PHYSICAL REVIEW C VOLUME 59, NUMBER 5 MAY 1999

Model calculations for the two-fragment electro-disintegration of *He

M. Braun, L. L. Howell, and S. A. Sofianos
University of South Africa, P.O. Box 392, Pretoria, 0003, South Africa

W. Sandhas
Physikalisches Institut, Unverstt&onn, D-53115 Bonn 1, Germany
(Received 6 October 1998

Differential cross sections for the electro-disintegration proeeséHe—3H+ p+e’ are calculated, using a
model in which the final-state interaction is included by means of a nucleon-nucleus)(Botential con-
structed via Marchenko inversion. The required bound-state wave functions are calculated within the integro-
differential equation approach. In our model the important condition that the initial bound state and the final
scattering state are orthogonal is fulfilled. The sensitivity of the cross section to thepitpunteraction in
certain kinematical regions is investigated. The approach adopted could be useful in reactions involving few
cluster systems where effective interactions are not well known and exact methods are presently unavailable.
Although, our plane-wave impulse approximation results exhibit, similarly to other calculations, a dip in the
fivefold differential cross section around a missing momentum-d60 MeV/c, it is argued that this is an
artifact of the omission of rescattering four-nucleon proce4&£556-28139)02105-9

PACS numbd(s): 21.45+v, 25.10+s, 25.30.Fj

[. INTRODUCTION of the scattering amplitude, which can be used to account for
. . ... the most important multiparticle effects in the nuclear me-
In recent years, electro-disintegration processes in ligh ium such as FSI and meson exchange curvgC). In a
) i fhore rigorous approach Ishikaved al. [13] calculated the
tention. In the thrge—nucleon case, earI.y ca!culauons of theactron-induced two-fragment disintegration #e by us-
electron-proton coincidence cross section, i.e., of the scafpq 5 34-channel treatment based on Faddeev-type equations
tered electron detected in coincidence with the ejected prop moementum space. In their work they employed realistic
ton, were performed by Griffy and Oakes using analyticakyo-nucleon interactions, namely the Pdtig] and Bonn-B
wave functions without inclusion of the final-state interaction[15] potentials. Later on, Golaét al.[16] extended the work
(FSD [1]. Since then, few-body techniques were used to obof Ref.[13] by including higher angular momentum compo-
tain exact wave functions. Using the Faddeev formalismnents of theNN force (up toj=2).
Lehman[2] calculated the two- and three-fragment electro-  In contrast to the three-nucleon electro-disintegration, cal-
disintegration of®H and 3He for a separable, Yamaguchi- culations for the four-nucleon system are computationally
type potential. In the final state the interactions between thenuch more demanding and to date no calculations have been
ejected nucleon and the spectator pair were neglected.  performed to reliably include scattering states in a rigorous
Heimbachet al.[3] also studied the two-fragment electro- way. One therefore resorts to using the approximation

disintegration of*He and3H, but with the inclusion of the ) )
FSI. These calculations were based on a method introduced (QasWa-1l="(dal(Wa-dl, (1)
by Barbour and Phillip§4], and extended by Gibson and
Lehman[5], for the photo-disintegration ofHe. The equa-
tions in this approach were derived by making use of th
Alt-Grassberger-Sandha@A\GS) formalism for the three-
nucleon systemi6]. As in Ref.[2], a spin-dependens;wave
separable potential of Yamaguchi form was used in thes

calculations. In contrast, van Meijgaard and Tjofi em-
ployed the semirealistic Malfliet-TjotMT I-1ll ) potential bound stat¢ W »_|. In such a model app_roach ex”e”_‘e care
[8] represented in separable form via the unitary pole expaanUSt be taken to ensure that thg gpproxmate scattering states
sion. in Eqg. (1) are orthogonal to the initial bound stdt& ),
Realistic interactions have also been used to determine the (¥ A 1| P A)=0. 2
electro-disintegration cross sections. Schiavilld, for ex-
ample, employed the variational Monte CarlyMC) Nonfulfillment of this condition means that the effective
method using the UrbanflQ] and Argonne[11] nucleon-  scattering state, although asymptotically correct, can be dif-
nucleon (NN) interactions for determining the bound-state ferent from the “true” wave function in the interior. This in
wave functions in the electro-disintegration dHe. His  turn means that the off-shell characteristics of the effective
method involved constructing the final scattering states to bnteraction employed can be completely wrong. This point is
orthogonal to the initial bound state. In a completely differ-crucial since in photo- and electro-processes we are con-
ent method, Lag€tl2] employed a diagrammatic expansion cerned with overlap integrals that include also the interior

which is often employed in nuclear physics, and has previ-
ously been used in the photo-disintegratjad] and electro-
Sisintegration 18] of “He. Here(™)(q, ;¥ _,| denotes the
full scattering state associated with the channel state
0ul (¥ a_1] in which the ejected proton is moving with mo-
entumg, relative to the residual nucleus represented by the
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part of the wave function. That condition is often simply forces. In our case the three-body and four-body bound-state
ignored or some kind of an orthogonalization method is emwave functions are calculated in the integrodifferential equa-
ployed to ensure that it is fulfilledsee, for example, Ref. tion approachIDEA) [29-3] using the MT I-lll potential
[9]). The approximatior(1) together with the conditiorf2) [8].

has been used by Schiavi[la8] within the VMC methodin This paper is organized as follows: In Sec. Il we describe
a fashion similar to the one employed ifHe electro- the cross section for the electro-disintegratitide in con-
disintegration using the Argonne two-nucleon and Urbana-figuration space. In Sec. lll the electro-disintegratiorfBe

VII three-nucleori 19] interaction models. The optical poten- is discussed and the results of the model described in this
tial of van Oerset al.[20] was employed in this approach to paper are compared with the available experimental data and
describe the 31 interaction. Lagef21] included the FSI other theoretical results. Our concluding remarks are pre-
and the meson exchange curreEC) using a diagram- sented in Sec. IV

matic expansion similar to the three-nucleon case. Nagorny

et al. [22] included the electromagnetic field in the strongly Il. THE CROSS SECTION

interacting system in a relativistic and gauge invariant way,

with the FSI being incorporated via the pole piece of the The electron-proton coincidence cross section is given by
p3H—p3H scatteringt matrix [23]. In a more recent work

[24] the Schiavilla, the Laget, and the Nagorny methods dc _ om pi 2
were employed to study newly obtained data by van Leeuwe dE; dQ,dQ, h (f.c)3(2m) 4E,E, co(6/2) [ M(aw)]*
[25]. The results thus obtained were interpreted as an indica- %)
tion that the dip could be due to FSI effects and contributions
from two-body currents. where o, is the Mott differential cross section,

The main findings in the aforementioned investigations of
three- and four-nucleon disintegration processes werddhat e*cog(6/2)
in certain kinematical regions there is an extreme sensitivity 5

oM™ o 4 oy
to the nuclear forcegp) there are important differences be- 4E7sin*( 6/2)

tween the results obtained when using different reactio
models, andc) in the four-nucleon case all model calcula-
tions within the plane-wave impulse approximati@VIA)

'Ei(Ef) is the energy of the incomin@utgoing electron and
ps Is the relativistic density of states. The transition matrix is

exhibit a dip in the fivefold differential cross section around 9"e" by

a missing momentum of-450 MeV which, being absent MGy = W a o HIW ) ©
from the experimental data, seems to be an artifact of the “ ar BA-L Al

models. whereH is the effective Hamiltonian describing the interac-

In this paper, we investigate the above sensitivities of thqjon between an electron and the nucleons. The fragmenta-
cross section to the input nucleon-nucleus interaction in thgon considered here is of the43L-type while the ejected

exclusive electro-disintegration process proton moves away with momentug, with respect to the
. 5 residual bound cluster described by the bound siate ;.
e+ He—"H+p+e', (€©)) The Hamiltonian for the interaction between an electron

andA nucleons, is that of Mc Voy and van Hoy&2] which
where the scattered electron and the ejected nucleon are dws been previously employed in the electro-disintegration of
sumed to be measured in coincidence. the trinucleon system33,2,3. This effective Hamiltonian,
In our model the interaction between the outgoing protorcorrect to order:2q%/M?3c?, is
and the residual nucleus is determined by using the nucleon-

nucleus scattering data to generate an effective potential via 4re? A o

the Marchenko inverse procedij26—28. The potential ob- H=———(uf| 2 | Fin(d3)e %%

tained would be unique, provided the phase shifts were A =t

known at all energies. Since theoretically the phase shifts can Fin(9?) . '

be calculated reliably only below the three-body breakup —W”[(pj~a) e 'Ti+e 'YN(p- a)]
threshold while experimentally they are available from a lim-

ited number of phase shift analyses, extrapolations to higher FlN(qi)+KF2N(qi)

energies are required. The most obvious choice appears to be —i
the one leading to states which fulfill the orthogonality con-

oM o (qXa)e 9%

dition given by Eq.(2). Thus the dependence of the interac- 9
tion on the extrapolated phase shifts and the resulting effect LK [FlN(q2)+2KF2N(q2)]eiq~xj] lu), @)
on the cross section is studied. Such an approach could be 8M? # #

useful in reactions involving few cluster systems where the

effective interaction needed to construct the scattering wavherex; andp; are vectors denoting the position and mo-
function, contains a lot of inherent ambiguities mainly stem-mentum of thejth nucleon;o; is the nucleon spin operator,
ming from the limited scattering data. In contrast, the boundw is the electron’s Dirac operator acting on the free electron
states of the clusters involved can, nowadays, be calculatespinors [u;) and |uf), while qi is the exchanged four-
quite reliably using a variety of methodlsyperspherical har- momentum squared:y and F,y are the Dirac and Pauli
monics, variational, etg.with realistic or semirealistiéNN form factors of the nucleornx is the anomalous moment of
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the nucleon in nuclear magnetons, akblis the nucleon
mass. For a proton knockout the transition matrix, &g, is
written

2

1 q
M=(uil(fl 5 (L 7 Fapla) + 2t
X[Flp(Qi)+2KpF2p(qi)] e_iqlxj|\PA>|ui>
1 Flp —ig-x; —ig-x;
—(ug|(f|a- E(HT)J'W(pie aXj+e'd ip))
1 F1p(0%) + kpF 2p(02
+§(1+T)ji[ lp(qu,) 2|\’;|p Zp(q,u,) o

quiq'xj]|‘1’A>|Ui>- ®

Here the subscripp refers to the proton. The transition ma-
trix can be written in the convenient form as

M=—[{u]u)Q—(ug alu;)-J7, 9)
where
. 1
Q=F5h(1+Qi/8M2)<f 2, e 5Ly, qu>,
=
J=Jel4+ gmag
(10

A
_21 (FB/2M)(pje 19+ e~ 19%py)
“

).
A

. 1
2, e ' NoX s (1+ 73),
=

Je= <f

1
XE(1+ 7'3)]

).

In these equationsz; is the nucleon isospin operator, and

Jmag=(j/2M )F';nag< f

F2 andFf,, are the proton charge and magnetic form fac-

tors defined by

FR=Fip+ (qi/4|v|2),<p|=2p, (11

Fﬁqag= FiptxpFap- (12
The analytical fit to the proton form factofs;, and F5,
given by Janssenst al. [34] is used in the calculations.

Squaring the matrix element and summing and averagin
over electron spins yields

1

| M|2=[(4EiE(+02)QQ* —q2J- J* +2(k;-J)

2 electron spins
X (K- I*)+ 2(ke- I*) (ki - J)
—2E¢{(ki-J)Q* + (k- J*)Q}
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—2E¢{(ki-)Q* +(k;- J*)Q}. (13

Substituting this expansion into E(}) results in

d3c B
dE;dQ,dQ, (he)3(2m)®

Om

|Ppl Ep
1—(Ep/EA_1)(pp'IOA—1/|I0p|2)

1 0 A oA
x1|QI2— ESG(?E(Q*J+J*Q)'(ki+kf)

1 .60 . . I
+§se@§ (J-kI* ke +3-ked* ki)

+|J|%tar? g] : (14)

The evaluation of the coincidence cross section is thus re-
duced to the evaluation of the nuclear matrix eleméh&nd

J, which depend on the choice of the initial and final wave
functions.

The inclusion of the FSI presupposes that the full solution
of the scattering state be determined. Although this has been
achieved in the three-nucleon case, it has not yet been ac-
complished in the four-nucleon case beyond the breakup
threshold. To circumvent this problem we employ the model
outlined in the introduction in which the FSI is taken into
account via an optical potential treatment of the relative mo-
tion of the outgoing clusters. In this particularly simplifying
modification the plane wavéq,| is replaced by scattering
states'~)(q,| generated by @a—>H potential obtained using
the Marchenko inverse scattering proced(i#6—28. In
other words, instead of solving a four-body integral equation
providing us with the full scattering state)(q, ; g|, we
use the approximation given by E(.).

In implementing this model, we found it was numerically
more stable to solve the integral equations in momentum
space, in a similar fashion to the method employed by
Fiedeldeyet al. [35] in the photo-disintegration ofHe. In
this method, the scattering state and the channel state can be
projected onto each other by means ofllooperatorg 36].
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FIG. 1. Typical extrapolations of the high-energy- °H phase
shifts used.



PRC 59 MODEL CALCULATIONS OF THE TWO-FRAGMENT ... 2399

10-3
T
EN

~ |2 10—6
£
=

107

V(r) [fm~2}

10-8

&g
dEdQpdQ,

10-° 1 | 1 1
50 100 150 200 250 300
3 ) 1 1 1 Pm MeVic)
0 2 4 6 8 10 . . .
r [fm] FIG. 3. The two-fragment electro-disintegration cross section of

“He as a function of the missing momentum for kinematics R of
FIG. 2. Real part of the Marchenko potentials corresponding torable 1.
the phase shifts given in Fig. 1.
been obtained. Therefore, in implementing our model we
The resulting equation is of the Lippmann-Schwinger-typeemployed phase shifts obtained from the optical potential
and can be written schematically as used by Schiavilld18,20. Since the phase shifts produced
by this potential become negative for energies greater than
| M)=|B)+VGg| M). (19 200 MeV, we had to extrapolate them to higher energies. In
Fig. 1 four such extrapolations of the real phase shifts to
digher energies are plotted. The corresponding real parts of
the Marchenko potentials that describe fhe®H interaction
The three- and four-nucleon bound-state spatial wav re plotted in Fig. 2. The local potentials_ produced by the
functions are obtained using the IDEA. In this method, the archenko procedure are cgmplex and unique fo_r each set of
A-nucleon wave functionV’(x) is written as a sum of sub- data. They are phase qulvalent UD.tO app.roxmatelly 300
amplitudes W(x) =3 -, _a4(r;; ,r) obeying the Faddeev- MeV, produm_ng phase shifts vy|th slightly different high-
type equation energy behavior. The extrapolatlo_n Ext. 2, produced an over-
lap integral that was, for all practical purposes, zero.
AA-1) The various kinematics used are given in Table I. In Fig.
T4 ———Vo(r) [§(rij.r)=— [V(rij) —Vo(r)] 3 we have plotted our cross section results for the kinematics
R together with the experimental data of REZ5]. These
results are very close to those obtained by L4gé{. It is
X > (rj.r), (180  obvious that the cross section is only weakly dependent on
I=I=A the nucleon-nucleus interaction, all extrapolations yielding
wherer is the hyper-radius of the systen?=(2/A)Sr2 and  Virtually identical resuits. , _
Vo(r) is the hypercentral potential which is the firstJ term of The effect of the h|gh-energy behavior of the phase Sh'ﬁs
the potential harmonic expansion of the interaction. The efon th_e_ cross section and t_he importance of the orthogon_allty
fects of the all important higher partial waves are approxi-condition given by Eq(2), is more clearly demonstrated in

. . . the plots of the cross sections for the kinematisB,C,D)
mately included via the use of the hypercentral poterttal ) . - o
more )é:etairs of t\r/1|e IDEX see Re@g’fg)ﬂ) potert and kinematics S, shown in Figs. 4—6. The PWIA prediction

for kinematics(A,B,C,D) shows a minimum, in fact a zero,

in agreement with the calculations of Laget and Schiavilla.

At missing momenta below 300 Me¥/ all calculations
Reliable experimental phase shifts required in the con-

struction of the effective potential for the+3l fragmenta- 107 =

tion of “He are not available. Furthermore, the energy region ___

| B) is the plane-wavéBorn) term, which can be evaluated in
either configuration or momentum space using the wav
functions described below.

Ill. RESULTS

in which they are available has little or no overlap with the 5 108
region needed for our calculations. On the theoretical front, & 2 109
phase shifts beyond the three-body breakup have not yet=~
d
b=t 10—10 L
TABLE I. Kinematics R and(A,B,C,D) from Ref.[25], and f._{_’%?
kinematics S from Ref37]. Ny 10-1!
E (MeV) E; (MeV) 9 q (MeV/c) ol v W
250 300 350 400 430 500 550 600 650
R 524.9 423.9 49.60° 408 Pm [MeV/c]

(A,B,C,D) 525.0 310.0 49.60° 401 - . .
FIG. 4. The two-fragment electro-disintegration cross section of

S 560.0 360.0 25.00° 278 “He as a function of the missing momentum for kinematics
(A,B,C,D) of Table I.
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10-7 ' ; T . - I . Experiment [57] __4_—"
Experiment [25] —+— — PWIA (21
Ext2 —— N 107 | Exti ------ |

—_— 108 Laget[21] X _] NE,‘;’ Ext2 —
al® &'
&% = 103 .
= 1079 s

W g 10-° | .

% —10 | mo C?
ol 10 KIN (A,B,C.D) EEl \
i ] 1010 KIN S L .

=] 101 - \

10-1 1 1 L 1 A 1 1 1
10-12 L1 i ) 1 1 1 ) 1 200 250 300 350 400 450. 500 550 600 650 700
250 300 350 400 430 500 550 600 650 Pm [MeV/e]
Pm [MeVic]
) FIG. 6. The two-fragment electro-disintegration cross section of
FIG. 5. A comparison of our two-fragment electro-

“He as a function of the missing momentum for kinematics S of

disintegration cross section 8He with that of Laget as a function Table 1.

of the missing momentum for kinemati¢4,B,C,D).

as already in 1970, Fiedeldd®8] investigated the depen-

show good agreement with the data, but in the region of thelence of the triton binding energy on the high-energy part of
dip the calculations underestimate the data considerably. B&he phase shift. He concluded that arbitrary variations of the
yond missing momenta of 550 MeV/c the agreement of NN phase shift at high energieg(,>300 MeV) can pro-
the calculations with the data is again fair. The best result isluce large differences in the triton binding energy. This sen-
the one obtained for Ext. 2 which fulfills the orthogonality sitivity is also manifested in the electro-disintegration cross
condition (2). In Fig. 5, we compare the cross section pro-sections which implies that we need a much clearer idea of
duced using this extrapolation with the results of Lg¢Hi; what constitutes a physically acceptable extension of the
it is seen that the agreement is good. phase shift to higher energies. This sounds a warning that in

The PWIA cross section calculated for kinematics S,model calculations care must be taken when using effective
shown in Fig. 6, also exhibits a dip at450 MeV/c. Includ-  interactions, the most important constraint being the condi-
ing the FSI causes a partial filling of this dip. The position oftion that the initial bound state and the final scattering state
the minimum and the value of the cross section in this regiorpe orthogonal.
once again depends strongly on the input nucleon-nucleus The dip around 450 Me\, which is present in all model
and theNN potentials. calculations, is something of a surprise. At missing momenta
less than 300 Me\ all calculations show a good agree-
ment with the experimental data, i.e., the PWIA performs
reasonably well in a region where the FSI could be expected
The results described above clearly indicate a sensitivityo be more important. At missing momenta beyond the dip
of the cross section in certain kinematical regions to the inarea, where the MEC become important, the agreement with
put nucleon-nucleus interaction and to the inpllfl poten-  the data is fair. Thus the zero in the PWIA cross section is
tial. In our model, the various nucleon-nucleus8) inter-  not necessarily a manifestation of strong FSI effects or MEC.
actions employed for this investigation were phaselt can simply be attributed to the vanishing Born term which
equivalent up to approximately 300 MeV. They all repro- contains only genuine 81 components. The Born term
duced the correct binding energy for the four-nucleon boundghould, however, be treated in a more rigorous way using the
state. However, beyond 300 MeV, the potentials producedGS formalism which allows for the effects coming from
phase shifts that differed slightly. The correspondingthe 2+ 2 channel. The inclusion of this channel should result
nucleon-nucleus potentials provided scattering states tham an improvement of the the bound-state wave functions and
were not always orthogonal to the initial bound state. This inof the Born term. This in turn is expected to remove the
turn is translated into large differences in the cross sectionapparent zero in the PWIA cross section. Investigations in
in certain kinematical regions. This result was not surprisingthis regard are currently under way.

IV. CONCLUSIONS
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