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Exact “He spectral function in a semirealisticNN potential model
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The spectral function ofHe is calculated with the Lorentz integral transform method in a large energy and
momentum range. The excitation spectrum of the residMasystem is fully taken into account. The obtained
spectral function is used to calculate the quasielastic longitudinal X responseR, of “He for g=300, 400,
and 500 MeV¢E. Comparison with the exa®&®, shows a rather sizable disagreement except in the quasielastic
peak, where the differences reduce to about 10%=ab00 MeV/c. It is shown as well that very simple
momentum distribution approximations for the spectral function provide almost the same resRitsafothe
exact spectral functio S0556-28138)04807-9

PACS numbes): 25.30.Fj, 21.45+v, 21.10.Jx, 27.16:h

Data on electromagnetic processes on nuclei can be ana- 1
lyzed in a very simple way with the help of a spectral func- S(k,E)= 23 +1
tion (SH. The approximations involved in such an analysis o Ste
are few and transparent. There exists an extensive literature X 8(E—(Ef1—ED)). 1)
dealing with evaluations and applications of the SF to exclu-

sive, semiinclusive, or inclusive reactiofty. However, only  ere 5 andt, are the third components of the particle spin
for three-body nuclei have exact calculations of the SF beeg, 4 isospinE?‘l and lp?—l are eigenvalues and eigenstates

performed[2]. A complete evaluation is very difficult fok of the (A—1) system: andl,, Mo, and Eé are the total
>3 since it requires knowledge of the complete set of eige”éngular momentum, its third component, and the ground

states for the A—1) subsystem. In fact only theAC1)  giate energy of thé system, respectively. There is a certain
ground state is often known accurately, while excited statesyymber of sum rules the SF has to fulfill:

especially those belonging to the continuum, are much less

under control, if not completely unknown. Already foHe

one finds only approximate evaluations of the [SE where

the final state interaction in the residuaN 3ystem is ne- f dkdESk,E):] dkn(k)=1, 2
glected. So the quality of the approximations which make

use of the SF is often obscured by the poor knowledge of it.

Applying the method of the Lorentz integral transfojri 1 ) A-2 Eé
one can reduce the complexity of the calculation of the SF ﬁf dEdkk“S(k,E)=(T), (E)= m<T>_2K-
considerably. In the present work we use this method to cal- 3
culate the full SF of*He with the semirealistic TrenteI'N)
potential modelcentral force describingS, and 3S; phase  Here n(k) is the momentum distribution of th&-particle
shifts up to the pion thresholdThe result obtained is then System andT) is the mean kinetic energy of a particle in the
used to evaluate the plane-wave impulse approximatio§round state. The last relation in E(B) is the so-called
(PWIA) longitudinal @,e') response functioR, at interme-  Koltun sum rule for the mean separation enef§y These
diate momenta. The resulting,'s are compared with the SUM rules form a set of constraints to test the accuracy of a
exact ones from Ref5] for the sameNN potential. Such a  c@lculation ofS(k,E). .
comparison enables us to draw conclusions about the preci- In the foIIowmg_we will cons_|der the proton spectral func-
sion of the SF ansatz in inclusive,g’) scattering within a tion Sy(k,E). In this case the first two sum rules of EG8)

L ) . . . and (3) have to be modified by an additional factofA on
nonrelativistic framework. SincéHe is the lightest tightly the right-hand sides
bound nucleus., these results may be significant also for more In order to expresé the one-body knockout cross section in
complex nuclei. terms of the SF two approximation are requiréd:the par-

The spectral functiorS(k,E) represents the joint prob- ticle interacting with the external probe is the one detected in
ability of finding a particle with momenturk and a residual experiment, andii) this particle does not interact with the
(A—1) system with energf. The momentunk and the residual @—1) system(PWIA). With these two assump-
energyE are taken with respect to the c.m. and the groundions the exclusive or semiinclusive one-body knockout cross
state of theA system, respectively: sections can be written in a factorized forrm=C Aoy S(| k¢

> kst vh(3oM))|?
0
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0556-2813/98/58)/5824)/$15.00 PRC 58 582 © 1998 The American Physical Society



PRC 58 BRIEF REPORTS 583

— - 3-4 body break up

------ t-p break up

— total 7
o total Ref.10

o t-p break up Ref.10

FIG. 1. Total (solid curve and partial mo-
mentum distributions,, (dotted curvg¢ andn;x,
(dashed curveof “He with the TN potential; also
shown total resuli(solid circles and n, (open
squareswith Argonnewv g + Urbana IX[9].

N(K) (fm’)
=

k (fm™)

—ql,E). Here oy is the elementary cross section of the with Oy, replaced byx,. Therefore we can proceed by
knocked out particlek; is its momentum in the laboratory analogy with the calculation of a response function. We ob-
systemg is the momentum transfek is the missing energy, tain Sp(k,E) as a solution to the integral equation

and C is a kinematical factor. The so-calleguasielastic S.(k,E)
(QE) cross section can also be written in termsSgk,E) P — SdE=®(k,0g,0), (7)
under the above assumptions. In particular the longitudinal (E—oRr)"to]

response entering the, ') cross section reads ) L
whose right-hand side is given by

RL(q.w)zA"Gf,(qi)f dkdES,([ki—ql,E) @ (K, or,01)
X S _E_k_f2_ k'%‘71 (4) :;2 <\‘I'p(k;sz1M0)|q,p(k;sva0)>r )
@ 2m 2M,_, 2Jo+ 157 Mg

wherew is the energy transfeqi:qz_ 61)2, andé is the Where@p is a |Qcalized solution to the three-bOdy inhomo-
free proton electric form factof7], while M,_; andk,_,  9€neous equation

=qg—Kk; are mass and recoil momentum of.th@{l) Sys- (HA—1—EQ—URHU|)q’p(k;sz,Mo)=xp(k;Sz,Mo)-

tem, respectively. Here we do not consider an off-shell (9)
nucleon form factor, since our aim is a consistent compari-

son to the fullR_ of Ref.[5], where such effects were not We solve E P A ;

. A . g.(9) expanding¥ , in hyperspherical harmon-
considered. The definition above includes only the proton. o Complete convergence o? the expansion is reached with
i . X "Similar values for the expansion parameters as in RHf.
sider the neutron responses, but at low and |nteimeglme The inversion of the Lorentz integral transform, Ed), is
neutron elzectric form factor is negligibld(G,/Gy)®  carried out as described in R§&]. Quite a good stability of
=1% at q;,=(500 MeV/c)?]. the inversion results is observed. As previously we check the

The SF can be calculated with the Lorentz integral transquality of the results with the help of sum rules as well. To
form method[4] as already pointed out in Refi8]. Let us  this end we evaluate the sum rules of E@.and(3) by an
first denote the overlap of th&-body bound state with the explicit integration of the properly weighted calculated SF.
single-nucleon plane wave: We obtain the relative differences 0.9%torm), 0.2% (T)),

Xpn(K;Sz,Mg)=(K,S,,t,= +1/2| (//’S\(JOMO»_ (5) and 0.8% [Koltun sum rule as;uming thaSn(k,E)
=S,(k,E)]. Since the sum rules weigl(k,E) in different
It represents a localized state in the subspace pertaining tegions, these results point out that the SF is calculated with
the residual A—1) subsystem. Written in terms of this a satisfying precision.

quantity, the proton SF Before coming to the SF, in Fig. 1 we show thék)
1 of “He for the TN potential in comparison to that obtained

So(K,E) = 2771 > K Hxp(kis, Mo))|? for a realistic potentialArgonnev g + Urbana 1X [9]. One

07 5. Mo sees a rather good agreement up to almost 2 *friow-

X S(E—(ER1—ER)) (6)  ever, different from the realistic result the semirealist{&)

is considerably smaller at highkr Most of these differences
looks similar to a response function of th&-{ 1) subsystem are presumably explained by the missing tensor force in the
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FIG. 2. Sy(k,E) of “He with the TN potential in units of
fm® MeV 1.

0.000
TN potential (see Ref[10]). We also show in Fig. 1 two 0
partial momentum distributions. They are obtained from Eqs. 0006 ———————————————7 71—
(1) and(2) if the sum overf in Eq. (1) is restricted either to
the triton ground np(k)] or its continuum statén« (k).
As expected(see Ref.[1]) ny(k) governs the lower- 0.004 -
k-momentum distribution, while.x ,(k) dominates at higher
k. The integration ofn,(k) leads to the so-called spectral
factor. For the TN potential one finds a spectral factor of ~ 0.002 -
0.89, whereas with the above realistic potential a value of
0.84[9] is obtained.

0.000 : : -
In Fig. 2 we showS o(K;E). Only energies above the 0 50 100 150 200 250 300 350
breakup thresholdf, * of the rest nucleus are illustrated, ,, MeV]
while the contribution from the bound state of the rest
nucleus is identical to thetp(k) of Fig. 1[see Eq(1)]. The FIG. 3. R_ of “He with the TN potential: PWIA results accord-

values ofS(k, E/Ethr '+1 MeV) are plotted in the figure. ing to Eq.(4) (dashed curvésand full results(solid curve; experi-
We note thaS(k,E4, 1) =0 and thusS(k,E) exhibit a rather ~Mental data from Batei 1] and Saclay12].

strong slope at low energy. For momenta below 2~ trone

finds a sharp maximum at about 2 MeV abcﬁ{ﬁl. Onthe experiment in the threshold region is still satisfying but not
contrary S(k,E) is flat in most other regions. Only fdk  as excellent as shown in Rgb].

>2 fm~1is there a ridge where the peak position shifts to  Figure 3 shows, as expected, thatat 300 MeVi/c the
higherE for increasingk. PWIA does not lead to a good description Rf. The QE

As already mentioned one of our aims is a comparison opeak is shifted to higher energies by 15 MeV and the peak
the QER, with the exact one in an intermediagerange for  height is overestimated by more than 40%. The overestima-
the same NN potential. In Fig. 3 we show b&p's in com-  tion becomes worse with increasing energy, while at low
parison to experimental data. We would like to point out thatenergyR, is underestimated. At the two higherthe peak is
the full results are a bit different from those in RES] for  shifted by 12 MeV, but since the peak width grows with
two reasonsli) in the calculations of Refl5] Gn(qi) en- increasingy, this shift is a minor effect. The shift of the peak
tered erroneously with a negative sign, leading to small—butan be qualitatively understood considering a nucleon at rest
not totally negligible—effects ofR, (e.g., peak height and in a potential well:» can be estimated ag?/(2m)+ V;
high-energy tail become a bit lowef(ii) different from Ref.  —V;, whereV; ; are the potential energies before or after
[5] here we account for the small overbinding of the TNinteraction with the virtual photon. Whil¥; is negative, it
potential for “He. The threshold energy reagg, = Eq(°H) becomes zero in the PWIA leading to an increaseirrhe
—Eo(*He)+ g%/2M (*He) and we correct the overbinding by peak height improves with overestimations of 25% cat
shifting our response to lower energies to makg corre- =400 MeV/c and 13% ag=500 MeV/c. Thus one has to
spond to the one with the experimenEj(“*He). expect that beyond 500 Me¥Wthe PWIA is a good approxi-

Of course these two madifications do not change the genmation at the QE peak. Beyond the peak the PWIA result
eral picture given in Refl5]. The good agreement with ex- still overestimates the exact one considerably, but the dis-
periment becomes even better for the QE peak and higherepancy decreases with increasimgAt low energy, how-
energy tail. At low energy there is a slight improvement atever, the underestimation remains considerably large.
g=300 MeV/c. For the two higherg the agreement with It is advantegeous to have a simple and good approxima-
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tion for the PWIA response. From Fig. 2 it is evident that at 130 - ' '
low k almost all the strength @&(k,E) with the disintegrated

rest nucleus is found close to the breakup threshold. This
suggests the approximation

S(k,E)=nyp(k) 8(E — Eo(°H) + Eq(*He))

+Nexp(K) AE = Evrpt Eo(*He) (10 N
110 ¢

q =500 MeV/c
120 - ¢

for calculating inclusive processes, wheisx, is the

breakup energy of the rest nucleus. One obtains an evel

simpler approximation considering thﬁ{*sz0(3H):
S(k,E)=n(k) 8(E—Eo(*H) + Eo(*He)). 1y oo —S—

Equation(11) was used, e.g., in Ref13] where large devia- ~—e
tions from the full Green’s-function Monte Carlo response l T~
for a realistic potential atj=400 MeV/c were reported. In %90, 150 250 350
Fig. 4 we show the PWIA results with the above two ap- @, [MeV]
proximations atj=500 MeV/c relative to the full SF result.
It is readily seen that the three responses are very simila
particularly in the QE peak regiofat q=300, 400, and
1000 MeVk one has very similar resujtslt is worth men-
tioning that our PWIA result ag=400 MeV/c is essentially
the same as the one in R¢lL3]. This shows again that a
semirealistic central force leads fdét, practically to the
same result as a realistic potential.

In this work we obtain for the first time the full spectral
function of *He. A semirealistidNN potential is used. The

r FIG. 4. R, with the SF of Eq.(10) (dashed curjeand of Eq.
(12) (dotted curve relative to R, with full SF (the QE peak is
marked by an arroyv

400 MeV/c. Different from the three-body systefiHe al-
ready resembles some aspects of more complex nuclei and
thus the general picture of the QE response should not
change much in such systems. We show as well that the
simple momentum distribution approximations for the SF

final state interaction in the residual system is taken intomovIde results foR, which are quite close to those obtained

account completely by the Lorentz integral transformWlth the full SF.

method. The SF is then used to calculate the QE longitudinal

response function ofHe which is compared to the exact one  Two of us(W.L. and G.O) thank the Institute of Nuclear
of Ref.[5]. In the peak region the differences decrease withTheory at the University of Washington for its hospitality
growing momentum transfer up to about 10% gt and the Department of Energy for partial support during the
=500 MeV/c, but one still finds sizable differences apart completion of this work. The work of V.D.E. was supported
from the peak. Similar results were found in Rgf4] for *H by INFN and RFBR(Grants Nos. 96-15-96548 and 97-02-
and 3He for the studied momentum transfers of 300 and17003.
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