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The limitations for the use of the spectral functirin the procesSHe(e,e’N) has been investigated in a
kinematical regime constrained by the conditions that the three-nu¢@sh center-of-mass energggy"
<150 MeV and the magnitude of the three-momentum tran#@r,g 600 MeV/c. Results based on a full
treatment of the final state interaction are compared to the spectral function approximation. In the case of
proton knockout in the direction of the photon kinematical conditions have been identified where both response
functions,R_andRy, can be well approximated i These conditions occur for certain low missing momenta
and missing energies but not in all cases. So care is required. In case of neutron knockoRt @nlg
candidate for an approximate treatment3yn the case oR,_ the concept of usingis not valid in the studied
kinematical regime. This does not exclude the possibility that beyond that regime it might be useful. Possible
applications usings for the extraction of electromagnetic form factors of the nucleons are pointed out.
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I. INTRODUCTION to stay below the pion threshold, thus below about
150 MeV 3N c.m. energy. In order not to induce too high
The (e,e’N) reactions have been widely analyzed in thenucleon momenta, which also would require a relativistic
past using the concept of the spectral function. This quantityreatment, we restricted the three-momentum of the photon
has been introduced for instance in the work of REfs2] in - to the maximally allowed values of 600 Me¥./Though this
the context of inclusive electron scattering dre. In the s already a too high value, we used it to get a first indication
following it has been intensively investigated by Ciofi degli whether there will be a tendency that at the higher momenta
Atti and collaborators[3-7] and Sauer and collaborators the final state interaction might decrease. Also we expect that
[8-1Q as well as other groups. For heavier systems there ithis violation will not be too severe to prevent a reasonable
a rich literature where that tool has been also extensivelynsight into the failure or validity of the assumptions under-
used[11]. More recent work can be found in Refd2-14.  lying the simplistic picture of the spectral function.
In [12] effects of polarizations are included. The paper is organized as follows. Section Il is a brief
The description of(e,e’N) reactions using the spectral reminder of the definition of the spectral function and of the
function is an approximation. It is based on the simplifying complete formulation for the final state interaction in case of
assumption that the nucleon is knocked out as a free particRHe. The two relevant pairs of kinematical variables for
and only the remaining nucleons interact among themselvesge,e’N) processes are the missing momentum and missing
Thus for a®He target only a final state interaction betweenenergy,k and E, and the virtual photon momentum and its
two nucleons is considered. Also the antisymmetrization oknergy,Q andw. So in Sec. Il we also illustrate the mappings
the knocked out nucleon with the other two nucleons is neof the two related regions in tHeE andQ-w planes. In Sec.
glected. This picture appears to be reasonable if the knocketl we compare the spectral function under various kinemati-
out nucleon receives all or essentially all of the photon threeeal conditions to results taking the full final state interaction
momentum, which moreover should be not too small. Ofinto account. This investigation is performed for proton and
course that simplification of the description was also enneutron knockout froniHe. We summarize in Sec. IV.
forced in the past by the simple fact that the complete final
state interaction could not be controlled.
Over the years it has become possible to take FSI among Il. THEORETICAL FRAMEWORK
the three nucleons completely into account in the caselef
[15]. We present such a solution and critically investigate the We regard the semiexclusive procéste(e,e’'N) in par-
simplified picture leading to the spectral function. Our allel kinematics, where the nucledw is knocked out with
framework, however, is still nonrelativistic, which forces us the momentunp, parallel to the virtual photon momentum
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(5. In the unpolarized case the cross section is simply given
as Nj = — ) =
d% f mpp, [ T
=0 difv, R +vtR , i : ¢ 4
dEy dQy dQ, dE, ™" PlocRL+vrRy] 2 | T, . g
(1) FSIZS§ g ?
since the response functiofg+ and Ry, vanish under the o + @ A v 6 more terms
parallel condition[16,17. The functionsy, andv are stan- OV \J
dard kinematical factors. The two response functiBpsind 5
Ry are expressed in terms of the nuclear matrix elemipts ._ O . O . 15 more torms
andN,; as O O \J
1 Lo
RL = EE E |N0(p11 P2,P3; M My, My, Mg, 1, 1y, V3)|2! + §> + 35 more terms
M my,mp,mg
Ry = 12 2 (|N1(ﬁ1, B2, P3; M, My, My, Mg vy, 15, V3)|2 FIG. 1. Diagrammatic representation of the nuclear matrix ele-
2% my,my,mg ment for the three-body electrodisintegration Yfe. The open
. ) 2 5 circles and ovals represent the two-bdeyatrices. Three horizon-
+ N-1(B, B2, Ba; M, My, Mg, Mg w1, v, v3)[ %), 2 tal lines between photon absorption and forces, and between forces

whereM, m;, m,, m; are the initial®He and final 3N spin describe free propagation. The half-moon symbol on the very right

magnetic quantum numbers, ang, v,, v; are isospin mag- Stands forHe.

netic quantum numbers needed to identify the nucleons in

the final state. The directiofmagnitude of the relative mo- ing a three-nucleon force we refer the reader to RES]. In

mentum of the two undetected nucleons is denoteg(py  the present study we restrict ourselves to NN forces and al-

and the nucleon mass ty. The matrix elementsly andN.;  low only for one-body currents,,(Q). It is illustrative to

are driven by the charge density operator and spherical conpresent the physical content of the expressi@hsind(5) in

ponents of the transverse current operator, respectively. lihe following way. If one iterates the integral equation and

general the nuclear matrix element has the form inserts the resulting terms intd) one arrives at the infinite
e 2 sequence of processes shown in Fig. 1.

N = (W 1iQI¥she), ) In the second row there is no final state interaction and the
anghoton is absorbed by nucleons 1, 2, and 3. The next three
waows include rescattering processes of first order in the NN
ﬁéoperator(denoted by a cirche Then follow processes of
second order irt, third order, etc. That complete sum of
processes is generated by solving the integral equa&ipn
Now taking only the first diagrams in rows 2 and 3 into

N“ = (ho| (1 + p)j#(é)|q;3He> +{¢o/(L+P)|U¥), (4)  accountunderlies the concept of the spectral funclofihe
corresponding expression is
where the auxiliary statdJ*) obeys the Faddeev-type inte-

gral equation N = (gbol(1 +t25G0) | (Q; 1) W3y, (6)
U =tGo(1 + P)jA(Q)[Wae) + tGoP|UX).  (5)

wheref comprises the momenta and the magnetic spin
isospin quantum numbers of the three final nucleons.
shall concentrate here on the complete break up and refer t
reader for the case of thed breakup to Ref[18]. As has
been shown in Refl18], N* can be represented as

where the argument 1 in the current explicitly indicates that
The ingredients in Eq5) are the free 3N propagat@,, the  the photon is absorbed only on one nucleon, numbered 1 in
NN t-operator generated via the Lippmann-Schwinger equasur notation. That approximation, the two encircled diagrams
tion from any modern NN interaction, and a suitably choserin Fig. 1, will be called in the following FSI23 for short and
permutation operatoP [19]. The state¢, in Eq. (4) is a  stands for final state interaction in the spectator 28).
plane wave, antisymmetrized in the two-body subsystemRelated to that nuclear matrix element is the spectral func-
wheret acts. For a generalization of Eqd) and(5) includ-  tion S. It is defined as

mpl ~ = o
Sk,E) = —p—E > f Al V6( vy o3l (Mymymgl(BK| (1 + t23G0) [ Wae) . (7
2 2% my, My, Mg
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The arguments o8 are the magnitud& of the missing mo- 300
mentum 250 |
k=1Q-py ®) 200 |
e'm'd Fhe excitation energy of the undetected pair. Nonrela- § 150 |
tivistically, 2 5 100
E=" (9) 50 F
m i

wherep is the relative momentum of the undetected nucle- Oo 100 200 300 400 500 600 700 800

ons. Comparing the expressi¢n) for Sto the ones folR,
and Ry under the FSI23 approximation one finds

Sk,E) = }mpizj dpR_(FSI23
(Ge

2
L. fdAR(FSIZE; (10)
— 2P, 2) P '

This inserted int@l) yields the well-known relation between
the cross section and the spectral function

dbo
dE, dQg dQ, dd

ZG 2
Qgﬁﬂismamm

= O'Mott|:vL(GE)2 tur

a-eNS(kv E)pf
Here the nonrelativistic phase space fagiprs simply

(11

2E 0,
pf:mpl<1+?esin2§> (12)

Q [MeV/c]

FIG. 2. The domairD in the Q-w plane forESy"< 150 MeV
andQ =600 MeV/c. The additional lines correspond to fixéd E)
values. Solid lines are fok=0.1 fm1, dashed fork=0.25 fni?,
dotted fork=0.5 fmi', dashed-dotted fak=1 fm™, double-dashed
for k=1.5 fm™%, and triple-dashed fok=2.7—2.9 fm. The thick-
ness of the lines increases with increaskigit is minimal for E
=5 MeV and maximal fole=140 MeV. Note that we restrict our-
selves to the “less relativistic” case in E45) (the minus sig for

which |5, <|Q|.

sults if relativistic structures will be incorporated. We shall,
however, not enter into the kinematic regime with even
higherQ values and/oEgy" significantly greater tham..

The kinematical restriction imposed above leads to the
domainD in the Q-w plane shown in Fig. 2.

Using the energy and momentum conservation in nonrel-
ativistic kinematics leads to the following connection be-

tween the variables, Q andk, E:

4m (15)

and the unpolarized electron-nucleon cross section in the

nonrelativistic approximation reads
@@wj 1
2n? 2E, 0.
1+—Ssi?=
m 2

_ 2
OeN= UMott[UL(GE) tur

(13

where in(14) and(15) ; is the negativéHe binding energy.
The sign <+) refers to O=p;<Q (p;=Q), respectively.
Thus taking a paiQ-w in D provides a relation betwedh
andk. It is a simple matter to map the domain into the
domainD’ in thek-E plane. This is shown in Fig. 3 encircled
by the roughly horizontal line around=140 MeV and the
vertical line atk=3 fm™2.

(Note we always keep the kinematical factors related to the To illustrate the mappings we also display in Figa few

electron relativistically. The central question we want to an-

examples for the continuously distribut&eE pairs to each

swer in this paper is, how reliable that approximation is.fixed Q-w out of D. We see that for fixe@ the sequence of
Clearly, this will depend on the kinematic regime. Here wecurves shifts upwards and to the left with increasingdnce

shall restrict ourselves to photon energiesand momenta

the bended curves hit the=0 axis there appears a branch

Q=|Q] such that the 3N c.m. energy in the final state is esfelated to the other sign dfin Eq. (15 reaching again to

sentially below the pion mass,,

2
c.m. _

N TeT e tesm, (14)

(to be exact we consider cases wHfy"<150 MeV) and
Q=600 MeV/c That Q value is in fact already somewhat

nonzerok values. As will be clear below we are especially
interested in th&-w pairs which lead to curves in thHeE
plane ending up ned&~0 andk=0.

As is obvious from Eq(15) that mapping fronD to D’ is
not one-to-one.

Thus, for eactk-E pair, only a relation betwee® and w
is determined. Again quite a few examples are displayed in

too high to use strictly nonrelativistic kinematics and to ne-Fig. 2. In this paper we investigate only tew pairs within
glect relativistic corrections in the current and the dynamicsthe domairD. For the pairs outsidB a relativistic treatment
But we consider this small excursion to be justified to ac-is obligatory and therefore outside the scope of this paper.

quire a first insight into a decline of FSI with increasi@g

For a better orientation of the reader, the chds&hpairs are

values. Qualitatively, we do not expect a change of our reamong the ones displayed in Fig. 4.
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160

] put. Eachk-E pair fixes according to Eq15) w if Q is given.

5 Thus we shall plot the fouss for fixed (k,E) as a function

] of Q; in other words as a function of the electron kinematics.

] By constructionS (PWIA), S{(PWIA) andS are functions of

k andE only and do not depend o@. This, however, does

not hold for S (PWIAS) and S(PWIAS) and the results

based on full treatment of FS§ (Full) and Sp(Full).
Obviously Eq.(15) can also be written as

E [MeV]

k2
w+€3:E1+In+E (16)

k [1/m]

. om. with E;=p?/2m. ThereforeE, can be equally used as the
FIG. 3. The domairD’ in the k-E plane forE;y"<150 MeV  gapscissa. Note, however, that the differ@ts belong to
ingooQMSS?O ';"e\i]/ca l_The t gﬂ'gool'&eiﬁ C‘()j"ftszolr_‘d tt‘;g different electron kinematics. This is one way to represent
= eV/Cc, dashed lines = eV/C, aotted lines H :
' ) ' our results starting from fixetk, E) values.
=400 MeVic, dashed-dotted lines t@=300 MeV/c, double- We shall also provide examples using a fixed electron

dotted lines toQ=200 MeV/c. The lines thickness increases with kinematics and plot the results as a functiorSaf which is
w: the thinest line stands fas=50 MeV, then come the thicker and : : . P . u _u lorEgf which |
more natural in relation to the experiment.

thicker lines foro=100, 150, and 200 MeV, respectively.

In order to investigate the usefulnessxdne can use Eq.
(10) and replace the response functid®s Ry evaluated un-
der the simplifying assumption FSI23 by the full response In all calculations the AV18 nucleon-nucleon potential
functions taking FSI completely into account. This is re-[20] has been used without its electromagnetic parts. It is
quired for the cross section given in Ed). Let us call the plausible to assume for the parallel kinematics considered in
resulting expressionS_(Full) andSy(Full), respectively. Itis  the paper that meson exchange curréM&C) do not play
also of interest to neglect any FSI but keep all three terms imny essential role. Thus we concentrate on the FSI effects
row 2 of Fig. 1. This we call the symmetrized plane waveand neglect any contribution from MEC.
impulse approximation, PWIAS, since then antisymmetriza- Under the simplifying assumptions represented by the two
tion is fully taken into account, and the resulting quantitiesencircled diagrams in Fig. 1, the response functiBnsand
will be denoted as§ (PWIAS) andS;(PWIAS). Finally, one Ry are directly linked to the spectral functi@ as shown in
can assume only the very first process in Fig. 1 to be presenkg. (10). In order to achieve insight under which conditions
leading toS (PWIA) and Si(PWIA). In this manner we can this form has validity, we shall cover the domdi in Fig. 3
compareS(k,E) to the other three choices of dynamical in- by a representative grid ¢k, E) points chosen in Fig. 2 and

marked by squares in Fig. 4.

Ill. RESULTS

160 ' ' ' ' ' ' To each such pair corresponds a quadratic relation be-
140 k7 T i tween the photon energy and its three-momentur®, as
\><\\ given in Eq.(15). This traces out a curve and examples
120 . N ] thereof are shown in Fig. 2. We shall now choose those
100 - i curves inside the domaib and compare the spectral func-
% tion Sto the expressionS, (Full) and S;(Full) evaluated un-
= 80mo = . 7 der the full sequence of rescattering processes, and further
“osoloo w i compareSto S (PWIAS) and S;(PWIAS) taking the correct
0o = antisymmetrization into account but neglecting any final
40mo = u 7 state interaction and finally we compasdo S (PWIA) and
20 -S g : " - i S{(PWIA) keeping only the very first process in Fig. 1. The
e y results are displayed in Figs. 5-13.
0 ' : : ' : Let us first concentrate on the full calculation represented
0 0.5 1 1.5 2 25 3 35

by a solid line in comparison to the spectral funct®given
as a dotted line in case of the proton knockout pro¢iesger
FIG. 4. The same domaiD’ shown in Fig. 3 in thek-E plane p_anels. We show only exgmples from thekE pairs in F|g_.14
resulting fromES;< 150 MeV andQ<=600 MeV/c together with ~ SICe the patterns are similar. For tkee pairs (0.1 fm™,
(k,E) points for which the relate@-w curves are displayed in Fig. ° MeV) and (0.5 fm™, 5 MeV) the two curves approach
2. For thek-E pairs corresponding to solid squares the full result in €ach other with increasin@ values in our domain. Turning
the case of proton knockout has a tendency to approach the spectf& largerk values likeE=20 and 40 MeV, we see that this is
function S with increasingQ, whereas this is not the case for the true atk=0.5 fm™ but not atk=0.1 fmit. We looked at fur-
k-E pairs corresponding to the open squares. For the three point§ier k-E pairs as shown in Fig. 4 and found a region in the
marked withx’s the allowedQ range is too small to describe the k-E plane indicated by the open squares, where the full result
trend. deviates more and more froi@ with increasingQ. At k

K [1/m]
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1000 T3 100 T T T3 100 g T T 3 10pT T T T3
E 10k 4

100 & { 10g 3 eI 1F 3

:% 10 3 & 1 | 1 1 1 1 1 :g Dl 1 1 1 1 ] 0.1 1 1 1 1
= 300 400 500 600 300 400 500 600 oy 300 400 500 600 300 400 500 600
3100. : . 3 100 . . ~ @100. . . r3 100gT . . T3
A b 3 1] 3 3
i ] 10F 1 10F 2
10 4 10- E ]
[ — g ] 1E 3 1F
L 1 L 1 1L ! L 1 0.] Ll . L 0.1 -\_r”’-/' ]
300 400 500 600 300 400 500 600 300 400 500 600 300 400 500 600

Q [MeV/c] Q [MeV/c]

FIG. 5. The spectral functioS(k,E) and results based on the FIG. 7. The same as in Fig. 5 fé=0.1 frT%, E=20 MeV.

form given in Eq.(10) but using different dynamical assumptions

for the response functiorR_ and Ry as a function of the momen- larger Q. We also show the very first process in Fig. 1 de-
tum transferQ for a fixed (k,E) pair: k=0.1 fm, E=5 MeV. Top  noted by PWIA and a second case where the correct antisym-
figures describe the neutron knockout and bottom ones the protometrization is kept but no rescattering process is allowed.
case. The longitudinalleft figures and transversegright figure9  This we denote by PWIAS. Figures 5-13 exhibit different
response functions are employed. PWldashed-dotted line  sjtuations in relation of the PWIAS versus the PWIA results
PWIAS (dashegland Full resultgsolid line) are shown. The FSI23  gnd the PWIA versus the FSI23 results. In nearly all cases
result(dottec} is the spectral functio&(k, E), which is independent  ghown symmetrization in plane wave approximation
of Q like the PWIA result. (PWIAS) is quite unimportant except sometimes at the small
Q values. In the casegl.5 fn?, 75 MeV) and (2.7 fr?,

o : 125 MeV) symmetrization, however, is quite important. All
has a tendency to approaBwith increasingQ. The reason . js e\gsilz understood regarding the r(rlmmentlﬁ)m values for

for that different bgahaylor IS not known to us. Contrlbutlonsthe two additional processes of PWIAS. In the case of PWIA
to the full result arise in addition to the two processes under;

3 . > o\ . a_; >
lying S from the absorption of the photon by the other two thf He V\ian fupctlon\lsze(p,q) ls-e-:valuated forp=3(P
nucleons, like in the second row of Fig. 1 and from rescat—Ps) andg=p;~Q. For the two additional processes present
tering processes among all nucleons and to all orders. Aln  PWIAS the corresponding arguments a[@:%(ﬁl
those complex amplitudes of similar magnitude strongly in-_ f’z),ﬁ:ﬁa—Q] and[ﬁzé(ﬁg—ﬁl),ci:ﬁz—Q]. Interestingly

terfere with each other. A careful consideration of the terms .
in Fig. 1 beyond the ones leadingSmppears therefore to be in case of Figs. 12 and 13 the PWIA and FSI23 results agree

advisable to stay on the safe side. very well. Thus the final state interaction among the two

T I o spectator nucleons is negligible. If additionally the symme-
That behawo.r is qualitatively S|m|I.ar m‘- and Ry. For trization and all of the final state interaction were negligible,
the otherk-E pairs the FSI23 approximation leading to the ; . .

S - one would have a perfect view right away into thée wave
spgctral function is by fe.‘f not sufficient and the full resca‘t'function sinceS evaluated under PWIA condition displays
tering takes place. But in all those cases at least we see & ’ . . e

irectly the magnitude of théHe wave function[This is
tendency that the full result comes closerS¢or larger and

=0.5 fm!, however, for all studiedE values the full result

10000gT T T T 10 T T ™ 100§ T ' ' S 3
100L ETe 1
1E —mmmmmm i mne iz E
WOp T —  f
jg 1L ] I I 1 1 I I ui 0.1 0.1 L L
= 300 400 500 600 300 400 500 600 = 400 500 600 400 500 600
E’ 100 T T T 100 g T T LE ) IOE T T T 10g T T
& > 3
e 1 I 3
10F == 4 10fF m=== 3 [
0.1g T —— 0.1F 3
1L 1 1 1 1Lt 1 L 1 0.01 L | | | 01—L 1 |
300 400 500 600 300 400 500 600 400 500 600 400 500 600
Q [MeV/c] Q [MeV/c]

FIG. 6. The same as in Fig. 5 f&=0.5 frr!, E=5 MeV.
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100 T T T 1T T T T3 100 T T 1T T ™3
0F 2 3 5 0f ‘\ j E
. \ 1 oat 3 n S TR S 3
01f 1 b >~ ] 01f 1 b TS ]
— 00f 3 ] — 00LF 3 E
£ o001k ! L L1 o001 ] 1 ! & o001t L L1 0,00 ! L
= 300 400 500 580 300 400 500 580 = 400 500 600 400 500 600
:j: 10 T T T 10 T T T ™1 E’ 1 T T l1g T T
173 1 ] A
3 3 1y 3 01 T 4 01p T -
0.1F 4 0lr , .............. 3
—_— — ] 0.01F 4 o001f .
0.0LF 1 oof 1 E
0.001 [t I I I 0.001 I I 1] ) 1 1 1 ] 1 1 L]
300 400 500 580 300 400 500 580 00000 500 IR 500 600
Q [MeV/e] Q [MeV/e]
FIG. 9. The same as in Fig. 5 f&=0.1 fni't, E=40 MeV. FIG. 11. The same as in Fig. 5 fa=0.1 fni, E=40 MeV.

obvious from Eq.(7) if one drops the contribution propor- R, however, the situation is quite similar to the proton

tional to t,3Gy.] That neglect is, however, not justified as . .
documented in Figs. 12 and 13. Already the correct antisyml—(nOCkOUt' Th_us neutron knockout féide W'thQUt separation
f R_ and Ry is not suitable for that application of the spec-

metrization, which is independent of FSI changes the result ;
ral functionS.

totally. _
o : We must conclude that for most of ti@ o values in the
In Ref. [13] Sk, B) is displayed together wits evaluated domainD the use of the spectral function is quantitatively

under trl? PWIA EO';‘O““O”- They essentially agree for not justified and identifying experimentally extract8func-

=15 fm* along E=k?/(4m). As examples one could take .. fter i : ith the 3 distri

k=2 fm"* corresponding t&~40 MeV ork=3 frm-L with E tions after integration ovef with the "He momentum distri-
bution is not correct. It is only for a certain group of very

about 90 MeV. This suggested direct insight into fliée smallk-E values(both) and for proton knockout th& (Full)

wave function. In view of our results shown in Figs. 12 and . . .
13 this suggestion is not valid if the electron kinematics be-gndST(Fu”) approactBat the highe values in the domain

longs to the domair.
This does, of course, not exclude that outsideDothe
situation might be more favorable to such an ideal situation

In Fig. 2 hat for th i I h i -
n Fig. 2 one can see that for those paird values there momenta. Therefore precise data there would be quite impor-

are continuousw-Q pairs, where such an ideal situation tant to validate at least that expectation. For other regions
might exist. This requires, however, above all a relativistic. . o P ' 9
nside D the full dynamics is acting.

treatment and taking all the additional dynamical |ngred|ent§ In actual experiments it is natural to present the data for

into account, which is outside the scope of the present stud{[{| 3Hele. e'N) f ! . funci p
Please also note that for c.m. 3N energies above the pio € proces €.e or a givenQ- pair as a unction o
1, the energy of the knocked out nucleon. In this case the

threshold no nuclear forces comparable in quality to the one . .
P d y -E values trace out a curve in the domdr as shown in

below are available. . - S . .
Fig. 3. Of course investigating such a scenario there will be

Regarding now the neutron knockout even at &M i on b d 1h ready displaved
values the spectral function in caseRf is insufficient. For O NeW Information beyond the one we already displayed.

It is at least that “corner” of th&-E domain where the
theoretical prediction should be valid since only the NN
t-matrix together with théHe wave function enter at low

10 1 T T T E 1000 =] T T 10 T T T
e ] ] 100 £ BT ]
0.1k 4 10f T
01p T 4 \ § 0}._ e 0.1r \ j
i ] 1 3 omkE g
0.01F ] o 0.01F £
gl 1 = 0.001EF 4 0.001F E
£ oomkb . o001l ' ' £ 00001 . ' T Y1) a— ' :
—~ 400 500 600 400 500 600 = 400 500 600 400 500 600
[:;; 1gT T T 1T T 3 ‘uj, 10 T T T 10 T T T
w2 7= 1E T ~ 3 1F E
0.1f 3 0.1 3
\ E 01k & - 0.1F 4
0.01F 1 omk \ y 001F I Iy ~
] 0.001F 4 000F 3
0.001 L L Ll o.001l= L 1 0.0001 I . L1 0.0001 I L '
400 500 600 400 500 600 400 500 600 400 500 600
Q [MeV/c] Q[MeV/c]
FIG. 10. The same as in Fig. 5 fa=0.5 fm L, E=40 MeV. FIG. 12. The same as in Fig. 5 fa=1.5 firl, E=75 MeV.
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FIG. 13. The same as in Fig. 5 fer2.7 fmi'l, E=125 MeV. I U HE N N R R R B B
40 36 32 28 24 20 16 12 8 4 0
E [MeV]

Nevertheless since this is what appears naturally in an ex-
periment we would like to show the correspondi@gurves
now as a function ok,. First we choose proton knockout
and takeQ-w values which in the&k-E plane lead to curves
ending up in the “corner,” where botk and E are rather
small. As seen from Eq(15) and displayed in some ex-
amples in Fig. 3 suitable cases awe=100 MeV, Q
=400 MeV/c; =100 MeV, Q=500 MeV/c; =150 MeV,
Q=600 MeVic. the approximation usin& is not acceptable.
proncnen e e e e g, I N case ofneuon knockout ory can b approsi
14-16. We restrict ourselves fo the upper end of the energ.]g] ated by the spectral fu.ncti.on and pherefore the approx_ima—
E, since only thereS and S(Full) approach each other. 1c9m gfnghezfgll grrflss fﬁgtlogxfgﬂgu't?gflf;\{\(l)eosluz\(v/ |nQF|gs.
We see a very nice coincidence®With the full results at ~500 MeV/e anerlSO MeV Qp—GbO Me;//c ’

the upper end oE;, both forR_ andR;. Thus the full cross Finally one example is displayed in Fig. 21 fas

section can be rather well represented by the spectral func- X
tion approximation. =100 MeV andQ=200 MeV c, where the spectral function

even forRy is not a sensible approximation.

L e e L B B e B i One has to conclude that the spectral funct®is not a
i i good tool to analyze neutron knockout inside the doniain
3 except for special-w pairs at the upper end & in case of
] the transversal response.

FIG. 15. The same as in Fig. 14 fav=100 MeV and Q
=500 MeV/c.

As counterexamples one can choose 100 MeV, Q
=200 MeV/c; ®=200 MeV,Q=300 MeV/c shown in Figs.
17 and 18. We see indeed, that there is no agreemest of
with the full results, neither in relation tB_nor to Ry and

ﬁ‘é 102§ T T T T T T @
Q E
=t
2 =
E <
£
10-3.I.I.I.I.I.I.I.I.I.I.\.\.I. a
30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 ]
E,[MeV] %
| L | L | L | L |
0.3 0.6 04 0.2 0
k [fm-1]
PR T T Y N i I S T A N B | .‘- | | | | | |
52 48 44 40 36 32E%§462$]20 16 12 8 4 0 10'gg %0 00 o 0 70 Tio
E,[MeV]
FIG. 14. The spectral functioS(k, E) for t_he proton knockout 110 0'.9 0!8 0'.7 0{6 0'_5
(dotted ling, full results based on the form given in E§O) for the k [fm-1]

response function®_ (dashed lingand full results for the response PR Y I PR I Y Y P O I SO
functions Ry (solid line) for a fixed (Q-w) pair: ®=100 MeV, Q 48 44 40 36 32 EZFM;}] 0 16 128 4 0
=400 MeV/c as a function of the ejected proton eneigyfor the

parallel kinematicg; | |(§. The corresponding values kfandE are
also indicated.

FIG. 16. The same as in Fig. 14 far=150 MeV andQ
=600 MeV/c.
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0 010203 04 05 06 07 08 09 10 13 12 1.1 1.0 09 08 07 06 05 04
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P IR RV EPRNTPIN EPAVEIrS AV AFEPIrE EEr S| Y Y S T A
70 60 50 40 30 20 10 0 40 36 32 28 24 20 16 12 8 4 0
E [MeV] E [MeV]
FIG. 17. The same as in Fig. 14 fas=100 MeV andQ FIG. 19. The same as in Fig. 15 for the neutron knockout.
=200 MeVTlc.

IV. SUMMARY

. . _ We reviewed briefly the formulation of the full treatment
Finally we would like to add a remark on the extraction of of the final state interaction for the procéste(e, e’N) in the
electromagnetic form factors of the nucleons. In the case th addeev scheme. We showed that the processes underlying
the FSI23 approximation is valid or in other words the use oo ¢oncept of the spectral function are just the very first two
the spectral function is justified, the electromagnetic formyiagrams in an infinite series of diagrams caused by rescat-
factors are directly accessible. As seen in Etl) a L-T  tering and complete antisymmetrization. The spectral func-
separation provides direct access to b@h,andGy. It ap-  tion Sis directly related to both response functiof,and
pears interesting to check that approach first in the case @, under those simplifying assumptions. We used the same
the proton knockout, where the form factors are known. Informal relation which leads t& but now working with the
the case of the neutron knockout the transverse responggsponse functions which include the complete final state
function Ry can be well controlled under the kinematic con- jnteraction. This leads to quantitie (Full) and S(Full),
ditions discussed above and therefore acces3jf@ppears hich can be compared @ The comparison was restricted
possible. In the case dBg it might also work at higher tg a kinematical regime where a nonrelativistic treatment ap-
energy and momentum transfers, which are however outsid§ears mostly justified. Thus we restricte§" to be below
the kinematic regime investigated in this study. the pion threshold, more precisely to stay below 150 MeV

and the magnitude of the photon moment(ﬁno be below

E E ]O E T T T T T T @
— ] 107 3
-2 E ,/ E
— 10°F E m ]
=t E ] — 10°F 3
E C ] < F - E
= C ] = T .
oy = (] _
. r ] —~ 10
= 5 &) 3
“ 107 E = 1
F e ] A 10 E
A 1 wE e E
10— I T I I N T BT R Eoocewree” E
80 00 100 110 120 130 140 150 160 170 180 S0 T
E,[MeV] 10gg 90 100 110 120 130 140

| | | | | | | | | | El[MeV]

05 06 07 08 09 10 II 12 13 14 | | | | | |
k [fm-1] 1.0 0.9 0.8 0.7 0.6 0.5

[ I PP S IR P B B PP P T k [fm-1]
110 100 90 80 70 60 50 40 30 20 10 0 P Y N RN U RPN NN N R R R B
E [MeV] 48 44 40 36 32 28 24 20 16 12 8 4 0

E [MeV]

FIG. 18. The same as in Fig. 14 fav=200 MeV and Q
=300 MeV/c. FIG. 20. The same as in Fig. 16 for the neutron knockout.
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10— - - - - L checked in each case. For the rest of the donidinn the
g 3 k-E plane the use o8 is not a valid approximation. Specifi-
- cally there occur intriguing cases, where insidé S coin-
- ] cides with the most simple approximate treatment of the pro-
cess, namely pure PWIA. This suggests a direct view into the
E He wave function. However, this is quite misleading under
3 the kinematics investigated here since even the complete an-
E tisymmetrization totally destroys that simple picture not to
_ speak of the final state interaction of the knocked out
nucleon with the other two.
5 In the case of neutron knockout, oriR+ can be approxi-
SR mated byS under certain kinematical conditiorifow k-E
30 40 50 60 70 80 90 values. In the case oR_ the smallness oBg in relation to
E,[MeV] GE leads always to an important contribution of the absorp-
00T 0203 04 05 06 07 0F 09 1o tion of the photon by the two protons, which then by final
k [fm -1] state interaction knock out the neutron. Boin the case of
'7'0' " -6'0' s '5'0' — '4'0' - '3'0' - '2'0' - 'llo' - '(') neutron k_nock_out cannot b_e approximatedSin the kine-
E [MeV] matic regime investigated in our study.
Finally we would like to stress that the conceptSxhight
FIG. 21. The same as in Fig. 20 for the neutron knockout andbe useful to extract electromagnetic nucleon form factors if
»=100 MeV,Q=200 MeV/c. the kinematical conditions are suitable. In that case only the
NN t-matrix and the®He wave function at low momentum
600 MeV/c. This defined a domaib in the Q-w plane. The values enter, where both ingredients should be fairly well
kinematical conditions for parallel knockout lead then to aunder control.
guadratic equation connectir@w to k-E, the missing mo-
mentum and missing energy. Thus the domais mapped ACKNOWLEDGMENTS
into a domairD’ in thek-E plane and vice versa. Our results ~ This work was supported by the Polish Committee for
show that for proton knock ou (Full) and S(Full) agree  Scientific Research under Grant No. 2P03B00825, by the
with the quantityS (appropriately corrected by electromag- NATO Grant No. PST.CLG.978943 and by DOE under Grant
netic form factors and kinematical factpné both k and E Nos. DE-FG03-00ER41132 and DE-FC02-01ER41187. One
are very small. Unfortunately this is not always the case anaf us (W.G.) would like to thank the Foundation for Polish
we identified a certain region of smallvalues where with  Science for the financial support during his stay in Krakow.
increasingQ S (Full) and S;(Full) deviate more and more The numerical calculations have been performed on the cray
from S. Therefore the validity of that approximation must be SV1 and T3E of the NIC in Jilich, Germany.

<
T
\
\
|

-
-

(=]
Ty

S(k.E) [fm* ]

—_
e

b

(=}

[1] A. E. L. Dieperink and T. De Forest, Jr., Annu. Rev. Nucl. Sci. [10] P. U. Sauer and R.-W. Schulze iBpin-dependent inelastic

25,1 (1975. electron scattering from three-nucleon bound statésntem-
[2] A. E.L. Dieperink, T. De Forest, Jr., |. Sick, and R. A. Bran- porary Topics in Medium Energy Physics, edited by K. Goeke
denburg, Phys. Lett63B, 261(1976). et al. (Plenum, New York, 1994
[3] C. Ciofi degli Atti, E. Pace, and G. SalmElectrodisintegra-  [11] S. Boffi, C. Giusti, F. D. Pacati, and M. RadidtJectromag-
tion of the few-body systems and realistic interactjdrecture netic Response of Atomic Nucl(&larendon, Oxford, 1996
Notes in Physics Vol. 8GSpringer, Berlin, 197Pp. 316;Few [12] A. Kievsky, E. Pace, G. Salmé, and M. Viviani, Phys. Rev. C
body systems and electromagnetic interactid®®ceedings of 56, 64 (1997).
the Workshop held in Frascati, Italy, 1978. [13] C. Ciofi degli Atti and L. P. Kaptari, Phys. Rev. 66, 044004
[4] C. Ciofi degli Atti, Prog. Part. Nucl. Phys3, 163(1980. (2002.
[5] C. Ciofi degli Atti, E. Pace, and G. Salme, Phys. Rev2C [14] C. Ciofi degli Atti and L. P. Kaptari, Nucl. PhysA699, 49c¢
805 (1980. (2002.

[6] C. Ciofi degli Atti, E. Pace, and G. Salmducleon momentum [15] J. Golak, H. Kamada, H. Witata, W. Glockle, and S. Ishikawa,
distribution in finite nuclei Perspectives in Nuclear Physics at Phys. Rev. C51, 1638(1995; J. Golak, H. Witata, H. Ka-

Intermediate Energies, edited by S. Boffi, C. Ciofi degli Atti, mada, D. Huber, S. Ishikawa, and W. Glockigid. 52, 1216

and M. M. Giannini(World Scientific, Singapore, 1984 (1995; S. Ishikawa, J. Golak, H. Witata, H. Kamada, W.
[7] C. Ciofi degli Atti, E. Pace, and G. Salmeé, Phys. Rev5C Glockle, and D. Hiberipid. 57, 39 (1998); J. Golak, G. Zi-

1108(1995. emer, H. Kamada, H. Witata, and W. Glockléid. 63,
[8] H. Meier-Hajduk, Ch. Hajduk, P. U. Sauer, and W. Theis, 034006(200D.

Nucl. Phys. A395, 332(1983. [16] T. W. Donnelly and A. S. Raskin, Ann. Phy@\.Y.) 169, 247
[9] R.-W. Schulze and P. U. Sauer, Phys. Rev4& 38 (1993. (1986.

034005-9



J. GOLAK et al. PHYSICAL REVIEW C 70, 034005(2004)

[17] A. S. Raskin and T. W. Donnelly, Ann. Phy&\.Y.) 191, 78 (Springer-Verlag, Berlin, 1983
(1989. [20] R. B. Wiringa, V. G. J. Stoks, and R. Schiavilla, Phys. Rev. C
[18] R. Skibiaski et al, Phys. Rev. C67, 054001(2003. 51, 38(1995.

[19] W. Glbckle, The Quantum Mechanical Few-Body Problem

034005-10



