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Calculations have been performed for inelastic electron scattering frterwithin the framework of the
recoil-corrected continuum shell model. Comparisons are made to data rangingj fnear zero taq=650
MeV/c. Both inclusive and exclusive processes have been investigated. The effect of meson exchange currents,
spin-channel couplingp-n channel coupling, relativistic corrections, and final state interactions are investi-
gated. Agreement with data is generally good; however, the calculated inclusive transverse response is too
small in the region of low energy transfer. This reduced strength is related to the lack of current conservation
in the model [S0556-28186)02906-9

PACS numbg(s): 25.30.Fj, 21.60.Cs, 25.18s, 25.30.Dh

I. INTRODUCTION project to correlate data from various probes producing
nucleon knockout fronfHe by comparison with RCCSM
The virtues of electroexcitation of nuclear states havepredictions. The RCCSM is ideal for such comparisons be-
been extolled for many yeafd]. The knowledge that the cause the ingredients of the model are clear and can be cast
electron interacts electromagnetically provides confidence iim shell model terms.
a single-scattering assumption. The ability to hold a constant The form of the model employed in this work can be
energy transfer while varying the momentum transfer tracesisualized as a fi-1h shell model in a translationally invari-
out the matrix elements of the nuclear curréptq). Angular  ant basis. The proton and neutron particle state radial wave
distributions provide a means of separating transverse anfdinctions take the shape that solves the Hamiltonian for a
longitudinal contributions. The momentum dependence ofjiven set of boundary conditions, and this translationally in-
the multipole operators allows identification of nuclear statevariant Hamiltonian contains a realistic effective interaction
spins and parities, and the excitation of high spin, unnaturalith central, spin-orbit, and tensor components. Thk
parity states isolates the magnetization current. ground state is then a variational ground state, but one in
Nucleon knockout further extends the knowledge avail-which the trial wave function is fixed for the first two Jacobi
able from inelastically scattered electrons. Under the aseoordinates and the third is restricted te0. It is, therefore,
sumptions that the struck nucleon moves in a mean field andery naive compared to the sophisticated variational and
that it does not interact with other particles after encounterGreen function Monte Carlo calculations employing phe-
ing the virtual photon, the coincidence cross section providesomenological two-nucleon potentials.
the momentum distribution for target nucleons. However, the model has desirable traits such as employ-
Additional interest in scattering to the nuclear continuuming the same Hamiltonian for tH#He ground state and the
has been generated by concerns about the suppression of #entinuum states, thereby guaranteeing orthogonality, auto-
longitudinal response and predictions of nuclear transparmnatically including charge exchange, antisymmetrization,
ency, and thus numerous theoretical and experimental inveshannel coupling, and final state interactions. These various
tigations of both inclusive and exclusive reactions have beemechanisms may be turned on and off to test their effects. It
generated. Theoretical investigations have employed severalas shown in Ref[8] that these mechanisms are essential in
techniques to describe the excitation process. Random phapeoducing the excellent agreement with aM(p,p)°H,
approximation (RPA) calculations[2,3], resonating group >He(n,n)°He, and®H(p,n)°He cross section, polarization,
(RGM) [4], continuum shell mod€]l5,6], and optical model and analyzing power data belokiy=70 MeV [9]. The ex-
calculations, with both relativistic and nonrelativistic final cellent agreement with these data provides confidence in the
stateq 7], have been used to describe inclusive and exclusivealue of investigating other reactions. In addition, one is
processes. In this paper the inclusive and exclusive processstarting with continuum solutions that have a firmer theoreti-
will be investigated for*He with the recoil-corrected con- cal basis than optical model wave functions, whose phase
tinuum shell mode(RCCSM [8]. shifts may be equivalent, but which have different interior
This investigation was undertaken for several reasonshehavior and, in fact, must be orthogonalized to the ground
The first is to test the validity of approximations often em- state. With confidence in the continuum solutions, one can
ployed in knockout reactions. The second is to see whethdook for data that do not agree with RCCSM predictions and
the model employed predicts suppression of the longitudinahttempt to determine the structural complexities or omitted
form factor as have other calculations fpte. The third isto  reaction mechanisms which cause the disagreement and, in
test whether coincidence measurements have the sensitivispme cases, identify data which are likely to be incorrect.
to distinguish among ground state modeléigé. The fourth Because of the desire to correlate many data sets with one
is to determine the fraction of quasifree scattering due tanodel, comparison is made to both inclusive and exclusive
single-nucleon knockout and that due to other processes. Theeasurements at a variety of energies and momenta trans-
fifth reason is that electroexcitation is part of a long termferred. One would expect that the RCCSM cross sections
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would be about 5% to 10% too high since the single-
scattering assumption leads to cross sections proportional to
the single-particle strength, and with b state in the*He
ground state wave function, the theoretical single-particle
strength should be greater than the experimental strength.
However, deviations from this expectation are found, most
significantly at low energy and momentum transfer. Here, a
comparison with inclusive data indicates that the longitudinal
response is overpredicted in the calculation, while the trans-
verse response is underpredicted. Whereas the large theoreti- £ y
. . L. . 2 2

cal longitudinal response is likely due to a size effect, the Ya
small transverse response is unexplained. The imbalance be-
tween the space- and timelike current components means
that the current is not conserved in the model. It is speculated
that the lack of current conservation is due to missing shell Y3
model configurations, and this speculation will be pursued in
future calculations.

At moderate momentum and energy transfer the calcu-

lated cross sections tend to be 10% to 15% lower than the

experimental inclusive cross sections, but 20% higher thaﬁoqpling the fourth pa_lrtic!e to the three—particle core via co-
the experimental exclusive cross sections. Both the |ongitu9rd'“ate§3, as shown in Fig. 1. The harmonic oscillator basis

dinal and transverse exclusive responses are overpredictgéncuonS are in the form
by approximately the same amounts, showing that the,gmg )

present model predicts no suppression of the longitudinal nli (¢
response. A comparison of inclusive and exclusive data in- o 203 1o 3vld R
dicates that approximately one-third of the response between =(1—P3y)/v2|0s™%(£1)0s*(&2) X nlj (53)73>MB7
g=300 and 400 MeW is due to processes other than single- 1)
nucleon knockout. 12 3 3 ) .

Calculations were also performed for inclusive and excluWherex; " is the*H or "He spin wave function. o
sive cross sections with various mechanisms removed. Cal- The complete time reverse of a wave function with in-
culations omitting the continuum nucleon’s interaction with €oming fluxv; with initial conditionsi={aJ\Mmg} then
the residual nucleus produced as much as a factor of 2 ifakes the fornj11]
crease in cross sectionsgt 300 MeVE. This demonstrates
the type of error possible in plane-wave calculations. Chan- P =(4mlp) Y, ()'YE (Pe i
nel coupling was also eliminated, producing 30% changes in :
the longitudinal response at low energy transfer. These re-
sults indicate some of the shortcomings of distorted-wave
calculations. ) )

Meson exchange currents contribute a fairly consistentvhere the sum is ovém,jmJgMg and
20% to the cross sections except at high missing momentum
where the contribution may approach 40%. The second-order lpiBMB(_): > r—lui§<—>(r)|a/J/A| 'i"IgMg).  (3)
correction to the nonrelativistic transverse current operator ¢’
can contribute as much as 20% at high energy transfer.

Finally, these calculations show that, at present, the inforThe radial functioru
mation that can be gathered from comparisons between
knockout experiments and sophisticated models of nuclear Ui'?(_)(f)=ui',3(+)*—>(Uc/vcr)l/2(0cr5crc—|c'Sccr)-
ground states appears to be limited. The two reasons for this @)
conclusion are, first, that uncertainties are introduced by the
use of distorted waves, especially at low energy transfer aghe indexc stands foraJ,lj with J, andj coupled toJg,
described above, and, second, the RCCSM results, with itghereJ, is the angular momentum of a possible core state,
naive ground state, do as well in describing the data as thosghd j are the nucleon orbital angular momentum and total
employing variational ground states. angular momentum, respectively, is the nucleon momen-

tum in the nucleon-nucleus center of mass frame, @anelp-

resents other quantum numbers necessary to distinguish core
Il. FORMALISM states.

The RCCSM provides solutions to th#de+n, 3H+p The notation for the nucleon knockout reaction in the
coupled channels problem. The model is translationally inJaboratory system is as follows. The incident and exit elec-
variant, fully antisymmetric, and employs a realistic effectivetron momenta are,=(ko,k) and k, = (ky,k"); the initial
interaction[10]. The structure of the residual nuclei is taken and final total nuclear momenta apg,=(Eg,pg) andpg,
as 0%, with the oscillator constant=0.36 fm 2 fitted to the = (Eg,pg); the final, free nucleon momentums,=(po,p);
®H radius. The’He wave functions are then constructed bythe final core momentum iBa,.=(Ea,pa); and the momen-

FIG. 1. The RCCSM coordinates.

X(—i/2)Cli2] conle g lete(™) @)

mmgm~M,mMg * ¢

Jg(—)
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tum transferred to the nucleusds = (do.q) =k, —k,. The  €liminateJ, in favor of (qo/q)p as was done to obtain Eg.
- ig2=q2—qg? =_ 3.69 in Ref.[1]. This point will be discussed below.
square of a four-vector ig;,=q5—q°, andw=—0,. ( !
Inclusive scattering requires integration over all possible The spherical components of the nuclear currents are
outgoing channels and results in a cross section forféjla 9iven by[1,12]

2 do . ’
d(‘: 7 :% S (uelpo) dsC)JB’ ® =m0+ )R - TS AT )
X c,Jg
wheredo;_ /d() is a fictitious cross section calculated with X(_)JQ—MQ( —Jl\‘jlé '\‘; h‘t) DﬂM(O,aq,O) ®)

wave functions in Eq(3) with outgoing fluxv in the open
channelc. The equation fordocJB/dQ in the laboratory for \=+1

frame is the same as E(B.65 in Ref. [1] for m ~0.
For exclusive scattering in the laboratory frame to a defi-

nite residual nuclear state, one has szo:Jz=(47T)m% (—)(23+ )Y IGIL,l198)
d°c a? ( 2kjpop 3! 373
- | ! ! VY B B J
d0 d0yde o} ( kR ) (Ko TRuKy x(—)% MB( VIR MB>DM0(O,6q,O),
+029,,/2)343"". (6) 9

In Eq. (6) « is the fine structure constant aRds part of the

density of states, Jo=p=(4m) 1/2% (—)7(23+ 1) Y23 M T Ig)

R=(1-pop: Pa/PEn). (7) VT B A B
X(=)% M| o M Pro(0.66,0).
The nuclear currents in Eg6), J,=(p,J), are to be calcu- B B
lated with the wave functions in E@2) divided by (2m)?. (10)

Conversion is then made to spherical tensors,
J.1=7F(Jc*iJy). The z axis is taken to a point along,  The D functions are those of Brink and Satchlé@3] and
which is the axis at quantization fd; and thez’ axis along  rotate the systemp, is zero andg, is positive.
k, which is the axis of quantization for the nuclear states. At A nonrelativistic reduction on the current operators is em-
this point one may use the continuity equatigpt“=0 to  ployed[14,15:

12

M= 25 [1J<qri>YJM<fi>[Fa—qi<F2+2KiF;>/8Mm—<F‘1+2KiF;>/<ﬂq/4MN>[

2J+1

1/2

Xj31(ar)[Ysea(f)@ (Vi@ o) ym+ j-1ar)Y—1(F) (V2 0) i

J
2371 ’ v

12
J2(arp[Yyea(fH)©Velyu+

12
Ja-1(arD[Y— (T © ¢lam

+1
2J+1

J
2J+1

T3 Fum| -

+[(FL+ kiFo)/2M1ajs(ar)Y (7)) ® oy lgm+ V2(Fy+ 2kiF ) w/4M3

1/2

1/2 R +1 R
X[_ 2311 ji1(ar)[Ysa(fpe (Ve o)+ 2311 le(qri)[YJ1(ri)®(vg®0')l]JM]v (12
J 1/2 J+l 1/2
M= (iIIMWA] —| 5= T3e1@r)[Ys1(FD@ailam+| 55| Js 1(ar)[Ys 1(f)@ailmm{[(Fi+ kiF5)2My]
TJM i N 2J+1 J+1 i J+1\ti ilJM 2J+1 J-1 i J—1\tj ilJM 1 12 N
—(IFYMNi(ar[Ys(F) @V lam—iv2[(Fi+2kiF5) w/AME1j 5(ar)[Y(F) ® (V@ o) ym s (13)

112
jJ+1(qri)[YJ+1(fi)®V§]JM

L= F'/M S
m=2 (FMy)| | 5377

12
+(m le(qri)[YJl(Fi)®V§]JM_(q/S)jJ(qri)YJM(Fi)]y (14
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where the second and third terms in Efjl) are the Darwin- (27) 32D (py,p2,P3.P2) = P1(K1)do(Ky) da(ks)
Foldy and spin-orbit termsg;=(2.79,~1.92) for (p,n), and .
M is the nucleon mass. The last terms in E4®) and(13) X 8°(k4—Pg)- (18

are second-order contributions to the transverse current. The T
RCCSM is a nonrelativistic model, and it seems consistent t§Vith Ps= 3k, + k3 one has
stop at terms of order M2. With (q/My)3=0.15 for

=500 MeVk, a rough limit of approximately 400 or 500 A AT

MeV/c would be placed on the possible momentum trans- o,

ferred; however, comparisons are included below to data be- ={[2(—IVR)+(—iV )] ¢z P}t

yond that range. The nucleon form factd¥s and F, are o

taken from the three-pole approximation of Ref6] and are ={%(—in4) Yy physe R Peyt

a function ofqi. These equations include two target recoil ,

corrections. The first is the term multiplyirg8 in Eq. (14); +3PpYLt Yo" dyte R Pe, (19

the second involves the gradient in Eq$2) and (13), V.,

=(3/4)V, , for “He. TheV,, term may be moved to the initial state by integration
To see where the recoil terms enter the multipoles, ongy parts, and using;= — g one sees that the second term is

can look at the direct matrix element of exp{-y4)p,, entirely longitudinal, contributing td,, and is proportional

where the 4 indicates that particle number 4 is struck. Theo the Coulomb multipole.

momenta are measured in the laboratory frame, and the co- The meson exchange currents included in this work are

ordinate could be measured from any fixed laboratory posienly the pionic and pair contributions developed in R&].

tion, but will be taken from the initial position of the target The matrix elements were evaluated in momentum space,

for convenience. The matrix element between initial and fi-since this procedure is much faster for the high oscillator

nal states becomes principal quantum numbers contributing to the continuum,

and the use of correlated wave functions in calculating the
o, matrix elements in coordinate space produced relatively
f Y1 () P* (&) 3™ (é3)e ™R Pee ™19 Va small change$5]. Delta excitation diagrams were omitted
because of their model dependence and their expected im-
portance only in the dip region.

Xpapa(€1) ¢2(§2)¢3(§3)9m'p51_j[ dy; . (15
Il. RESULTS
One wishes to express the wave functions in terms of their 1he RccsSM was employed previously in a variety of
momentum distributions, calculations involving nucleon knockout. The first of these
calculations was fofHe(y,p)®H [8]. It is worth returning to
- _ that calculation, because it provides one with a comparison
iR-pg— 6 ' " 8
Yrthaipa€™ o= (2) f ®(p1,P2.P3:P4) to data at near zero momentum transfer. Figure 2 displays
two theoretical curves and the data of Rgfs8—23. The
; dashed line is calculated with the transverse nuclear current
Xexp i i Pi dp;, 16 S .
F{ 2 Yi p,)H Pi (18 operators. The solid line is calculated in the long-wavelength

approximation and with application of the continuity equa-
tion to convert the transverse nuclear current operators to
fqoulomb operators. The long-wavelength approximation is
good to a few percent at the peak of the cross section, but the
two calculations disagree. In fact, they disagree by more than
the expected factor ofE(‘;Xpt/EE;‘)zzl.S. The two calcula-
tions agree when pure harmonic oscillator wave functions are
employed for the ground and excited states E@ﬁm is set
¢1¢2¢3eiR‘pB:(2,ﬂ)—9/2f B1(K1) do(Ko) da(Ks) equal toEl'=fiw. The difficulty is that the RCCSM solution
is an approximate solution to the Hamiltonian, dictated by
the limited basis, and is not guaranteed to satisfy the conti-
X 6‘3(k4—p5)exr(iz §j-kj)H dk; nuity equation as discussed in RE?4].
! ! One therefore sees that the transverse current is inad-
equate at very low momentum and energy transfer. The in-
=(27T)_9/2f d1(kq) da(ka) Pa(ks) clusive 180°(e,e’) experiments of Ref[25] allow one to
pursue this problem as the momentum transfer increases.
) RCCSM calculation$6] have previously been compared to
X 5(k4—p5)exr(|z yi'pi>H dp;, these data. In that investigation it was shown that orthogo-
. . nality between initial and final states and that inclusion of the
17 contribution of the recoiling residual nucleus was crucial to a
description of the scattering process. However, the recaoil
and therefore correction factor of in Eq. (19) was not included. In that

so thaty* 5" ¢5* p, may be written in terms of a coordi-
nate space operation. However, the convenient momentu
variables are those conjugatedp &,, &, R, which will be
calledkq, ks, k3, andk,. A transformation exists between
the p; andk;, and one has
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FIG. 2. Photodisintegration cross sections. Solid line is calculated with the transverse nuclear current operators; dashed line with
Coulomb operators. Open circles, crosses, squares, diamwisignd solid diamonds are data of Rdfs3], [19], [20], [21], [22], and[23],
respectively.

work the multipole operators were derived with the standardvould be helpful to know which data set is correct. The
assumption that the four-nucleon center of mass did notlepletion in the low energy region continuesgat400 and
change. In addition, the nucleon form factors employed ir600 MeVk.

this work are superior to the Gaussian form usef6ih The One could blame the lack of theoretical strength near the
resulting cross sections are reducetl7%. They are shown

in Fig. 3 where it can be seen that the cross sections, due

entirely to the transverse response, are slightly low when 4
compared with the data, but not by the factor of 2 seen in the

T I

Hele,e' _
(v,p) calculation. The agreement is pooresfat360 MeV/ 3r Ei 60)53 MeV
c, with the calculation being approximately 40% too small. s 6 =180 i
These results are consistent with thgp) findings if one
assumes that the weakness is in the convective current. This 1 7
is because the2channel dominates at logy and is excited
only by the magnetization current. The convective current - ' ' =
was, of course, the main contribution to thep) cross sec- - Eo = 130 MeV

tion. @ = 180°

d%¢/d0dw (nb sr”'Mev™h)

The inclusive results at higher can be compared with 2 N
the work of Refs[26] and[27]. In both of these works the
longitudinal and transverse responses were separated accord- 1 7
ing to

ok _
1.5 T

d?d Eq = 200 MeV
dQ dE =omol vLRL(G, 0) +v1Rr(q, @) ], (20 10 + °" 1:,20000°ooooooooooooo°°°oo 000 |

. . , 0.5 .
which neglects the recoil factor[1/+ (k’ —k cosf)/Eg].

The complete calculation is shown in Fig. 4 as the solid 0.0 oo 4
line and is compared to the data of Rgf6]. The calculation ’ I I ' '
is also shown in Fig. 5, where it is compared to the data of 20 30 40 50 60
Ref. [27]. The missing strength in the calculated transverse Excitation Energy (MeV)

response atj=300 MeVkt and low energy transfer are evi-

dent in Fig. 4 and show approximately the same depletion as FIG. 3. Solid lines are full calculation; dashed lines omit tran-
when compared against the 200 MeV data in Fig. 3. This issitions from channels which do not correspond to the entrance chan-
less evident in the data of R¢R7] shown in Fig. 5, and it nel. Data are from Ref25].
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FIG. 4. Solid lines are full calculations; dotted lines are near-plane-wave calculations; dashed lines omit meson exchange currents from
full calculations. Data are from Reff26].
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FIG. 5. Solid lines are full calculations, and dashed lines omit transitions from spin-flip channels. In all panelfRkexgeBO0 MeVL,
dotted lines omits transitions from flip and charge exchange channel®s; tn=600 MeVkt panel, dotted line omits second-order contri-
bution to nuclear current. Data are from Red7].
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FIG. 6. Solid lines are full calculations, dashed lines are the

longitudinal contributions, and dotted lines are transverse contribu- G- 7- Solid lines are full calculations, dashed lines are longi-
tions. Data are from Ref26]. tudinal contributions, and dotted lines are transverse contributions.

Circle, diamonds, and squares are total, transverse, and longitudinal

quasielastic peak on the fact that the experiment includes affat@ from Ref[26] and triangles are total from Re27].

inclusive channels, and the calculation includes only the two-

body proton and neutron channdld8]. However, at low with low g electroexcitation cross sections in the regions
energy transfer, one expects the proton and neutron channelsminated by the longitudinal response is inconclusive. An
to dominate. Therefore in this regiof, =20 to 45 MeV, the  examination of thej=300 MeVk response in Figs. 4 and 5

calculated transverse Streﬂgth is low. This is most ||ke|y du%uggests that agreement with data is good' but agreement
to not having an exact solution to the Hamiltonian, a hypothith individual cross sections is sporadic.

esis which could be tested by adding more complicated con- f gne first looks at the cross section in Fig. 8 from Ref.
figurations to the model.

Examination of F|gs. 6 _and U demqnstrates that the CalCuc'lence of the calculation followed that of the data. The pre-
lated cross sections which are dominated by the transversg. .
ominantly T background also seems to look like the data,

response show a weakness in the low energy regions. In fac o . :
it appears the strength has been pushed to higher energiéaéz(cept perhaps that it rises too quickly, much like {iyp)

again an indication of missing configurations. cross section. However, if one looks at the exclusive mea-

Whereas one sees consistency between data sets in ideiirements of Refl30] at q~77 MeVk, the agreement is
tifying the behavior of the calculated versus experimentalV®"y Poor. The integrated cross sections and angular distri-

transverse response, the longitudinal response is more difffutions are shown in Figs. 9 and 10. Although the shapes are
cult to characterize at low momentum transfer. TheCorrect, the theoretical curves require a multiplicative factor

“He(y,p)°H calculation with Coulomb matrix elements is Of 0.52. This is somewhat surprising, because the RGM cal-
very nearly what one would have expected from the modelculation reported in Ref.30] agrees perfectly with the data.
The 1" states do seem to come somewhat lower in energy igince the RCCSM and RGM are similar calculations, one
the calculation than in the data. This is in contrast to thewould have expected similar results. This is one indication
3H(p,n)*He analyzing power—polarization daf&] which  that the present RCCSM calculation is showing a size effect.
suggest that the theoretical btates are at the correct posi- The calculated rms radius 8He is 1.71 fm, while the ex-
tions. More significantly, the calculated cross section is onlyperimental value is 1.67 fm.

about 10% too high. This could easily be argued away as the However, if one compares to the,=169 MeV measure-
lack of D-state configurations in the ground state, whosement[31], the agreement with the RCCSM is again reason-
inclusion would reduce the photoexcitation strength. Oneable atq~103 MeVk, as shown in Fig. 11. Many cross
would conclude, based dhie(y,p)®H, that the Coulomb ma- sections were measured in RE81]. Samples of compari-
trix elements at long are reasonable. However, comparisonsons with calculated cross sections are shown in Figs. 12 and
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FIG. 8. Solid line is full calculation; dashed line is transverse only. Data are from[ B3f.

13. A summary comparison is given in Fig. 14 where thel™ longitudinal response function appears to be too large at
calculated longitudinal response function for the dominantvery lowq. This would be inconsistent with the,p) results,

1™ contribution is shown as a function gf and at a fixed unless thgy,p) data of Ref[19] were correct.

excitation energy oE,=24.8 MeV. Also plotted are experi- At higherq the longitudinal response can be characterized
mental points determined bR (17)oep{ow. The datum by comparing again to the response functions of RZ€]

from Ref.[29] is represented as a square, that from ]  and[27] in Figs. 4 and 5. The calculated longitudinal re-
as a circle, and those of Rdi31] as X’s. Although it is  sponses are approximately 10—20 % lower at the quasielastic
difficult to see a consistent trend in the data, the calculategeak. This is not a desirable outcome if, as suggested in Ref.
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FIG. 9. Integrated cross sections. Solid line and diamonds aréHfefe,e’ p)°H; dashed line and crosses are fote(e,e’n)°He. Data
are from Ref[30]. Full calculations have been multiplied by 0.52.
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FIG. 12. Inclusive cross sections B=199 MeV. Solid lines

[28], only about half of the inclusive cross sections are dueare full calculations. Crosses are uncorrected data; diamonds have
to thep andn channels. Overall, the longitudinal responsesradiative corrections. Data are from RE31].
tend to have a more consistent relationship to the experimen-
tal values than the transverse responses. but only 10% of the nuclear potential. The procedure for

A number of calculations are shown in Figs. 4 and 5. Thedetermining theS matrix in this work[32] has some diffi-
solid lines are the complete calculations in both figures. Irculty determining a perfectly vanishing phase shift, so the
Fig. 4 the dotted line represents a near-plane-wave calculgotential was not set exactly to zero. The dotted line looks
tion in that it was calculated with the full Coulomb potential very much like the plane-wave calculations in other works

200 I T T T T T T T T T T T T I T T T T I T T T T

I *He(e,e'x) i
E,=169 MeV —

150

1 FIG. 11. Inclusive cross sec-
tion atE,=169 MeV. Solid line is
full calculation. Data are from
J Ref.[31].
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FIG. 13. Inclusive cross sections Bt=299 MeV. Solid lines
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are full calculations. Data are from R¢81].

as the dashed line in Fig. 4 and they provide approximately
20% of the transverse response.

In Ref. [34] it was shown that coupling to the neutron
channels could have a significant effect on tege(p) cross
section. Therefore in that reference the neutron channels
were included by describing the final states with the Lane
model. This is an indication of the inadequacy of performing
calculations with optical model wave functions for the final
states. The RCCSM allows one to test the effects of omitted
channels by setting the appropriate transition matrix ele-
ments to zero. As an example, the dashed lines in Fig. 5 are
equivalent to a Lane model calculation in that all transition
matrix elements which did not have the sain¢ coupled
quantum numbers as the outgoing channel were set to zero.
The effect is significant, even a&=400 MeVkt, and indi-
cates the importance of spin-channel coupling. Also, the ef-
fect is confined primarily to the longitudinal response.

The dotted lines in all but thR, g=600 MeVk panel of
Fig. 5 are the equivalent of distorted-wave calculations with
optical model wave functions. This is accomplished by set-
ting to zero all transition matrix elements from the charge
exchange channels in addition to those which do not have the
j-j coupled quantum numbers of the outgoing channel.
Therefore the outgoing channel has the correct phase shift,
but the channels which couple to it cannot contribute to the
transition. This is the situation when all channel coupling is
represented by an absorption. One sees that omission of
charge exchange channels affects both the longitudinal and
transverse responses at lgynand w.

An obvious problem develops in thg=600 MeVkt re-
sponse functions. Most notable is the difference between the
experimental and calculated quasielastic peak positions. This
range ofw andq is certainly at the limit of applicability for
the RCCSM with its nonrelativistic kinematics and simple

[26,33. Agreement with the full calculation is reasonable atground state structure. In addition, the excitation and
higherq, but at lowq and o the final state interactions re- heavy meson exchange currents will have contributions in
duce the calculate response by a factor of 2 and shift théhis region. It would be difficult to extract one reason for the
strength to lower energies. The effects of final state distordiscrepancy, since it is most likely a combination of omis-
tions are small at highg and w because the high partial sions which contribute. For instance, the dotted line in the
waves provide large contributions, and they have small phase;, q=600 MeVk panel of Fig. 5 corresponds to a calcula-
shifts. The exclusion of meson exchange currents is showtion which omits the second-order contribution to the trans-

15.0 T

1256 —

Ry (Gevh)

50 —

10.0 —

75 —

FIG. 14. Longitudinal response for hannel aE,=24.8 MeV

q (fm™)

verse current. Inclusion of these terms pushes the calculation
back toward the data, but certainly not far enough.

The second-order contributions to the nuclear current op-
erators raise an ambiguity in these calculations, in that one
must make some decision about the off-shell prescription.
For the responses in Figs. 4 and 5 one must ifggertk; for
® appearing in Egs(12) and (13). But for the exclusive
reactions, one can substitutdl &+ p?)2— (M Z+p2)2
wherep,, is the missing momentum,; q—p. This procedure
is used in all exclusive calculations below.

The exclusive experiments allow one to test the hypoth-
esis that some of the missing strength in the calculations in
Figs. 4 and 5 is due to channels other thane(p) and
(e,e'n). Cross sections forg(e’'p) as a function of the
missing momentum also provide information on the proton
momentum distribution in the target. The data of RE#]
and [35] fall in the momentum and energy transfer range
considered in this paper. Shown a&ss in Fig. 15 are the

as a function ofy. Square, circle, and crosses are derived from dateexperimental cross sections from RF4]. They were taken
of Refs.[29], [30], and[31], respectively.

under two kinematical conditions to cover a wide missing
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FIG. 15. Exclusive cross sections as a function of missing momentum. Data frofi8Rledre shown ax’s; calculated points are shown
as crosses. Calculations of Schiavilla and Laget are shown as solid and dashed lines, respg€lively

momentum range. For kinematicg lwas approximately 431 reported in Ref[34]. Two of these calculations are repro-
MeV/c and for kinematics Il it was approximately 250 MeV/ duced as dashed and solid lines in Fig. 15.

c. The relative protoriH center of mass kinetic energdy. ,, Data for other kinematic conditions were also reported in
was approximately 75 MeV in both. In this range one wouldRef.[34]. Plotted in Fig. 16 are these cross sections divided
expect the RCCSM to do well since it is still producing by the calculated cross sections. The points are plotted as
reasonable nucleon scattering cross sections. The crosseslétiters corresponding to the notation in Reg4]. The points

Fig. 15 are the calculated cross sections at the kinematiare plotted as a function of botpand T, . Agreement is
points provided in Ref[34]. The calculation agrees reason- generally good, except that for these data, it appears that
ably well with the data and does not show the unusual beagreement becomes worseRs,, increases. Also plotted in
havior at high missing momentum evident in the calculationd=ig. 16 are the points corresponding to the cross sections of

2‘0 T T T | T T T | T T T T T T T T T T T T T T T T T T T T
*He(e,e'p)*H 1 |
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kN : T é :
g 10 — L N
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FIG. 16. Experimental divided by theoretical cross sections. Lettetd represent data of R€f34]; solid squares, diamonds, and circles
represent forward scattering data of REF5] at p,,=30, 90, and 190 Me\¢/ open squares, diamonds, and circles represent backward
scattering data.



53 CALCULATIONS FOR “He(e,e’'N) 2989
Ref. [35]. In Ref. [35] cross sections corresponding to the
same values aff and w were measured for both forward and L
backward electron scattering angles. Points plotted as solid

squares, diamonds, and circles are for forward scattering at &= 20 [~ ]
pPm=30, 90, and 190 Me\¢, respectively. Points plotted as N L i
open squares, diamonds, and circles are for backward scat- 5\ - .
tering atp,,=30, 90, and 190 Me\¥, respectively. Corre- "y 5 [ B
sponding pairs lie within error bars of each other, whichisa < L i
tribute to the experiment. Less hopeful are poistandE of ‘R - 4
Ref. [34] which have similarq and w, but one is overpre- A i ]
dicted by the calculation and one is underpredicted. Whereas .~ [ 8Ng¥ ... ... 4. ... ]
point A lies close to the points with similar energy and mo- ";nu Tl i

mentum transfer derived from the data of R&5|, point E
is far outside the group and is likely spurious.
When all points are considered, the trendTig,, is not 0.5

evident. As a function ofj, the points indicate a tendency for ™ 200 F 3
the calculation to overpredict more at laythan at highg. 2 . ]
This would be consistent with the comparisons made at low 7 150 - % ]
g for the inclusive calculations. { F e/e/;\ﬂ ]

Combining these inclusive results with the exclusive re- % 100 & 8 ]
sults above, one can make an estimate of the contribution of O C 2 $ E
single-nucleon knockout to the quasielastic peakqA#00 a 50— & —
MeV/c the calculations account for90% of the inclusive n F :
quasielastic peak. The exclusive calculations gat400 0 gt I ——— } -0 I —H
MeV/c and w~100 MeV overpredict by~25%. This would n ]
indicate that one-third of the quasielastic peak corresponds to 250 £~ 3
processes other than one-nucleon knockout. This value of /g 200 - i
one-third stays fairly constant over the range300 to 500 o C 3 ]
MeV/c. This is not inconsistent with the 40-50 % estimates 'o 150 - : § 7
in Ref.[28], given that a larger nucleus’C, was investi- > o 8 ]
gated in that analysis. & 10 o — Y% & Ty ]

In Ref. [35] extractions were made for effective longitu- ~ - :
dinal and transverse spectral functidsand S;. The cal- v 50 ¥ ]
culated cross sections from this present work were treated in C " ]
the same manner as the experimental cross sections in ex- (Y SIS P S S T

200 400 600 800

tracting theoretical values fd and S;. Comparisons are

made in Fig. 17, where the experimental valuep,at30 q (MeV/c)

MeV/c are plotted as squares, thg=90 MeV/c points are

plotted as diamonds, and tpg,=190 MeVk points are plot-

ted as crosses. The theoretical points are plotted as circles FIG- 17. Spectral functions fofHe(e,e'p)°H. Squares, dia-

and those corresponding to the sapjg are connected by Monds, and crosses represegi=30, 90, and 190 Me\/ data of

solid straight lines. The trend again seems to be, at least gtt_ef. _[35]. Circles are _fo_r present cglculgtlon. Points at the same

high missing momentum, that log calculations overpredict missing momenta are joined by straight lineSs are calculated in

the data less than high calculations. The conjecture that Ref. [37).

this behavior is largely due to the large rms radiug1 fm)

of the RCCSM ground state is supported by the calculations A summary of the exclusive results as compared to the

reported in Ref[35], where the Argonne v14 calculation, data in Ref[35] is shown in Table |. Results are given for

with its rms radius of 1.71 fm, produced larger spectral functhe full, meson exchange currents omitted, no second-order

tions atp,,=30 MeV/c than the Urbana v14 calculation, with correction to the transverse current operator, spin-flip chan-

its rms radius of 1.62 fm. nel transitions omitted, spin-flip and charge exchange chan-
Also shown as circles in Fig. 17 are the ratios of experi-nel transitions omitted, near-plane-wave, and no continuity

mental values forS /S; to calculated values. Since the equation calculations. This last column corresponds to calcu-

points do not show a preference for being above or belowating (J,) directly from Eq.(9) and not relating it tdp) via

unity, one must conclude that no evidence for suppression dhe continuity equation. It provides some measure of the ef-

the longitudinal spectral function appears in this presenfect of violating the continuity equation. Even though,)

work. Of course, one does notice the one point in which thediffers greatly from{(q,/q)p), and therefore the continuity

calculation appears to be off by a factor of 2. The presenequation does not hold,J,) is small compared tgp), and

calculations provide no reason for this data point to be irthe effect is small.

error, but it is suggested that the error bars are considerably The lowq and low w transverse strength observed in the

larger than quoted. exclusive measurements appears to be opposite to that ob-
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TABLE I. Cross sections fofHe(e,e’p)3H in nb sr? Mev ™2,

No exch. No2nd Nospin Nochan. Plane No cont.

Experiment Full currents  trans. coupling coupling wave equation
1f 46.5+0.9+1.5 62.0 59.3 62.1 59.5 60.6 73.5 65.1
1b 2.65+0.05+0.09 3.61 3.26 3.61 3.52 3.46 3.99 3.69
2f 36.1+0.7=1.2 48.9 47.0 48.9 48.1 48.7 54.3 51.8
2b 2.65+0.05+0.09 3.61 3.27 3.59 3.56 3.52 3.79 3.68
3f 23.8:0.5+0.8 30.3 28.6 30.3 29.7 29.9 32.2 32.2
3b 2.92+0.06+0.10 3.75 3.39 3.72 3.70 3.67 3.87 3.84
4f 3.53+0.07+0.12 4.55 3.66 4.47 4.46 4.42 4.48 4.76
4b 1.35+0.03+0.04 1.97 1.55 1.93 1.95 1.93 1.95 2.01
5f 24.6+0.5+0.9 38.9 35.2 39.6 35.6 35.8 39.4 41.1
5b 1.29+0.03+0.04 2.18 2.05 2.25 2.18 2.15 2.90 2.27
6f 19.4+0.4+0.7 24.9 22.0 24.8 22.8 23.1 23.0 26.1
6b 1.29+0.03+0.04 1.61 1.40 1.60 1.58 1.56 1.48 1.63
7f 4.28+0.09+0.15 491 4.28 4.84 4.74 4.74 4.77 5.18
7b 1.11+0.02+0.04 1.23 1.06 1.21 1.22 1.22 1.15 1.25
8f 3.61+0.07+0.12 3.88 3.29 3.80 3.76 3.75 3.58 4.08
8b 1.04+0.02+0.04 1.19 0.991 1.15 1.18 1.18 1.11 1.21
9f 2.02+0.04+0.07 2.13 1.72 2.07 2.08 2.06 1.98 2.23
9b 0.730+0.015+0.024 0.807 0.643 0.778 0.802 0.796 0.760 0.817

10b 0.423+0.008+0.015 0.465 0.296 0.369 0.457 0.447 0.441 0.471
11f 0.289+0.006-0.011 0.235 0.183 0.228 0.230 0.230 0.189 0.245
11b 0.115+0.002+0.004 0.0936 0.0741 0.0897 0.0960 0.0964 0.0784 0.0946

served in the inclusive measurements in that, from Fig. 17been calculated with a diagrammatic approf®4l. In Ref.

the transverse response @299 MeVk, p,,=30 MeVic, [2] the spectral functions were calculated via a RPA, and in
and w=57.8 MeV is overpredicted in the calculation by Ref.[3] they were calculated within the RGM.

about 30%; however, an average from Figs. 4 and 5 indicates Certainly, all of the calculations show that the plane-wave
that the experimental transverse responseqfeBO0 MeVE  approximation is inadequate at all but the highest momentum
at »=57.8 MeV s still higher than the calculation by about and energy transfers. Meson exchange currents gave impor-
20%. It is difficult to imagine that two-nucleon knockout tant contributions to all calculations. The calculations of
could account for such a_Iarge difference at such a low enschiavilla[39] and Laget37], shown as solid and dashed
ergy transfer, corresponding £,=45.9 MeV. However, as ines in Fig. 15, are examples where model dependent ex-

mentioned above, the shapes of the two inclusive analyses Ehange currents are included. For R&9] meson exchange
Figs. 4 and 5 differ greatly in this region. The 180° data Ir‘.currents increased the cross section by more than 50% for

Fig. 3 tenq to support the shape of the ana!y5|s In Fig. 4 m=>200 MeVEk. This compares well with the results of this
however, in Fig. 3 the calculation and experiment agree a

E,=45.9 MeV. One would certainly like to have the inclu- present work. However,_the exchange currents of F&H|
sive, experimental situation clarified, most likely by addi-tume_OI des_tructwe negii, =300 MeVL. It would appear that
tional 180° data, which can be incorporated into the respons@"€ S S€€ing the result of the model dependenck exci-
analyses. If, indeed, the exclusive and inclusive measurd@tion andp exchange graphs. These graphs were omitted

ments are vastly different, one would be very interested iffom the present calculation because of their model depen-
pursuing the mechanism. dence, and because they would become important in the dip

region where the RCCSM would not be expected to do well
because of its nonrelativistic kinematics.
The calculations of Ref.37] were also compared to the

Several calculations have been reported for the electroeXdata of Ref[35]. These are shown as crosses and connected
citation of “He in theq>300 MeV region. Often quoted are with dashed lines in Fig. 17. These results agree much better
calculations of Laget34,36,32 and the Argonne-Urbana- with the data than do the RCCSM results. However, onIy the
CEBAF collaboration35,38,39. Such calculations employ Pm=90 MeV/c results were quoted in Ref37], and other
sophisticated solutions from realistic NN interactions for thecalculations[35] with the Argonne v14 potential have pro-
A=3 and 4 ground states. However, one must deal with theluced cross sections which are larger than the dgigaB0
difficulty of calculating the’H-“He overlap function and with MeV/c. In addition, the calculations in Reff37] have diffi-
the lack of equivalent solutions to the continuum problem.culty describing the data of Ref34] for kinematics Il as
The continuum problem may be dealt with in a plane-wavementioned above and shown in Fig. 15.
approximation, distorted-wave approximation, or Lane Plotted asx’s in Fig. 17 are results of Ref37] for the
model. Corrections to plane-wave calculations have alswoatio of experimental to theoretical rati®/S;. Here the

IV. COMPARISON TO OTHER CALCULATIONS
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present calculation agreed reasonably well with the experiand the RGM calculation allows a sum of two Gaussians for
mental values except for the one point discussed abovehe A=3 system instead of one, but the virtues of transla-
However, the points from Ref[37], calculated with tional invariance, antisymmetrization, channel coupling, ex-
J,=(00/q)p, are all less than unity, which would indicate a act extraction of théH-*He overlap, and a consistent Hamil-
suppression of the longitudinal response. Too many of théonian for both the ground and continuum states hold for
circles from the present calculations are consistent with unitypoth models. Therefore it appears that comparisons to exclu-
to make this conclusion. In other works the RGM calculationsive experiments are presently limited in their ability to dis-
[3] indicates a suppression, and the distortion-corrected catinguish among theoretical ground states by a lack of a con-
culations in Ref[35] lean that way, while the RP2] cal-  tinuum solutions with equivalent sophistication.

culation indicates a larger experimental as compared to theo-

retical longitudinal spectral function. One can only conclude

that if the longitudinal spectral function is suppressed, it is V. CONCLUSIONS

not by much, and the situation is not clear. Calculations were performed for the electroexcitation of
From the present work one has seen thatitfrechannel — 4pe in the framework of the RCCSM. The versatility of the
coupling is important at low momentum and energy transferyqqe| allows one to investigate reactions at a variety of val-
In Ref. [39] the effect was 3% for kinematics | and 13% for g5 for the energy and momentum transfer. Agreement with
kinematics Il for the calculations in Fig. 15. Given the kine- yata is generally as good as or better than for calculations
matic range, this is not inconsistent with the present Ca|CU|aémponing more sophisticated ground state wave functions.
tion. The coupled channels calculations in F{eﬁ].indicate Two regions where the RCCSM departs from data are the
a p-n channel effect which is large and nearly independenincjysjve transverse response at low energy transfer and the
of energy transfer, while the diagrammatic calculations show,y|usive longitudinal response at very low momentum
a decrease in importance with increasing energy transfer, gnsfer. Whereas the disagreement in the longitudinal re-
does the present calculation. . sponse is likely due to a size effect, the disagreement in the
Most of the calculations listed above do a reasonable jojyansyerse response is unexplained. Inclusion of 180° scatter-
of agreeing with the data in Reff34] when plotted against i experiments in the extraction of lagresponse functions
the missing momentum. Intgrestlngly, the RGM calculation,qid provide helpful information in quantifying the prob-
[4] and the RCCSM calculations do as well as or better thafyy, and addition of more complicated configurations in the

those calculations employing a more sophisticated groungyccsm may provide a possible solution.
state. The RGM calculation employs a very simple form for

the A=3 and 4 ground states, in fact, nearly the same as the This work was supported by the U.S. National Science
RCCSM. The RCCSM uses a more realistitl interaction, Foundation under Grant No. PHY-202938.
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