toslstate, i.e..(T),

ported by Ref.[9] comes from a different reasoning, we A

think that both works contain approximately the same phys- 14.51 MeV, can b_e compared to17.1 'V'¢V coming from

ics. shell m_o_d_el calculat|0r_1§5], if the correspondlng_ occupation:
By applying Eqs(14) and(10) we calculate the first mo- probabilities are considered. Indeed, by considering that in

: oL shell modell ;= 1.00, while heren ;= 0.86, one can obtain
ments of the charge density and momentum distributions T)yo=17.1% 0.86=14.71 MeV, which is in good agree-

namely the charge rms radius and the mean-kinetic energy. * with th t value. The rather | I f total
Their hole-state and particle-state components are also co __ent_ Wi N p_resgrn _Vg 1“‘;'6 Mevra edr _?rge \:e:juesto ota
puted. Their numerical values are inetic energy, i.e.(T)=51.76 MeV, and its part due todl

state, i.e.(T),=36.75 MeV, show that the explanation of
the high momentum tail im(k) requires rather strong SRC

(r)¥2=(1.7)%+(0.47?=1.77 fm, (15  to be included.
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Concerning the binding energy &fe by consulting Ref. also supported in Ref9]. Specifically, the nucleon spins in
[2] we found that the depth of the harmonic-oscillator centralthe g.s. of*He are considered to couple to an internal angular
potential needed to reproduce the experimental binding eMomentumJ=2 and. as a consequence, a rotatl%nof
ergy is about 107 MeV. This is a rather large value, but it iSy ,cjeongor of the two deuterons if9]) results which com-
WSt'f'ed In our analysis since it ha§ to compensate _the neg?)'ensatei and leads to a total angular momentumO. This
tive contribution of the rotational kinetic energy or, in other rotation is a new degree of freedom beyond the mean-field
words of the rather significant contribution of tlestate. approximation which affects the numerical values of many

observables, e.g., of density and momentum distributions,
IV. CONCLUSIONS radii, kinetic energy, etc.
In the present work a good approximation of a simulta- The increase of the nuclear radius due to internal rotation

neous reproduction of the charge density and momentum di%see Eq(15] gives a hint that the neutron skin and neutron
tributions in “He has been obtained, together with the rms alo observgd in exotic nuclei coulq have a rotational origin.
charge radius and the mean-kinetic energy. By applyingUCh WOrk is in progress. According to R¢6], one can
natural orbital(NO) representation it was possible to include calculate the momentum distribution of nuclei beydftde
in our calculations the effect of short-range correlations in®Y €mploying the present results. Such an effort is also in
the quantities considered. Only two functions correspondind’'©9r€ss-
to 1s and 1d states and totally three parameters were suffi-
cient for our task. The first function €} is the expected one
from the mean-field approximation, while the second)(is One of the authoréA.N.A.) would like to thank the Min-
the particle-state wave function. The latter is responsible forstry of National Economy of Greece for the financial sup-
the (rather small increase of the radius and for the observedport and the Institute of Nuclear Physics of NCSR
bump of the point proton density distribution, but also for the“Demokritos” for the kind hospitality during his visit in
high-momentum components of the momentum distributionAthens. Two of the author6A.N.A. and M.K.G) thank the
and for the large value of the mean-kinetic energy. Bulgarian National Science Foundation for partial financial
The 1d function has been interpreted here as coming fromsupport of this work under Contracts No. Phi-406 and No.
the internal(collective rotation of nucleons ifHe, whichis  Phi-527.
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