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The general microscopic formalism is presented for the description of the quasielastic knockwut of
clusters fromp-shell nuclei by ultrarelativistic electrons. Manifestations of nuclear structure in differential
cross sections and angular distributions are studied. The tyHicéé,e’ «)®Be reaction is considered in the
PWIA and DWIA approximations; particular attention is paid to the effects of virtually excited cluster states
inside the initial nucleus. Suggestions for the observation of nuclear restructuring éfifietplay between
diagonal and off-diagonal transitions with respect to the intrinsic state of the glas¢éeproposed.
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[. INTRODUCTION the factorization of the reaction cross secti@-7] which
imposes serious limitations on the allowed states of the clus-
Cluster structure of atomic nuclei is usually studied in twoter inside the target nucleus. To be exact, it is assumed that
types of complementary experiments. Cluster transfer readhe cluster was already preformed inside the nucleus in the
tions[1] are characterized, as a rule, by high-energy resolusame state as it had after the reaction being registered in
tion and give reliable relative values of spectroscopic factorscoincidence with the projectile. This assumption can be rea-
The absolute values are not equally accurate due to consonable at relatively low beam energy when the reaction is
plexities[2] inherent to the distorted wave Born approxima-localized at the surface region of the target nucleus. How-
tion (DWBA) used for theoretical interpretation of experi- ever, at high energies the cluster may be knocked out from a
mental data. It is difficult to extract the most interestingdeep interior inside the targg4,13]. In this case the cluster
object of such studies, the wave function of relative motioncan be formed in an arbitrary quantum state allowed by the
of the transferred cluster in the initial nucleus, in the regionconservation laws and selection rules. Therefore, the reaction
of relatively low momenta. cross section cannot be expressed in a simple factorized form
The second, and most direct, type of experiment is th¢10,14. The problem of calculating the cross section for the
guasielasti¢quasifre¢ knock-out reaction§2—7]. These re- quasielastic knock-outp(p’ @) reaction, with cluster deex-
actions are distinguished by a number of tangible experimergitation amplitudegnondiagonal amplitudes describing the
tal shortages: one needs high beam energy, the counting ratgrinsic reorganization of the cluspeproperly accounted
in coincidence experiments is typically low, and the energyfor, was addressed in our previous workst—17 in the
resolution is not sufficient. But the wave function of cluster framework of Glauber multiple scattering thedri8]. The
relative motion in the target nucleus is extracted in a broadinal state interaction between the knocked out cluster and
range of momenta. In addition, as we show below, the sigthe residual nucleus was taken into account in the standard
natures of virtually excited nucleon cluster configurationsDWIA approximation[20]. The calculations have revealed a
[8—10] are most noticeable in the quasielastic knock-out renumber of nontrivial peculiarities of the reaction. It turned
actions. out that the momentum distribution of the residual nuclei
The quasielastic knock-out reactions at sufficiently highstrongly depends upon the angle of the scattered proton and
energies are particularly attractive because of the dominatiotihe orientation angle of the recoil momentum of the residual
of the simplest pole reaction mechanigiil] and, hence- nucleus with respect to the initial beam and the proton scat-
forth, the possibility of the accurate extraction of quantitativetering plane.
spectroscopic information. Currently, an overwhelming ma- The use of electron beams for similar quasielastic knock-
jority of experiments are setup with the use of low or inter-out experiment§14—17 has well-known advantagd®1—
mediate energy200—-300 MeV proton beams. The theoret- 23]: (i) the reaction mechanism may be well separated from
ical analysis of experimental data is carried out in thenuclear structure effectsj) light and medium nuclei can be
framework of the simplest plane wave impulse approxima-studied without a noticeable distortion by the electromag-
tion (PWIA) or with the more realistic distorted wave im- netic field (the final state interaction is essential only be-
pulse approximatiofDWIA) [12]. Both approaches utilize tween the knocked out cluster and the residual nucleus and
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can be taken into account with the aid of the usual opticalnvestigation a particular reactiotfC(e,e’ «)®Be which is
mode), and(iii) at a given energy transfer one can indepen-an electron analog of the proton knock-out reaction
dently vary the momentum transfer. From the viewpoint of 2C(p,p’ «)®Be studied earlief15-17. Here we have an
extracting the cluster properties, the main attractive feature ispportunity to compare different reaction mechanisms and
the possibility of seeing the signatures of the deexcitatiordistinguish more clearly effects due to the cluster structure of
amplitudes connected with the spin-isospin rebuilding of thethe target nucleus. In addition, the residual nuclBs has
cluster internal wave function. The restructuring of the spin-relatively low rotational levels 2(E,=2.9 MeV) and
isospin part of the cluster wave function is suppressed in thg " (E,=11.4 MeV) that can be populated in the interaction
(p,p’ @) reactions due to a weak dependence of the nucleorprocess.
nucleon scattering amplitude on spin variabld®,18 at In order to closely approach the conditions of the
high proton beam energy which is necessary for the manifesNIKHEF experiment, we calculate the reaction cross section
tation of the quasielastic reaction mechanism. In the electroas a function of the scattered electron enefthe energy
induced reactions this mechanism reveals itself most clearlgharing experimeit We give the angular distributions too
at energyE, exceeding 400 Me\[23] although even at because they are sensitive both to the deexcitation ampli-
much lower energy £100 MeV) one can study specific tudes and to the variations of kinematical conditions.
features of €,e' a) processe$l9]. In Sec. Il of the paper, the basic microscopic formalism is
At the same time the use of reactions induced by electrondeveloped which takes into account the nondiagonal transi-
implies a number of difficulties as compared to the hadrortion amplitudes with the intrinsic restructuring of the
analogsii) the reaction cross sections are substantially loweknocked outa cluster. Since the main attention is given to
and therefore the requirements to experimental accuracy athe observable effects of the nondiagonality, the reaction
considerably increased afid) since the electron scattering is mechanism is treated here in the simplest PWIA approxima-
a single-step interaction with one of the cluster nucleons, théion. Section Il is devoted to the analysis of the modification
elastic amplitude falls down rapidly as the momentum transcaused by the distortion in the exit channel. The final state
fer increases. The first problem can be solved by progress iimteraction is taken into account in the framework of the
the electron beam and target technology. In particular, théraditional DWIA approach. In Sec. IV the results of the
method of superthin internal nuclear targets in an electromumerical calculations of differential cross sections and an-
storage rind19] is promising, especially for the coincidence gular distributions are presented and discussed for different
experiments. The second feature of electron experiments final states of the residual nucleus. The perspectives for fur-
important for our specific goals because, compared with théher studies are discussed in the Conclusion.
multiple proton scattering, the contribution of the deexcita-
tion ampliudes to the total reaction cross section is signifi-
cantly smaller. Moreover, anisotropy of the angular distribu- Il. THE (e,e’a) REACTION IN THE PWIA

tions of emitteda particles with respect to the direction of Throughout the work we use the following notatioAsis

the momentum transfer, found for thep,p’e) reaction e target nucleusa, is the cluster knocked out from the
[15,16, is absent her¢see Sec. IV and Figs. 8-10This (51461 A, is the residual nucleus, arelis the unit positive
puts a heavier load on theoretical calculations of the Croséharge. The usual metric with the signature £ ——) is

sections. _ , _assumed27], and the natural unit system with=1 and#
The present work is apparently the first attempt to esti-

X i ) =1 is used. All calculations are carried out in the laboratory
mate the influence of internal restructuring of the knocke ystem.
out cluster on the observable, €&’ «) cross sections. The
choice of thex cluster is natural because this is a sufficiently
large multiparticle system possessing a wide spectrum of vir- A. Kinematics
tual excitations. The lighter clusters, such as deuterons or The kinematic scheme of the reaction is shown in Fig.

3 . . . . .

He, have only fe\_/v deexcnatlon_amplltudes, and their mflu-l(a), and the corresponding Feynman diagram is depicted in
ence on the reaction cross section is expectgd to be Weak_pfg. 1(b). The notations for involved four-momenta are ini-
[10]. Nevertheless, we need to note that the simplest deexcjr,| electronk*=(E, k), final electronk’#=(E. k'), mo-

- e 1 - e L]

tation processt?C(e,e’)!B* (0", T=1) with the spin-
isospin rebuilding of the virtual singlet deuteren-d* (S —(M,.0), cluster inside the target nucleyg‘=(E,,p)
- As 3 LFS - 0 l

=0,T=1)—e'+d(S=1,T=0) has been investigated ex- . . R
; . - ; - knocked out cluster in the final stapé*“=(E;,p’), and the
erimentally{ 24]. The theoretical description of this reaction . L. 0
P M24] b residual nucleusPﬁlE(El,Pl). Quantitiesp,k,k’, ... are

within a semimicroscopic approach allowing the restructur-
ing of the knocked out deuteron cluster was developed ithe absolute values of the three-dimensional vectors
Ref. [25]. The results indicate an importance of taking intop, k, k', .... Thescalar four-momenta product Is"- k.,
account the deexcitation amplitudes. More traditional ap=(k-k").
proaches such as DWIA cannot reasonably describe avail- For definitiveness, we choose the kinematic conditions for
able experimental data. the quasielastic knock-out of the particle from the target
Recently a series of experiments was carried out ahucleus'?C as in the NIKHEF experimeri26]. The energy
NIKHEF to study the knock-oute,e’ @) reactions on'?’C  of the initial electron beam iE,=637 MeV so that all cal-
and %0 nuclei[26]. Below we have chosen as an object of culations can be carried out in the ultrarelativistic approxi-

mentum transferg*=k*-k'*=(w,q), target nucleusPy
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1

at energy of the initial electron beak,=637 MeV, the electron
FIG. 1. (@ The kinematic scheme of the reaction Scattering angled,=26.06° anda particles registered at 71.08°;
12C(e7e’a/) 8Be. (b) The Feynman diagram of the reaction solid lines for the transition into the ground state=0" of SBe,
12C(e,e’ ) ®Be. For the notations see Sec. II. dashed curves for the transition to the first excited stite
=2"(E,=2.9 MeV); and dash-dotted curves for the second ex-
mation for the electron. The electron scattering angflds  Cited state)”=4"(E,=11.4 MeV).(a) Kinetic energy of knocked

fixed at 26.06°;« particles are registered at 71.08° with out « particles;(b) energy of relative motion of the knocked awt
respect to the beam direction, see Fifg)1 particle and the residual nucleus) the angle between the momen-

The kinetic energy of knocked out particlesT, falls tum of the residual nucleu’; and the momentum transfer (d) the
almost linearly from~100 MeV to zero, Fig. @), in the angle betweeipr andd.
most interesting for our purpose energy range SHQ  gters of the opticak-8Be potential.
<626 MeV for all transitions into different states of the
residual nucleus. In the vicinity of the quasielastic peak for B. Differential cross section
the transition into the ground staté ®f the residual nucleus . i
8Be, T, is close to 30 MeV. The momentum transfer varies, 1€ €lectromagnetic interaction between the electron
insignificantly in this region, the typical value being around (Proi€ctil® and the target nucleus is giv¢22,23,27 by the
283 MeV/c. The exact position of the quasielastic peak onOperator
the energy scal& for three possible transitions is seen in
Fig. 3 where the momentum of the residual nucléBe is ity — f w
shown. By definition, the quasielastic peak is fixed by the vy &) JIALLodr, @)
conditionP;=0. Displaying a typical signature of the quasi-
elastic mechanism, the angleg., between the momentum wherex=(t,r) and J*(x) is the four-vector of the nucleon
of the residual nucleuB; and the momentum transfgr Fig. ~ current. The four-potential of the electromagnetic field of the
2(c), changes abruptly from 180° to zero at the crossoveflectronA#(x) can be found from the Maxwell equation in
through the quasielastic peak on the energy scale. Figurdge Lorentz gauge. In the lowest order of perturbation theory
2(b) and Zd) show additional kinematic reaction character- (0n€-photon exchangeve obtain the well-known Miter po-
istics ., the energy of relative motion of the knocked out tential [22,23,2§ for the electron transition ko)
«a particle and the residual nucle@8e, and the angle be- —(k',0’)
tweenp,e=p’' —P; andq, respectively. These quantities are
important for calculating the cross section with distortion in AH(X)= — 4m s (k') yu, (K)e~ @) )
the exit channel because they determine the choice of param- (g-q) “ 7 '
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FIG. 3. The momentum of the residuBe nucleus. The nota-

PHYSICAL REVIEW C 60 014605

avoid an excessive overload of formulas. All information
about center-of-mass motion is now contained indHfanc-
tion which reflects the momentum conservation law.

The differential cross section of th&(e,e’ Ag)A; reac-
tion is related to the scattering amplituf22,23,27,28 and,
for the unpolarized electron beam and target nucleus, may be
written as

1 Eep’%k'E, )
> 2 THTM :

@

do 1
>

dQJAOLAEL 23+ 1wy i My,

HereJ is the target spirtfull angular momentum andM ; its
projection; M, and M;, are projections of the spindull

tions are the same as in Fig. 2. The minima of the curves corréangular momentaof the knocked out cluster and residual

spond to the quasielastic peak.

Hereu,(k) are the electron Dirac bispinors normalized ac-

cording to u (K)u,/(k)=(m/E)dS,, ; m is the electron

mass. This normalization is not relativistically covariant but

it is suitable in nonrelativistic nuclear physics.
Taking into account the connection betweéft) and the
S matrix [27] one obtains the process amplitude as

_ 4mie— k' "
Sfi_ (q'q)UOJ( )Y#UU( )
X2mS8(Eg+E;—Ma—w)Jfi(q), ©)
where the transition four-current is
Jﬁ(Q)E[Pfi(Q)ani(Q)]:<ff e'drI4(r)d-r i>, (4)

and the functiongi) and|f) describe the internal states of

nucleus, respectively. The factbtakes into account the re-
coil of the residual nucleus3],

p' -

p’—qcosy
Eo

f= E,

: ®

wherey is the angle betweep’ andq, see Fig. 1a).

After averaging over electron polarizatiof#7] we obtain
the well known[23,29 differential cross sectioli7) of the
quasielastic knock-out of the clustéx, from the target
nucleusA,

do 1 e 1 p%
dQGAOLAE, 2Ja+ 1wy i M, 472 (q-q)2 K

X t{pripfik K(1+cosde)

+Jsi ?I k,k(l_COSﬂe)‘FZRq(in - k)

the nuclear system before and after interaction, correspond-

ingly. The integration in the matrix element is done over all

nucleon coordinatesj(j=1, ... A) in an arbitrary coordi-

X (JF-k')]—2Rd Jfipri(Kk ' +k'k)]}-( )
9

nate system. Extracting center-of-mass motion by means 6fa \yhole information on nuclear structure is contained in

the transformation to standard Jacobi coordindfed and
introducing the scattering amplitudg; [27]

4aie—

T=— WUU' 5

(K")yuUq(K) - (2m)*3i (@),

we obtain

Si=1(2m)*6(p'+P,—q) 8(Eg+Es—Ma— )Ty
(6)

the transition charge densipy;(g) and the transition current
densityJ;;(q).

In the energy regionE,~600—-650 MeV and for the
analyzed transitiong’C(J"=0";T=0)—%Be(d"=0",2",
4*;T=0), the dominating contribution to the reaction cross
section comes from the Coulomb part of the electromagnetic
interaction ps;(q). The contribution of the current compo-
nents Js;(q) does not exceed 3—5% and becomes visible
mainly through its interference with the Coulomb part. We
have performed direct calculations of this contribution for
the transition into the ground state of the residual nucleus
8Be at three differenE, values around the quasielastic peak.

In Eq. (5) and below, the internal states of the nuclear systenAs usual, the convective and magnetic components of the
li) and|f) depend upon the Jacobi coordinates only. We useurrent were taken into accouf3]. We do not expect any

the same notations as in E@) for the new states in order to

significant enhancement of the current components for the
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transitions into®Be excited states which have collective ro- C. Wave function of the target nucleus
tational nature. Therefo_re, below we restrict .ourselv_es with  The wave functioni) of the target nucleus?C with total
the detailed consideration of the Coulomb interaction bespin J and isospinT is taken in the intermediate coupling
tween the electron and those nucleons of the target nucleggheme13],
that form thea cluster.

We use in our calculations the charge density operator .
[23] ||>: [f]}; . a[f,]LS|(15)4(1p)A74[f](2T+1)(25+1)LJ>_

11
Ao
() = igrjl i 2 —r. Each component in Eq11) can be decomposed, with the
p(a) ejzl ezt )@ r=r). 10 help of thepfractional pgrentage coefficiéﬁPpQ techniques
[13], into components containing intrinsic wave functions of
the a cluster and the residual nucleus, and a function of their
where F(q) is the electromagnetic form-factor of a free relative motion. Particular values of coefficierj,s ob-
proton parametrized in the same way as in R80]. For  tained by the diagonalization of the nucleon-nucleon interac-
brevity we omit the form-factoF(qi) in the explicit expres- tion Hamiltonian were taken froff81]. The basis functions
sions but it was included in all numerical calculations. in Eq. (11) are

|(1S)4(1p)A74[f](2T+ 1)(2S+ l)L_]>
=|AN[f]LSITMM7)
= > (ANCFILSTIAIN[f1]L1SiT1nA ANl folLoSoTo{ £})(— 1) *Loti ™S

Ny [f] Ly 50031 T1 AL,
No.[fol,Lo.Sp:Jp.To,j,N

Li & I

A Ly L
X2+ 1) (2] +1)(2L+1)(2S+ 1)(2L+1)(23o+ 1) £ So ] { ° ]
L s 3 S 1 Jdo

X 2 (TiMr,ToMr |TMs) > (LoM_;,SoMg,|JoM 3)(31M 5 ,jm;|IMy)

Mt Mt M Mg My .My .mj My,

X(AM y,3oMy [im))[nAM )| AINa[F1]L 1S, T131: M M1 )| AgNo[ folLoSeTo: M Mg, M1 ), (12)

ethod of calculation of these coefficients from the usual

hell model FP(13] is described in Refd.33,10,164, and
the majority of these FPC were tabulated in Héf7]. The
remaining factors in Eq.12) are the standardj§9j symbols
and Clebsch-Gordan coefficients.

where all quantities labeled by subscript 0 and 1 are relate
to the clusteA, and to the residual nucleds,, respectively,
N;(i=0,1) is the number of oscillator quanta per nucldus,
is the number of oscillator quanta for the target n=N
—N;—Ng, andA are quantum numbers of the relative mo-
tion wave function(the number of oscillator quanta and or-
bital angular momentum, correspondinglyn Eq. (12) we D. Matrix element of Coulomb interaction

used the following angular momentum coupling scheme: The final state wave function for the nuclear systéhe

T1+To=T,LotS=Jo,A+Jo=],Jy+j=J. The intrinsic , cluster plus the residual nucléum the plane wave ap-
wave functions of ther cluster (o) and the residual nucleus proximation(PWA) is

(A1) depend on corresponding Jacobi coordinates and the
relative motion wave functiomAM ,) depends on the rela- N S
tive coordinateR=R§}n_— R?.(r)n.' The coefficients |f)=A{e"™ RemF 1P Fem.
X|AgNol folLoSodoTo:My M)}, (13
(AN[FILSTIAIN[f1]L1S;T1;nA, AgNo[ folLoSeTof £})
where 4 is the antisymmetrization operator which can
are the FPC for the separation of four particles framucle- be removed from the matrix element due to the anti-

ons of the target nucleus. The FPC can be calculated in theymmetry of the initial nuclear wave function and symmetry
translationally invariant shell mode(TISM) [13]. The of the electromagnetic interaction operator with respect to
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particle permutations. As a result, we obtain the combinatoeuring the derivation of the differential cross secttne &
rial factor [Al/Ag!(A—Ap)!]Y2 The exponential factor function of momenta in Eq(6)]. F”1 is the internal wave
exp(Psina Rem) describing the center-of-mass motion of the function of the residual nucleus which can be writf8d] in
whole nuclear system has already been taken into accouttte intermediate coupling scheme as

Ay A1.da,Ta .
F {[fAJ%l’SAl} a[fAl] '—1AlslAl|A1NA1[fA1] La,Sada, Ta i My, M TA1>- (14

Then the matrix element for the Coulomb part of electromagnetic interaction becomes

(@) =[Al/Agl (A—Ag)! V2 af arit e
prl @ =AAG A=A & @l @ o IS, 10 oo

X (ANLFILSTIAIN[ f1]L1SiT1;nA, AgNol folLoSoTo{ £})(—1)* o™i +S

L Li S J
X\(23;+1)(2j+1)(2L+1)(2S+1)(2L+1)(2Jo+1) ° } L S |
So 1 Jo
L s J
X 2 (TM7 ToM7 [TMp) > (AMy,JoM, [iM()(3:M; M| IM,)
M7 My, My My My M
(&R Pile” IR AnAM ) pfi(a). (15
|
The quantum numbers of the residual nucleus X(4No[ fo]LoSoTol303]0S5T3,Nol o)
A1:Nl,[fl],Ll,Sl,Jl,Tl,MJl,MT1 are fixed by the experi- 1
mental conditions which select definite final states. The ap- x> (T3|\/|T =M ToM+ )
pearance of the additional factor ¢x{2i/3)R-q] in the ma- Mo, me,my ¥2 °

trix element for the relative motion part of the wave function

is due to the transformation from the center-of-mass of the 1 1 e 1
whole nuclear system to the two-center system ofdfaus- X| TsM,, Em{ 00) <§m{ 5[1+ 73(4)]‘§mt> ,
ter plus the residual nucleus. In E45) pfi(q) is the matrix

element of the Coulomb interaction of the electron with the (16)

nucleons of the knocked out cluster.

The experiment detects a free particle with the g0 the Coulomb interaction is diagonal with respect to
ground state quantum numbers |ag)  ghip variables. The particular values
=[AoNo[ folLoSoJoTo: M3 M) =[404]0000:00, and the (4Ng[ fo]LoSo0|30 3]10S;T3,NoL o) of the one particle FPC
corresponding matrix element can be easily calculated. Usn TISM are tabulated in Ref.32]. The orbital matrix ele-
ing again the fractional parentage technique and separatingraent for the separated nucleon is calculated by means of
single nucleon from the wave functions of thecluster, we  decomposition of the exponential function in a spherical har-

obtain monic series. After some algebra, one obtains
g —(3il4)g-
pﬁ(q)s<ao f el p(r)dr 4N0[f0]LOSOJ0TO:MJOMTO> (000 "I NNgLoM )
_ L © (3
=4 > (000e "X NoLoM ) = VAT Y, (@) ] | 79X
MLyMs, 0
X(LoM_;,SoM ;| JoM ) X Do X) Dy (X)X, 17)
X > (40[4]00030[3]0S,T5,00) Here @y (x) is the radial part of the separated nugleon
S3.T3 wave function which was taken as that of the harmonic os-
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cillator. For brevity we introduce below the notation °C(T=0)—®Be(T=0) is equal to unity. For a diagonal
IngL,(@) for the integral in Eq(17). The actual argument in  transition, the intrinsic wave function of the cluster retains its
the oscillator functions:bNo,_0 is x/Xqg, wherexg is the oscil-  spatial symmetry in the process of electromagnetic interac-
lator radius of the separated nucleon with the correspondinfon which is equivalent to the conservation of the Young
Jacobi coordinatex. In all calculations the valuex, tableaux fo]=[4]. We have here a nearly complete formal

=1.3 fm had been use[B4] determined from the elastic analogy with the case of nucleeniow energy scattering,
electron scattering data for tHé#de nucleus. the case considered in R¢L7]. The structure of the matrix

The isospin part of the matrix eleme(#6) is defined by element is the same except for minor details. Finally, the
the particular isospin value of the residual nuclelis{ T, transition charge density to be used in Ebp) can be writ-
=0) and in the case of the isospin-diagonal transitionten as

. 11 11\
pii(a) =2eAm( 4No[fo]Lo00 303105 5. Noko | { 40141000 30(3]05 5.00)i 0¥,y (Qq)lng,(@)-  (18)

The relative motion part of the matrix element is calculated similarly to(Ed).
(eRPrle” GRRYNAM ) =47i AV \y (Qp)Ina(P1), (19

where the integral,, (P1)= /3] 1(P1R)®,(R)R?dR gives the effective momentum distribution of the residual nucleus or,
equivalently, of the knocked out cluster inside the target nucleus. In the absence of the dynamical rebuilding of the cluster,
J4O(PA1) would be the usual momentum distribution which is determined in the traditi@pal ¢) experiments.
Taking into account Eq(19) we can rewrite the matrix element E@.5) in the form
1/2

A
Aq,d4T
pf'(Q):23(47T)3/2( ) 2 aA,JT 2 af1diTs
I Ao/ UALS (LS {[f4],L1,54} [fall1S No.[fol.L0,S0,To.Jo,ALL,J,N

X(AN[FILSTIAIN[f1]1L1S,T1;nA, AgNo[ folloSoTof £})

X (=)Mot T%(23,+1)(2j +1)(2L+1)(2S+1)(2L+1)(2Jo+ 1)

Ll Sl Jl
ALy L . 11
X : L Sy J p(4Ng[fe]Lo00303]05 =,NoLg
S 1 Jo L s 3 22

11\,
><< 40[4]00# 3003105 E,oo> i~ 47L03 (Pl (@)

X %‘4 " (AM 7, JoM; [IM (1M, iM{[IMY Y s (Qp) Y1 m, (2q). (20)
3pMa M 0

This is the general expression for the matrix element of quasielastic knock-out @fghgicle from anyp-shell nucleus with
isospinT=0 provided that the residual nucleus has zero isospir-(Q) too. A further simplification is possible for particular
values of the total angular momentum of the target nuclersthe case of the reactiolfC(e,e’ «)®Be, J;=0, and, using the
specific values of pand § symbols[35], we obtain

1/2

1 1

8J40
p-(q>=2e(4w>3’2( ) XAy 2 agh Y ——
g 4 ) qfty O anfToy b 6T V20,4 1)

X (12§ f]LLO|8 4[f,]L,L0;4— NOA,4N0[4]L000{J1})< 4Ng[4]L,00 30[3]0% %,NOLO>

(_ 1)L1+Li -A-Lg

11
X<4q4]0043q3]0§ §1OO>JnA(Pl)INOLO(q)MZM (AMAaLOMLO|Jl_MJl)YAMA(QPl)YLOMLO(Qq)- (21)

TVTA
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The differential cross sectiof®) involves the absolute value of the matrix element squared and summed over the angular
momentum projections of the residual nucleus

12
12,00 8J,0 _8J:0
Epf-(q>p*-<q>=16we2( ) > > > > afidai i att,
i i fi 4 AT oD Ty oL [FILLELE L L <, L [fiLL

% 2 (_1)L1+L+L0+L1+L’+L(’)+Jli—A—L0+A/+L6
Ng.Ng.Lo.Lg.A A

X (12§ f]LLO|8 4[f;]L;L0;4— NoA ANo[4]Lo00{J,})

11
X (128 f'IL'L'0[8 4[f1]L1L"0;4—N{A’ ,AN[4]L400{J,}){ 4Ng[4]L,00 3({3]05 E’NOLO>

11 11 2
% 4N6[4]L600{30[3]0§§,N6L6> 40[4]00430[3]o§§,oo>

Lo+Lg
XV(2A+1)(2A"+1)(2Lo+ 1)(2Lg+ 1)Ina(P1)Inrar (P Ingt o (DIngis(@) X (AO,A’0]10)
I=|Lo—Lg|
Lo A J; R
0

. . . Ill. FINAL STATE INTERACTION EFFECTS
Changing the particular values of the FPC for the separation

of four particles from the target nucleus, we can adjust this Here we discuss modifications of the basic formalism
expression for the description of any reactiody€0,T, caused by the distortion in the exit reaction channel. The
:O)_)(JAlzo,TAlzo), for example*®O(e,e’ @)*C. simplest way of including the final state interaction between

the knocked out cluster and the residual nucleus is the stan-
dard DWIA approach. The wave function of the nuclear sys-
éem (a plus ®Be) in the final state is

In contrast to traditional approaches, Eg2) exactly ac-
counts for all cluster transition amplitudes allowed by con-
servation laws and selection rules. The diagonal amplitud
with respect to the intrinsic state of the cluster and the am-
plitudes describing the rebuilding of the orbital part of its

wave function appear on equal footing. Thus, for the transi- |f) = A{e'Pinar RemFA1y (D (p | R)
tion into the ground statd”=0" of the residual nucleus _
8Be, the diagonal amplitude is the one with the quantum X|A0N0[f0]LOSO‘JoT0'MJoMTo>}' (23

numberaNy=0, Lo=0, n=4, andA =0, and the nondiago-

nal amplitudes are those with the following sets of quantum

numbers: 2,0,2,0; 2,2,2,2; 3,1,1,1; and 4,0,0,0. In the transijere () (p,¢,R) is the wave function of the relative motion
tion into the first excited statd”=2" of ®Be (the excitation  of the « cluster and the residual nucleus with asymptotics of
energyE,~2.9 MeV), the diagonal amplitude has quantuman outgoing spherical waveye=(Aq/A)P;— (AL /A)p’ is
numbers 0,0,2,2, whereas there are six nondiagonal amplihe momentum associated with the corresponding coordinate
tudes: 2,0,2,2; 2,2,2,0; 2,2,2,2; 3,1,1,1; 3,3,1,1; and 4,2,0,R. After same algebra we obtain the matrix element for the
The second excited stal@=4"*(E,~11.4 MeV) is charac- Coulomb part of electromagnetic interaction which is similar
terized by the diagonal amplitude 4,4,0,0 and nondiagondp that for the PWIA casél5) but the relative motion part in
ones 3,3,1,1; 2,2,2,2; and 0,0,4,4. All amplitudes, diagonaihe last line of Eq(15) is replaced by

and nondiagonal, are calculated with their specific wave

functions of the knocked out cluster and the residudBe

nucleus in the target nucled€C and different sets of quan- <X(_)(I0re|'R)|e_(2”3)R'q|nAMA>- (24)
tum numbersn and A. The existence of a large amount of

interfering amplitudes puts limitations on the possibility of

extraction of the momentum distribution of the residual The calculation can be performed with the help of the
nucleus in such experiments. partial wave expansion of the relative motion function
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* l1 After the integration over the angular arguments, we obtain
X(i)(preI:R):‘]‘WZ Z
oM (X APrer,R)|e IR AnAM )
><iIl)(ll(prelaR)YI1M|1(QR) r1M|1(Qpre|)v

(25) :(477)3/2 2 2 (_i)|l+|2(_1)|1+|27/\

|1,|2=0 M|1,M|2

and of the exponent \/(2I1+ 1)(2l,+1)
s ——(1101,0/A0)
2
e @ARAZg,S S (—i)'2j|2 X(11My 1M [AM )3 1A (Prer, @)
) XYI1M|1(Qprel)YI2M|Z(Qq)- (27)
“ *
X 3qR)Y|2M|2(QR)Y|2M,2(Qq)- (26) where
? o . (A
JlllznA(preI qQ)= fo XI(:L )*(prel R)j |2(KqR> P, (R) RZdR. (28

Then, after summation ovéd , , M I andM Ly [35], the matrix element of Coulomb interaction becomes, similar to E5j,

8,0 a
pii(q)=655(4m)%2 > afir > artl | S (—1htlrAi Lo
{[f],L,L} {[f1].Lq,L} T=1"Ng,Lg A

53, +1<12 8 fILLO|8 4[f,]L,L0;4— NoA,4Ng[4]L00{J;})

X < 4Ng[4]L 00 30[3]0% %,NOLO> < 40[4]00# 30[3]0% %,oo> gl (@)

Lo+l 3 A L
X 2 (212+2)V211+1(110150|A0)3) 1,01 (Prer, ) ; <Loo,|20|l40>[ ]
I1.1,=0 I4=[Lo— 12| (P P P
X 2 (= 1) 7M(1aM LM = M) Y, (20, Y, (2). (29)

Going over to thex M, p1i(Q)pfi(q) as in the case of PWIA approximation and implementing all needed transformations, we
1
obtain ultimately the DWIA analog of PWIA formulg2)

12,00 12,00 8J,0 _8J:0
E pri(@)pf(q)=7920me® > > > ata o AL (30)
: i i {If,L,L} (f'1,L7 L") {[f4],04,L} {[f:’L],L:’L,L’} [FILLEf L [f L L7 ! ]|_ L
X 2 (_1)L1+L+A+L1+L’+A’+Jli*L0+L(’J

No.N§.Lg.Lg.A A’

X (128 f]LLO|8 4[f1]L;L0;4—NoA ,4No[4]Lo00{J;})

X (128 f"JL'L'0[8 4[f1]L;L 0;4—NgA',4Ng[4]L400{J,})
<4NO[4]L0003q3]0 ! NOL0><4N0[4]L 003(13]0 1 N Lo>
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11 \2
><<40[4]00430[3]0§§.00> INOLO(q)IN(’)L(’)(Q)\/(2L0+1)(2L6+1)

©

X IZ > it (21, 4+ 1) (20,4 1)(214+ 1) (21 5+ 1)(1,01,0| AO)
1:127

11.12=0 17 17 =0
Lotz Lo+ls
X (150150]A"0)3; 1 na(Pret: DI}y 4+ (Prer ) 2 > (Lo0J20[1,0)
12 I4= L07|2‘ |:1=‘L,07|é‘

X (L40J50[1,0)V(2l,+1)(214+1)

3 A Lo\ [di A L
P A AT T

!
l3+1]

- ~ L PR Y ~
X 2 (1100501:0)(1,0150T:0) (= 1)y |, o PT,[c0%,Pred]-
T=lp-14) a il

. . . . =2.4 fm. The real part of the potential has the following
An essential weak “technological” point of the approach is spectrum of the lowest states:

the necessity to sum up over a large number of partial waves
(formally we have to sum from zero up to infinity over n 0 1 5 5 3 3 4
l1,l5,11,15 in the final DWIA formula. Although each indi- A 0 1 0 ° 1 3 0
vidual partial wave expansion over converges rather rapidly,

especially in the quasielastic peak region, we have fouF(MeV) ~55.60-41.95-29.03-28.60~16.92-15.77-7.363
coupled summations in E30). Another difficulty is due to

the need for an optical potential for the systeniBe in the SO that the stateb,(R) is associated with the bound state

wide energy rangéfrom zero up to few hundred MeV At a-%Be as a grqund state of tHéC nucleus. The dependence
present we limit ourselves to a preliminary study of the in-Of the overlap integrald,, (P1) andJy,; na(Prei ) On scat-
fluence of the distortion on the differential cross section, ustered electron energl, determines the behavior of the dif-
ing a schematic optical potential for-°Be taken from Ref. ferential cross section of the reaction.

[4]. The questions of stability of the cross sections under We start the discussion of the differential cross sections of
variations of the parameters and their possible energy depethe °C(e,e’ «)®Be reaction with the simplest PWIA ap-
dence are not discussed in this work. We intend to consider
these problems more carefully for the reaction
1%0(e,e’ a)'°C where the final state optical potentials are
well defined.

((: 4
3
IV. RESULTS AND DISCUSSION NE i
The differential cross section is experimentally obtained -
as a function of the scattered electron enekly (energy §
sharing experimeht Along with that, we also calculated the g 1
angular distributions for fixed energgnd momentum trans- I} I
fer) because this might be more informative from the view- e '
point of possible signatures of the nondiagonal transition am- 107 500 550 600
plitudes. E, MeV)

In our calculations of the overlap integralk,, (P,), Eq. ) o ) - _
(19, in the PWIA, and later the similar integrals FIG. 4. Relative contributions of different transition amplitudes,

JlllznA(prerQ) Eq.(29), in the DWIA, we used for the bound diagonal and nondiagonal with respect to the internal structure of

. 8 the knocked outr particle, to the calculated reaction cross section
®ny and scattering states of the-"Be system the COITe- ¢4 the transition into the ground state Gf the residual nucleus

SPO”d'ng wave functions in the Woods-Saxon poterildl  sge contributions of individual amplitudes are shown separately
with the parameters: real partV=-88.9 MeVR  (no interference The solid line corresponds to the diagonal transi-
=1.98 fma=0.81 fm; imaginary pariWv=-4.9 MeV, R tion, Ny=0,L,=0; long-dashed lineN,=2,L,=0; short-dashed
=6.02 fma=0.58 fm; and the Coulomb potential as the line: Ny=3,L,=1; dashed-dotted lineNo=2,L,=2; and dotted
field of a uniformly charged sphere with the radiRs,, line: Ng=4,L,=0.
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0.6 T 0.04 T
SN
N
- < 003 F // , \ x10 J
7} 4 / \
> 0.4 1 E / \
/ \
b} p \
3 3 0.02 - / \ 1
w 5, 1)~
%0 0.2 i % o N
s 001 L - \\\\ i
g 5 olod A\
s e A\
s - \
0 = L AN
0 L 500 550 600
580 600 620 E. Mev)

E/
. MeV)
FIG. 7. The same as Fig. 5 but for the transition into the second

FIG. 5. The differential cross section for the ground stateod excited 4" state of®Be. The scaling coefficient is equal to 10.
8Be calculated in PWIAtwo lower curveyand DWIA (two upper

curves. The DWIA data are multiplied by fotimes. The solid i |ocalized in the region of the quasielastic peak and
curves correspond to the full cross section where all allowed tran-

: oE o ;
sition amplitudes, Eq(22), are accounted for; the dashed curves{eachtes apprc:?:m;atel_y 30 t25 t/'o' Thed m;ferf?.rerrce zf the
show the contribution of the diagonal amplitude alone. ransition ampiitudes 1S destructive and etfiectively reduces

the cross section.

proach. For a crude estimate of the relative contribution ofof IQBtg ethc: seatc;fe:rr:ei Stra&ri}?elzt;ggtlng)stzi ef::s;rg)rflfid ?Eze 2
different transition amplitudegdiagonal and nondiagonal b : 9:

with respect to the internal structure of the knocked eut lower curves, here the interference of amplitudes is con-
fesp X . ._structive and enhances the cross section by approximately
particle, we calculated the reaction cross section accordin

P . . .
to Eq. (22) for each amplitude separately. The results areqS 20 % near the quasielastic peak. The peak shifts to lower

L o energies by the excitation enerd@y=2.9 MeV. An even
presented_m Fig. 4 for the transition into thg ground sta‘he_ 0 more noticeable effect exceeding 60% is seen for the transi-
of the residual nucleu$Be. Although the diagonal ampli-

. . . ; : t#'on into the second excited staté 4f Be, see Fig. Ttwo
tude in general dominates, in certain regions a number o

nondiagonal amplitudes are either comparable to or even

. : ) . . 0.015 : :
greater than the diagonal one. This occurs, in particular, in
the diffraction minima of the diagonal amplitude. One should @
keep in mind that this result does not take into account a
possible interference of the amplitudes and therefore pro- % 001 - |
vides merely a qualitative illustration of different contribu- E
tions. i
The PWIA differential cross section for the ground state -
0* of ®Be is presented in Fig. &wo lower curves The § 0.005 | |
solid line corresponds to the full cross section where all al- &
lowed transition amplitudeg2) are accounted for while the ¥
dashed line shows the contribution of the diagonal amplitude N P
only. The maximum difference between the two cross sec- o |2 d
0.09 | i
(b)
0.08 . N
;A
oo ! ‘\
z I
L % 0.06 - \ :
< 0.06 2 .
2 004} B
‘%o gﬂ 0.03 - B
g g
= ©
Y 0.02 s
'E 0 P \\ // N I—
o b7 L 0 120 180
500 540 8, (deg)

E, MeV)
FIG. 8. Thea-particle angular distributions for the transition

FIG. 6. The same as Fig. 5 but for the transition into the firstinto the ground state ofBe. The scattered electron energy is 600
excited 2" state of®Be. The scaling coefficient is equal to 10. MeV (a) and 610 MeV(b). The notations are the same as in Fig. 5.
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0.06 : 0.02 . .
(a)
- - 0.015
5 004 1 E
P}
g g oot
Wy El
g o002 f 1 g
g 0.005
) 3
o = 0
0.01 [ 1
0.04 | ®» (b)
o %
5 00 1 E 0.008
= S !
3 =
15 002 1 ]
) S, 0.004 |
; g
8 001 . I}
g °
©
——— 0 1 1
0 == 0 60 120 180
180 0, (deg)

0, (deg)

FIG. 10. The same as Fig(a8 but for the transition into the
second excited 4 state of 8Be and the scattered electron energy
580 MeV (a) and 590 MeV(b).

FIG. 9. The same as Fig. 8 but for the transition into the first
excited 2" state of®Be.

lower curve, again the interference is constructive. terms of the angular distributions is more revealing than the
Figures 5-7 show the cross sections for different finakraditional depicting as a function of the missing momentum.
states of the residual nucleus calculated in the DWW#0o  Angular distribution experiments seem to be the most prom-
upper curves in each figureThe DWIA curves are plotted ising for the aim of observing the signatures of nondiagonal
together with their PWIA analogs. For this reason the scalgrocesses.
of the DWIA data was change@the magnification coeffi-
cients are indicated near the corresponding cyrvs we
mentioned, these results are more of qualitative character but
they give an idea about the influence of distortion in the exit We have formulated a general microscopic formalism for
channel. The manifestations of the restructuring of the interthe description of the quasielastic knock-outao€lusters by
nal structure of the knocked out cluster are generally supultrarelativistic electrons fronp-shell nuclei. Our major in-
pressed by the distortion, at least at the relatively low electerest was focused on the influence of nuclear structure on
tron energy used in the present work. the experimentally observed differential cross sections and
It is instructive to observe the changes in the angular disangular distributions. We have derived all necessary formu-
tributions for the transitions into various states of the residualas, including those accounting for the final state interaction
nucleus when one moves over the region of the quasielastizetween the knocked out cluster and the residual nucleus.
peak. These results obtained in the PWIA are presented i®ur numerical calculations of the particul¥C(e,e’ «)®Be
Figs. 8—10 for different energies of the scattered electronteaction were carried out mainly in the simplest PWIA ap-
The angular distributions of the knocked autparticles are  proximation. The DWIA results bear only qualitative charac-
shown with respect to the direction of the electron beam ander. The reasons for this af@ the desire to avoid overload-
therefore, are asymmetric with respect to 90°. The recalcuing the formalism by technically complicated details which
lation to the direction of the momentum transfer leads to theare of minor importance from the viewpoint of nuclear struc-
shift of the angular distribution through a constant angle beture and(ii) the absence of well defined optical potentials for
tween the momentum transfer and the electron beam arttie o-®Be system. Nevertheless, even at this stage the calcu-
restores the symmetry. The remarkable feature of the resultated cross sections and angular distributions allow us to
is the sharp sensitivity of the angular distributions near themake a number of conclusions.
guasielastic peak to the missing momentBp+p’ —q. The (1) Our consideration shows the importance of the contri-
whole pattern is very different for different states of the re-butions of processes with virtually excited clusters and their
sidual nucleus. From this viewpoint, the presentation insubsequent restructuring in the exit channel. We call those

V. CONCLUSION
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contributions “nondiagonal” with respect to the internal are relatively weak. The influence of virtually excited clus-
state of the knocked oux cluster. The importance of the ters is quantitative rather than qualitative, at least in the con-
virtual processes of this kind was stressed earlier in our studgidered electron energy range. This influence is further
of similar proton-induced knock-out reactioffs7]. washed away by the distortion effects. It might be possible to
(2) The most appreciably the nondiagonal effects becoméemonstrate the restructuring effects more distinctly by
visible in the vicinity of the quasielastic peak, in particular changing the kinematic scheme of the reaction. Angular dis-
for the transitions into the excited states of the residuaffibution experiments near the quasielastic peak seem to be
nucleus. For the transitions into"2and 4° states offBe we ~ Promising for disentangling the nondiagonal processes be-
have obtained a clear enhancement of the nuclear restructf2use Of the stronger sensitivity to the final state of the re-

ing effects. The considerable difference of the internal waveSldual ngcleus. . . _—

functions of the ground state and excited states of the re-, (5) D|ffergnt mterfermg contributions reveal themgelves
sidual nucleus is favorable for the manifestation of the Vir_dlffe_rently W'th th_e arrlva! of new degrees of freeddin-
tually excited cluster components. The different angular moSluding polarization variables or out-of-plane measure-
mentum coupling schemes in the shell-model wave function@ents’ especially fpr the excned_ i _the .reS|duaI
of excited states leads to the constructive interference ucleus. An extension of the outlined formalism in these

various paths of the cluster formation. A fairly poor theoret-directions would b.e straightforward. . .
ical description of thel?C(p,p’ a)®Be(d"=2") experimen- (6) The comparison, at similar conditions, of the reaction

1 ’ 8 H H i 8
tal data in Ref[4] (a hadron analog of our reactipoan, at ’C(e,e’ a)®Be with its hadron analog’C(p,p’ «)®Be stud-

least partly, be explained by neglecting the nondiagonal efi—Ed earlier[15-17 indigates th.at, because of th? mu'ItipIe—
fects partly xpial y negiecting 'ag step character of the interaction of the projectile with the

(3) The effects due to the final state interaction are innucleons of the knocked-out cluster in the proton-induced

general comparable to the effects caused by the nuclear rLeaction, the momentum distribution of the residual nucleus

structuring. In future comprehensive theory, the distortions.Strongly d(_apends ik orientation angle of its recoil mo-
in the exit channel are to be fully taken into account, alon entum with respect to the initial beam and the proton scat-

with all interference effects. The main problem in this direc- ering plane. Such anisotropy is impossible in the case of the

; ) ; , :
tion is related to the absence of a reliable optical potential fo |nglg-step Interaction, the_ case of treee a) scattering, at
the knocked out cluster interacting with the residé&le east in the plane kinematics. Of course, the theoretical cal-

nucleus. We hope to extend this work to tHO(e,e’ @) '2C culation for the proton-induced processes is less reliable.
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