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The role of the continuity equation in the calculations usually performed in the context of the electron
scattering from nuclei is analyzed. Special attention is paid to the uncertainty introduced in the theoretical
predictions after this equation is considered in the calculation of the transverse electric multipoles, when the
models are not gauge invariant. Quantitative analysis of this point is done for a simple model based on a
harmonic oscillator Hamiltonian with a constant spin-orbit potential.

PACS numbsgs): 25.30.Dh, 23.20.Js,

Electron scattering from nuclei has produced a large body The charge and current distributions mentioned above en-
of work about nuclear structure. Elastic scattering has proter in the longitudinalcharge tc, and transversécurreny
vided the shape of the nuclear charge density. Inelastic scafg, andt),, multipoles. These are reduced matrix elements
tering has provided information on the charge and currendf multipole operators between the nuclear states involved in
distributions involved in a given transition. The particular the transition considered. They are given as follows:
characteristics of the electron-nucleon interactipe., it is
rather well known and relatively wepakave ensured, to texn(q)=(J{|IMEq)|13;), (1)
some extent, the reliability of the results obtained in the
analysis of the experimental information. This is basically AN+1
the cross section, which is given by] ter(d)= m<‘Jf||iT)\)\fl(Q)||‘Ji>
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where oo IS the well-known Mott cross sectiod; is the

angular momentum of the initial state of the nucldlis, »

is the nuclear recoil factor, an@*=(w,q) is the four-

momentum carried by the photon exchanged between the " _ . R

electron and the nucleus. This result is obtained in the frame- TAL(q)_J drjx(qr)YL(r)-J().

work of the plane wave Born approximati¢dRWBA), after

assuming that the continuity equati¢BE) is satisfied. Ac- Here j, is a spherical Bessel functio,%, () is a vector

tually, electron waves are distorted by the nuclear field, th&pherical harmonic, ane(r) andJ(r) are the nuclear charge

distorted wave Born approximation should be used, and th@nd current densities operators, respectively.

previous expression for the cross sections is no longer valid. In this context the CE enters as a basic aspect. This equa-

Despite the fact that the effect of the distortion can be im-ion is just the formulation of the charge-current conservation

portant, especially for heavy nuclei, we will continue within and it follows directly from the property of gauge invariance

the PWBA in order to facilitate a clearer discussion. of the electromagnetic field and its coupling to the particle
field [2]. As a consequence, the CE is expected to hold in
quite general situations. It can be written as

M§2(a) = f drj,(anY,.(F)p(r),

*On leave of absence from Departamento dgda Moderna, Uni-
versidad de Granada, E-18071 Granada, Spain. [H,p(r)]=iV-J(r),
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whereH is the nuclear Hamiltonian. If we take themulti- TABLE |. Parameters of the potential used in the toy model
pole of the above equation and evaluate the reduced matrigonsidered to discuss the violation of the Giee text

element between the nuclear stat&s and|J;), which are
supposed to be eigenstates léfwith eigenvaluesE; and ~ Nucleus Vo[MeV] b[fm] Vis[MeV]
E;, respectively, it is straightforward to obtd]i8,4] 160 53.6 167 -4.20

40, _ _
® B \/T \/m . Ca 55.7 1.80 1.90
atcx(Q)— mtx—(Q)— th(Q), (4)

. type of transition which is being analyzeg:. dominates in
with w=E;—E; the energy transfer and where we have de+ransitions to collective states, while it is negligible in those

fined the multipoles excited levels of strong single particle-hole nat[#¢ From
— (30T 3 a theoretical point of view, it is important to mention that the
b (@)=l Tanca(DI|30)- Siegert theorenfi5] is satisfied if the prescription of E@5)

One of the main implications of the CE is the constraint it's ?r?op;ea(:.follo e paid attention to theather al
introduces in the charge and current distributions. As we can. what WS we paid lon Ner usu
see in Eq.(4), the longitudinal(charge multipoles are re- situations in which the CE is not verified. If this is the case,

lated to the two transvers@urren) multipoles of electric the use of Eq(4) to eliminate one of the o multipoles in

type. This means that, in general, the measurement of th%q' (2) can be understood also as a way to force the model to

cross section allows one to separate three independent en%ff‘t'Sfy the CE. As we have previously seen, the determina-
Fon of the current multipoles needs the knowledge of three

ies: the charge multipole, the magnetic multipole, and on .
ties: the charge multipole, the magnetic Utpoe’adoeoreduced matrix elements _, t,,, andty,. The use of

the two electric ones, the other one being fixed by the CE. """ . .
When these multipoles are calculated, some problems afgx + 9iven by Eq.(5), to evaluate the electric multipoles

pear, mainly because, in most cases, the wave functions us&€ans that one modifies the first of these three matrix ele-
are nonrelativistic and non-nucleonic degrees of freedom ard'€nts while the other two remain unchanged:

not considered. This problem is considerably more severe for

the current than for the char@i4], and this is the reason why = _ A+l B 2 tlo

o - ! - Hho(q)—t ()= ——t+(Q) —— = ten(a),

it is a common practice to eliminate one of the two terms in N AN oq

Eqg. (2) by means of the CE4). In this way, tg, is not

obtained directly from the current operator and part of the ty . (@)=t ()=t (),
deficiency is taken out by including explicitly the charge
multipole in the calculation. ty ()= T (@) =tyn ().

Though, in principle, there is nothing to argue against this
procedure, it is worth pointing out that usually the modelsit gq. (6) is chosen to evaluate the electric multipoles, the
taken into account to perform the calculations do not Sat's%pposite occurst, ;. is modified and, _ andt,,, are not.
the CE and, as a consequence, a great limitation appears, However, it is clear that these are not the only possibili-
becausd(i) the ansatz considered is not unique dhfithe  ties One can find infinite pairg,(_,t,.) satisfying the CE
rgsults one obtains by using the different possibilities couldyt the level of Eq(4), and each of them producing a different
disagree to a very large extent. . _ value fortg, , leavingty,, unchanged. The two cases given
In this paper we want to investigate in Qetall .these_ twoj, Egs. (5) and (6) are only particular cases of this more
aspects, trying to evaluate the degree of incertitude introgenera) situation. The problem at this point is that any value
ducgd in the _problem vv_hen _su_ch a prpcedure is followed. f the electric multipole, ranging from- = to +c, can be
First, we discuss the indefiniteness inherent to the methoq,ptained in this way. Thus, the imposition of the CE follow-
It is ey|dent fr(_)m the previous comments that one can Projng this method is completely out of control and, in some
ceed in two different ways, each one corresponding to thggnse has no physical meaning.
elimination oft, _ ort, . in Eq.(2). Then two new formulas | order to quantify the different aspects pointed out in the
to evaluate the multipole, appear: previous discussion, we consider now a toy model to de-
scribe the nuclear structure by means of a single-particle

tE ()= — /2}\; 1t)\+(q)— /’\;\rlgtc)\(q), (5) Hamiltonian based in a harmonic oscillator potential and in-

cluding a spin-orbit term:

B A+1 N h? h? r?
t5) (@)= "/ 1@ Viggta@.  © H=—omV Vot g pa tVisl s

Of course, these two equations produce the same ff@ggudt The values of the paramete¥g, V g, andb used in the

the same as Ed2)] if the CE is fulfilled, but it is not pos- calculations have been adjusted to reproduce the energies of
sible to ensure anything concerning which of them is bettethe single-particle states around the Fermi level in different
when it does not. This is very important because &).is  double closed-shell nuclei and are given in Table I. The
the one commonly used to rearrange the electric multipolesigenfunctions corresponding to this Hamiltonian are har-
in calculations where the CE is not satisfied. From the eximonic oscillator wave functionR,,,, with oscillator param-
perimental point of view, the choice selected depends on theterb, while the eigenvalues can be found to be
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hz 1 16 + -1
Eni= 2| 2Nt =5 Vot Vist; s 0: 0" —==Rs121P1/2 ¥K: 143, 251/
where
1l 3
C”:E j(j+1)—|(|+1)—z .

It is important to point out that, due to the fact that the
spin-orbit piece of the potential does not depend on the spa-
tial coordinates, the two single-particle states corresponding
to a given value of only differ in the energy values, the
wave functions being exactly the same.

Within this model nuclear transitions in closed-shell nu-
clei can be described by considering wave functions for the
excited states including a single one particle—one-hole
(1p1h configuration. In addition, transitions between single-
particle (or single-hol¢ states describe nuclear transitions in
nuclei with one nucleon abovéor below a closed shell.
Obviously, the reliability of the results obtained in this way
is related to the validity of the extreme shell model in each
case.

The charge density operator has been taken to be the usual
one:

ty, [arb. units]

Kk

A
1+ 73
p(N=2 —
k=1

ty- [arb.

units]

o(r—ry),

FIG. 1. (t,_ ,t\;) plane for the transmons*0—>1d5,21p1’,2 in
while the nuclear current operator includes the convectior®® (left) and 1dz;—2s;3 in 3K (right), and forq=1 fm~*

and spin-magnetization one-body terms (upper pangland 2 fm* (lower panel. The solid line represents
the locus of the points satisfying the CE as given by @j.X and

1 14+ X P, are the points corresponding to the model with and without
JC(r)= 2 3[5 r—rk)Vk+ Vk5(r—rk)] spin-orbit current, respectivel2* is the point obtained by modi-
fying t,_ only, leavingt, , unchanged, whild®~ corresponds to
the opposite situation. Finally is the point giving the same elec-
A 1+ 7-3 1— 7-"2, . tric multipole asP,, but satisfying simultaneously the CE.
Mn=2 + ViV[8(r—ra*],

model in absence of the spin-orbit current terniPis while
the pointX is obtained for the full current operator.
If the prescription in which the electric multipole is cal-
k culated by means of E5) is adopted, one reaches the point
5(r_rk)0'erk P*. P~ corresponds to the situation provided by Ef).
The cases shown in Fig. 1 are representative of the differ-
ent situations that can be found. What is important to note is

as well as the so-called spin-orbit current

JS(r)= _VLSE

HereMk is the mass of th& nucleon,S‘= ¢*/2 is its spin,
and 75=1 or —1 according this nucleon being proton or
neutron, respectively. Finallytp (uy) is the proton(neu-
tron) magnetic moment.

the lack of systematic results: It is not possible at all to
ensure which of the two point8* or P~ is closer toX. In

the usual situation, the recovering of the CE in the terms we
are discussing, i.e., by going froRy to P™ or P~, does not

It is a simple exercise to check that this model fulfills the permit one to establish any conclusion with respect to the
CE and for the following discussion we take the multipolesfeasibility of the electric multipole obtained.
calculated within it as “pseudodata.” The usual situation of a  To finish the discussion, in Fig. 1 we have plotted also the
model not verifying the CE can be simulated by taking outpoint P, which is the point obtained when both_ and
the spin-orbit term in the current operator. It is to this modelt, , are modified in order to satisfy the CE and give, simul-
which we will apply the general procedure described abovetaneously, the same value if, as the one corresponding to
In order to visualize the point relative to the restoration ofP,. As we can seeP is always betwee* and P~ and
the CE we have plotted in Fig. 1 thg ( ,t\.) plane for the closer to the last onfthe reason for that can be easily de-
transitions 0 — 1dg;,1py3 in %0 (left) and 1d;5—2sy; in duced from Eqgs(5) and (6)].
3% (right), and for two values of the momentum transfer, It is interesting to analyze in detail the case of tHK at
q=1 fm ! (upper panéland 2 fm™* (lower panel. Therein g=1 fm~1. Therein (see upper right panel in Fig.) 1P
the solid line represents the locus of the points satisfying theoincides withX, which means that the effect of the inclu-
CE as given by Eq(4). The point corresponding to the toy sion of the spin-orbit term in the current is negligible, in
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what refers to the calculation of the electric multipole. De-  This point has been investigated by Friar and Fallieros
spite the fact thaP, corresponds to a situation in which the [6], who have developed new electric current operators in
CE is not verified, it provides a better result than any of theconnection with the extension of the Siegert theorem for the
two possibilitiesP™ or P~. This shows in a very clear way retarded electric multipole field. As a result, new prescrip-
the fact that the restoration of the CE via the modification oftions to impose the CE constraints to the electric transverse
the multipoles of the current cannot be considered as Eultipoles are generated by these new currents, which, how-

mechanism which increases the goodness of the calculat&Y€l, do not appear to be entirely satisfactory ,
electric multipoles. The main conclusion one can draw from the analysis pre-

Besides all these aspects, from the physical point of viewsented h_ere is that_ the standard procedures_ to impose th_e CE
there is an additional important question following the pro-_by hand in calculations based on models which do not verify

cedure under discussion: Does there exist a current operathr @€ Misleading and do not ensure at all that a better or a
3(r) having the new multipolek, _ . T, . , and,, 2 In prin-  Mre reasonable description of the data will be obtained.
ciple, one cannot ensure the existence of such a current, We thank T.W. Donnelly and C. GaezRecio for helpful
which means that the modification of multipoles of the cur-discussions. This work has been supported in part by the
rent to satisfy the CE at the level given by H&) has no  DGICYT (Spain under Contract No. PB92-0927 and by the

physical basis. Junta de Andalue
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