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Quasielastic knockout of alpha clusters by intermediate energy protons:
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The long-standing problem of experimental signatures for clustering effects in light nuclei is discussed for
the conditions corresponding to a recent experiment. The specific reaé8¢p, p’ «)Be at incident proton
energy 300 MeV and fixed proton and alpha-particle angles near the quasielastic peak is discussed. The
Glauber approximation with a simple parametrization of the elementary nucleon-nucleon amplitude is used for
calculating the cross section. The main emphasis is on the existence of virtually excited cluster configurations
and their manifestation in experimental observables. The shell model wave function’é€tgeound state is
used to extract the weights of excited cluster components and to calculate their contributions to the cross
section. The presence of several excited components and their complicated interference influence the shape and
the height of the quasielastic peak; the change can reach an order of magnitude. It is shown that the cross
section for cluster emission with the excitation®e into the first excited 2 state is small as compared to the
process leavingBe in its ground statd.S0556-28187)02701-5

PACS numbdrs): 21.60.Gx, 24.10.Eq, 25.40.Ep

[. INTRODUCTION the same time Beregit al. [6] calculated the “effective
numbers” of « clusters in various nuclei using fractional
Experimental studies of quasielastic cluster knockout reparentage coefficientdpc’s) in the translationally invariant
actions using coincidence methods have been conductedhell model(TISM). Nevertheless, direct comparisons of the
since the 1960’$1—3]. Such investigations are usually mo- theoretical predictions with experimental data revealed the
tivated by the following considerations. inadequacy of the PWIA scheme even at rather high energies
At sufficiently high energies the experimental data reveafthe most impressive test was made[ifi). Therefore in
a direct reaction mechanism in which the incident particleMoSt cases the experimental data have been analyzed in the
interacts mainly with the knocked out cluster and the residuaf@mework of the distorted-wave impulse approximation

. o DWIA) [8,9].
nucleus is simply a spectator. Thus it is hoped that from suclg ; -
investigations it is possible to extract information about There is no doubt that the DWIA method as a subsidiary

spectroscopic factors of clusters in nuclei. The spectroscopité)OI for thg classification af‘d ordering of experimental knock
factor is simply the probability of finding the cluster inside out data is more appropriate than the PWIA10-13. It
th | Py P y 9 also possesses predictive power and may be used as a guide-
eAr|1uc eu_s.h h ic inf L bl post in designing subsequent experiments. However the di-
ong with the spectroscopic information, itis possible t0 ot ayiraction of spectroscopic information and momentum
deduce the momentum distribution of the knocked out Clusyjistriytions of knocked out clusters from experimental data
ter in the target nucleus, due to the relative simplicity of theg,,eny within the DWIA framework is not completely justi-

reaction mechanism. fied. The reasons for this conclusion are the following.

The last statement assumes that the theoretical interpreta- (1) There are several fairly severe approximations even
tion of the experimental data allows us to separate effects ah the most refined DWIA varian{®]. They relate mainly to
the reaction mechanism and nuclear structure on the crogsbtaining a factorized form of the reaction cross section. The
section. simple factorized form of the cross section used, as a rule, in

In the early stages the experimental data were analyzed iextracting spectroscopic information from experimental data
the framework of the plane-wave impulse approximationimposes strong restrictions on the states of the knocked out
(PWIA) [4]. This very simple but efficient approach permits cluster inside the target nucleus. Almost all standard DWIA
us to single out the “structure” factor in the triple knockout calculations are based on the assumption that the cluster is
cross section. This factor can be calculated with one of thalready preformed inside the target in its ground state. This is
standard nuclear models. For the light nuclei it is natural taoreasonable at relatively small projectile energies when the
employ different variants of the shell-model description. Asscattering of the incident particle off the cluster takes place
early as 1960, Balashov, Boyarkina, and Rotter predicted thin the surface region of the target. As the energy of the
a-particle momentum distributions if*C and 'O nuclei,  projectile increases, the probability of scattering by clusters
using the usual fractional parentage technidésAt nearly  deep inside the target nucleus increases too. There is no rea-
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son to expect that a cluster knocked out from deep inside the —-q ,
target nucleus has the same internal state as a free cluster. Po
The only justification for such an assumption is the desire to Po 9,
simplify the theoretical calculations.

(2) As a result of the quasielastic knockout reaction we 0,
have in the final state three or more interacting particles. p

Thus it is necessary to solve at least a three-body problem in
order to correctly take into account the final-state interac-
tions. The rigorous solution of the three-body problem is
possible in principle, for example, in the framework of the _ _
Faddeev oK-harmonic approaches. But such a solution ap- FIG. 1. Gepmgtry of the exeerlment. The notations of .the mo-
pears so complicated and cumbersome that the possibility GFE"@ &P (incident protop, po (scattered protan p, (emitted
obtaining spectroscopic information from experimental dat!Pha partmlﬁf—qh (rec0||l Be nléc'eu$’ p:po—dpo (ﬁrogqn mo-

is questionable. Instead of the strict solution of the three-mfe?]tu'rf].1 trfms or the ‘anlefp an '0T correspon TOI e directions
body problem, most versions of the DWIA use the so-called’ the final proton and alpha particle, respectively.

pair approximation” replacing the true many-body interac- of this and other quasielastic knockout reactions at high en-

tions by pairwise interactions. Each pair of interactions mayergies have not been carried out. Recently measurements

then be described In-an opt|cal-m_odel approximation. HOW'vvith polarized protons at comparatively low incident energy,
ever for some particular cases this approximation is hard t

_ Ty 9 1
justify. For example, for the quasielastic knockout reaction?l:-p 296 MeV, on the targetELl, Li, °Be, and“C, and at

different proton scattering angleg,=35°, 45°, and 55°,
1 ’ 8 _ P
ZC(p,p_ @) Be! the replacement of the true t_hree bc?dywere performed in OsakKd9]. The analysis of the results is
strong interaction by three two-body strongly interacting

subsystemgp-a, p-*Be, anda-®Be) seems questionable. As under progress. The present work is an attempt to estimate

. Sn . ; . he role of structure effects, including those of virtually ex-
is known, °Be is a radioactive nucleus and has a very shor

o - U ; ; . ited clusters, for those experimental conditions. We limit
lifetime, disintegrating into twoa particles during a time

. . . 12 8
comparable to characteristic reaction times. Thus a fourpurselves to consideration of the reactibit(p.p’ )"Be.

body final state results.
(3) The optical-model description of nuclear pairwise in- Il. DESCRIPTION OF THE FORMALISM
teractions in the initial and final states requires the knowl-

Pa

for such systems as-®Be andp-®Be. The only source for

N X , DWIA method. The nuclear structure part is the central
such potentials is DWIA calculations for different transfer

i i point of this work, and we attempt to make as few approxi-

reactions. For example, for the gbove-megntloae?Be SYS® mations and restrictions as possible. All simplifications used
tem one can consider the re_actléi'B(p,a) Be and obtain || pe carefully examined and discussed. For the reaction
the optical potential in the final state by fitting the experi- part we deliberately choose the Glauber eikonal approach

mental reaction cross sections. However such methods intr¢1 7] for description of the protomecluster interaction, with a
duce additional uncertainties into the interpretation of knockyiew to simplify our calculations. The Glauber approxima-

out data. o _ _ tion in the real experimental situation is somewhat doubtful
Despite the limitations of the DWIA method, it remains e {0 relatively small energy of the initial projectile, 296

the most flexible tool for interpretation of experimental \1av and the large proton scattering angles, 35° and 45°.

knockout data. It is worthwhile to attempt to improve it, with Neyertheless we hope that the results of our treatment will be

a view to eliminating at least some shortcomings of thisieasonable, at least concerning the relative contribution of
method. This paper pursues the goal of removing the restrigyira|ly excited clusters to the reaction cross section. In ad-
tion of the standard DWIA method to a definite choice of theyiiion it is possible to introduce a number of corrections

state of the cll_Jster in the target nut_:leus: At the same time th&3,20—23 to the standard eikonal approximation, extending
purpose of this work is to try to find signatures of the so-{e pounds of its applicability.

called “virtually excited” [14—1§ clusters in relatively low-
energy quasielastic knockout reactions.

As the first attempt of this kind, our approach lacks com-
plete rigor. Until now the theoretical treatment of similar We assume the kinematical conditions of the Osaka ex-
reactions was undertaken mostly at high energies of the inperiment. The initial proton beam energy is 296 MeV, the
cident proton and at very large momentum trangfes, 16 knockout cross section is measured in coincidence for two
Then it is natural to apply a relatively simple Glauber de-coplanar laboratory geometries: the emission angles for final
scription[17] of the reaction mechanism. Moreover, in this proton and alpha cluster, respectively, &ne¢,=35° and
case, contrary to the low-energy region, one may use thé,=65.75° (ii) 6,=45° and §,=59.83°. The angles are
unique parametrization of the elementary nucleon-nucleofixed in all our calculationgthe polar axis corresponds to the
scattering amplitudefl8] significantly simplifying the con- incident proton beain The coincidence cross section was
sideration. A particulart?C(p,p’ «)®Be quasielastic knock- measured as a function of the scattered proton energy. Figure
out reaction was the most thoroughly analyzed in this wayl shows the geometry of the experiment and defines the no-
[15]. Unfortunately, up to now experimental investigationstations.

A. Kinematics
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L D I IO B Here we introduce the following notationg;,, p;, and
C ] po are the momenta of the knocked aufcluster, scattered

-~ 6 i proton, and incident proton, respectively, andE’ are total
= C ] energies of thea cluster and scattered protonE(
\u;o C ] = \/p2a+ mza); m, is the proton mass; ant; = — (27/m)gy;
5 4 -] is the transition amplitude whera is the proton-cluster re-
g C ] duced mass. The eikonal scattering amplitude is
a 2 —

YU P B D S g»=m—°fdexqip-><\lf|ﬁ|\1f-> el

200 220 240 260 280 300 iT2n ) P PRI

E, (MeV)

FIG. 2. Energy of the residudlBe nucleus vs energy of the Here p:PO_Pé is the momentum transfep is the two-
scattered proton fof,=35°. The quasielastic peak corresponds todimensional impact parameter vector in the plane perpen-
Ep=260 MeV. dicular to the direction of proton motiony; is the initial
wave function of the target nucleus; al is the final wave
function of the systenar+°Be.

The Glauber operatdn

We use a fully relativistic kinematic description in the
laboratory frame. This is quite necessary with respect to th
incident and scattered proton, but less important for dhe
cluster and especially for the residi#Be nucleus, at least in
the region of the quasielastic peak.

Energies of the emitted cluster corresponding to differ- - R ‘ o ‘ o ‘ R
ent values of scattered proton kinetic enefgyat 6,=35° Q:jzl PE “’jwk+1:j2k<| ijkwl_j[[l @j
vary almost linearly from 80 MeV &t ,=200 MeV to zero 3)

at the kinematical boundary close =278 MeV. In the
region of our main interest, the quasielastic peak, the typical

ePfr:gles (.)Ja (:ILL:Bsters rlange_ frorr]n /1o 42. MeZV.T'r:he en_et:_rgy describes the scattering of the incident proton by the nucle-
ot Ihe residual’be nucleus IS Shown In Fg. 2. The PoSIon oo o they cluster, for all possible multiplicities. In terms of
of the quasielastic peak of the cross section is clearly seen e elementary scattering amplitudép), corresponding to

the pom'g where the momentum of the residual nucleus he scattering of the incident proton by the individual nucle-
zero. This corresponds to the energy=260 MeV of the ons with the momentum transfer

scattered proton. On the next pictyfég. 3) one can see the
angle of flight of the residual nucleus. It is interesting that at
the point corresponding to the quasielastic peaR0°, this

. . 1 .
quantity changes irregularly. &)‘:Tipo f fi(pj)exd —ip;- (p—p;)1dp; . (4)

B. Reaction mechanism

The triple cross section for th#C(p,p’ «)®Be knockout

o ; For the sake of simplicity, we have omitted the formulas
reaction is computed in the usual wgg6]: plcity

which take into account correctiof2l,22 to the standard
Glauber approach. But our actual calculations were made
do My PoEaPE’ with these corrections.

= Tsl2. 1
dE'dQ,dQ, (2m)?  po Tl @
C. The PWIA approximation
110 N T 1 17 l L L ] LI R | I LI LR ] 1 |nma| wave fUnCtiOn
C ] Before using the DWIA scheme, let us examine the sim-
100 — -] pler PWIA approach. It gives the nice possibility to intro-
’E} C ] duce the refined nuclear structure consideration without com-
T g0l _‘ plications connected with the reaction mechanism.
g C ] The initial shell-model wave function of the target
& C ] nucleus is taken in the intermediate coupling scheme
° 80 — —
:I i1 1 ] 1l 1 1 1 | 11 ! 1 I 1 4 1 1 | 11 1 l: P A,JT .
70 V= a A[fINLST:J,M;,M1). 5
200 220 240 260 280 300 ! {[f%,s} sl AL Mo ®

E, (MeV)
Here A=12 is the target mass numbeiff][is the Young

FIG. 3. The angle of the residuéBe nucleus vs energy of the scheme defining the spatial symmetry of the each component
scattered proton fof,=35°. of the total wave functionN is the number of oscillator
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guanta for a given configuration, and the total angular mo- Each component of E5) possesses good quantum num-
mentumJ=L +S. We have the following possible set of bers and may be presented as a superposition of products of
components {[f],L,S}={([44]00),([431]1]),([422]00), the wave functions for the internal states of the clugter
([422]22),([332]11) [27]. In the Young schemes only the particles, N, oscillator quanta and the residual nucleus
p-shell parts are shown to avoid excessively complicated nofA—b particles,N; quanta and their relative motion with
tations. In Table | one can see the main components of the=N—Ny—N; oscillator quanta and the relative orbital mo-
wave function of the'?C ground state along with their cor- mentumA. Using the fractional parentage technique in the
responding amplitudes. TISM [14] we obtain

|A[fINLST:I,M;, M1y => (Aa[fINLSTA—b[f;IN;L1S;T1;nA,b[ fo]NoLoSeTo{ £})(— 1) FLoti*So

X\(23;+1)(2j+1)(2L+1)(2S+1)(2£+1)(2Jg+ 1)

L, S J;
(A Ly £
x{ L Sy ] . > (TiM7, ToM7 [TMy)
S 0 Jo Mt .M ! 0
L s J oo
X > (LoM_,,SoM g, |JoM 3 ) (31 M . jm;[IM)

MLO’MSO’M‘JO'MA'mj ,M‘]l
X (AM ,JoM 5 [im))INAM )| A= B[ f1IN, L1 ST : 1My M+)

X[b[foINoLoSeTo:M Mg, M1 ). (6)

The first sum is taken over possible quantum numbégh [ 2. Final wave function
Ng, Lo, Sp. Tg, Jg Of the cluster, f4], N;, L4, S;, T4, Jq Of

the residual nucleus, and the quantum numbers of relative . . .
motion n, A. We use the following scheme of isospin and Wi = Alexp(ip, - Ry)exp(—iq-Ra-p)

angular momentum coupling:T;+To=T, Ly+S=J,, X W1~ 4[410000:000] (7)
A+Jy=], J;+j=J. The first factor in Eq(6) is the fpc in

The final state wave function

is the antisymmetrized product of the internal wave functions
TISM, and the othgrs are the u_sual CIebsch-G_ordan COefflst the emitteda cluster|b=4[4]0000:000 and the residual
cients, and § and 9 symbols which, together with all alge- 8Be nucleus?A°, and the plane waves corresponding to
braic factors, appear as a result of conversion from the coYpair free motion. The vectay defines the momentum dis-
pling schemeT+To=T, 5;+$=S, A+Lo=L, L1+L=L,  iphytion of the virtually excitedr clusters in the!’C target.

L +S=J, for which the fpc in TISM are usually defin¢di4],  For the internal wave function of the residual nucleus one

to the one used above. can again use the shell-model wave function in the interme-

TABLE I. The components of thé’C ground-state wave func- TABLE Il. The components of théBe ground-state wave func-

tion. tion.
[f] L s alAd [fd Ly St AL s,

[44] 0 0 0.84 [4] 0 0 0.985
[431] 1 1 0.492 [31] 1 1 -0.171
[422] 0 0 0.064 [22] 0 0 —-0.033
[422] 2 2 -0.2 [22] 2 2 -0.019
[332] 1 1 0.086 [217] 1 1 0.011
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diate coupling scheme. We consider here only the grountions and symmetry of the interaction operator. It produces
stateJ"=0" and the first excited stat#"=2" of ®Be with  the usual combinatorial factor. The exponential factor in Eq.
the excitation energy 2.9 MeV which might not be resolved(7) may be rewritten as eXxpip,-R,)expiq-Ra_p)

in the real experiment. The amplitudes for these states, =exp(—ip-R,expiqg-R), whereR=R,_,—R,, is the rela-
tive coordinate of the residual nucleus and the knockedrout
PAb_ al\ b cluster.
{[ff]ELfo} [ff]Lfsf
X |A—b[ff]Nf|_foTf 2 Js :MJf-MTf% (8) 3. Transition probability

are shown in Tables Il and I[127], for the ground and the Taking into account the explicit form for the relative mo-
first excited state, respectively. tion wave function|nAM )= ¢n\(R)Yam,(R) and inte-

The antisymmetrization operatot may be removed due grating over angles of the relative coordind&e we obtain
to the antisymmetry of the initial- and final-state wave func-for the eikonal scattering amplitud&)

iPo A-b,JT
Oni=5_47 X afii's 2 agd X2 (Al fINLSTA=bas[f1]NiL1SiT1;nA bl fo]NoLoSoTo{ £})
T {flLs {[feILeSe) =

I—l Sl ‘-]l
X (—1)ALotiT%0/(23,+1)(2j +1)(2L+1)(2S+1)(2L+1)(2Jp+ 1)) £ So |
L S J
A Ly C N .
X . > (TiMq, ToMy [TMpi > (LoM_,,SoM g |JoM 3 ) (31 M, jm;[IM)
So J JoJmr My, ! 0 My Mg, M3 M mj My, 0 0 1

X(AM . JoM [IMPWos Y am, (@) Bri(P)(A=bLFINeLSiTs: 35, My, My |[A=b[f1]N1L1S,T1:3;My , M ).

9

Here that describes the scattering of the projectile ondrauster
with the possible transition of the cluster from the initial

w intrinsic state into the final state of the real emitted alpha
WnA:f R%jA(GR) ena(R)AR. (100 particle. In the nondiagonal cageith respect to the state of
0 the « cluster,f#i) we call this factor the deexcitation am-
plitude.
We have also introduced the factor Assuming unpolarized protons and nuclei, the expression

for the transition probability, the square @f; averaged over
the projections of initial nuclei and summed over the projec-

_ R tion of final nuclei, takes the form
()= | dp exifip-(p—Ry)1X(4[410000:0000 ol ]

XNoLoSpTog:M| Mg ,M 11 — o A
oboSoTo:MuMey M) - 1911122 2 WoaWar Y am (DY arm, (@)1

TABLE lIl. The components of the 2wave function in®Be.

XByi(p)[Bsi (p)]*. (12
[f] Ly Sy ai L s,
(4] 5 0 0.985 H(_are_ theBy;.(p) differs from theri_(p) by the set of per- _
: missible cluster quantum numbers in the target nucleus. This
[31] 1 1 0.096 complicated expression contains all effects of the interfer-
(31] 2 1 —0.126 ence between various virtual cluster states inside the target
[31] 3 1 —0.063 nucleus.
[22] 0 2 0.01
E;g ; 2 8812 D. Deexcitation amplitudes
[211] 1 1 0.009 From the structure of the Glauber operat8y we obtain

an expansion of the deexcitation amplitudes in terms of the
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scattering multiplicity fer to thejth nucleon,
Bri(p) =B +B2+BP+BY. 13 2m? | | <

Y= B BB B 9 %P=—;WT; f| 2 fi(p)expp:(p~Ry)|i), (19
0 j=1

According to the experimental conditions, we consider in
detail only the two lowest scattering multiplicities, since the
higher-order terms exponentially decrease with the momenyheref andi refer to the final and initial cluster state, re-
tum transfer. spectively. This matrix element is calculated with the use of
For thefirst multiplicity we have, after integrating over the one-particle fractional parentage technique. Thus for the
the two-dimensional vectogs andp; , the momentum trans- internal wave function we obtain the following expansion:

|i)=[4[41NoLoSoToM L, MsM T0>

1
= 2 (4[4INoLoSoTol3[3IN,LoS,To ol 2) > (TZMTZ,—th
N2,L2.,55,T2.n5l5 mg,MT, 2

ToM To)

mEM (LoMy,,lomy |LoM )[3[3IN,L,S,ToM Mg M)
1MLy

1
> (SZMSZ,EmSZSOMSO)

Ms, Ms,

= m,zmszmt2>. (15

Here (4[4]NgLoSyTol3[3IN,L,S,T,,n,l,) is the one-  the corresponding quantum numbers of the residual nucleus.
particle fpc in the TISM,[n,l,3im mm) is the wave For the lowest states of the rotational band @*, 4" we
function of the fourth nucleon, and ha\'ll'i-lt;sre;d?él integral$17) may be easily calculated analyti-
[3[3INL2S, oML M M) is th? wave function of the cally with the harmonic-oscillator wave functions. For the
three-nucleon system. As usual, it is necessary to transforgscijiator radius we use the valug= 1.38 fm obtained from
to a new set of internal Jacobi coordina{gs for the emit- ¢ gjectron scattering data diie [28]. Note that it is nec-
ted cluster. The new coordinate for thén nucleon is con-  gggary to recompute this value for the Jacobi coordinate of
nected with the old one as the fourth « cluster nucleon. Such recalculation gives the
b—1 value 1.6 fm for the oscillator radiug,. The magnitudes of
po—Rp=— X the deexcitation amplitudes are very sensitive to this param-
b b b b—1- . . e g
eter and the choice of an incorrect value may significantly
) ) _ ) distort the results. The one-particle fpc in the TISM used in
After routine computations one obtains the relatively qyr calculations are computed in Appendix A.

simple expression for thB*), For thesecond multiplicity Egs.(3) and(11) give
277.1/2 1 4
W— _; 5 (2)_ 0 (D—D —
B i 5 YLOMLO(p)[fpp-I—fpn] B+ _(Zwipo)2<f 1;<k exdip: (p p; Py 1dp
11 f f . .
x { 4[4INoLo00 3[3]005 5, NoLg X fi(pp f(Pi) exp(ip; - py+ipk- px
11 —ip-Ry)dp;dpyli
><<4[4]ooo#3[3]oo§E,oo>|N0LO(3p/4), P-Ro)dp;dpy >
2 4
(16) _—(@m f (o i p
(2ipg)? f 1§<k f;(p)) fi(Pi) eXRi ;- pj

where the radial integral is defined by

+ipg- pc—ip-Rp) 8(p—p;— Pw)dp;dpy

w i>. (18
() =4m(=1)! [ R )i (PORu(0CIX. (17

In order to calculate the remaining integral one needs to
The first multiplicity transition is diagonal with respect to make the change of variabl&g =p,+p;, Q;=1/2(px—p;)
the spin-isospin cluster quantum numbers which are fixed byvith the Jacobian of this transition equal to 1. Here we ap-
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Table IV. The two particle fpc in the TISM.

No Lo S, T, n, Iy Ns Ly Coefficient Ny Lo S, T, n, Iy Ns Ly Coefficient

0 0 0 1 0 0 0 0 -1 0 0 1 0 0 0 0 0

o wgballElsllallsllal s
oe o Bl sl slm ol slm w6l

4 2 0 1 4 2 0 0 4 2 1 0 4 2 0 0 —\7
330

4 2 0 1 2 2 2 0 -1 4 2 1 0 2 2 2 0 1
J10 J10

4 2 0 1 2 0 2 2 7 4 2 1. 0 2 0 2 2 -7
330 3:}30

4 4 0 1 4 4 0 0 -1 4 4 1 0 4 4 0 0 1
J10 J10

4 4 0 1 2 2 2 2 1 4 4 1 0 2 2 2 2 —1
/15 Ji5

proach the significant point connected with the important For the wave function of the virtually excited cluster we

approximation used in standard Glauber calculations, can again use the fractional parentage expansion, but now
1 1 with the two-particle fpc. They may be calculated by analogy
fj(i p=* QJ-) =f, 3 p)_ with one-particle ones, see Appendix A. Table IV contains
all two-particle fpc’'s needed for our purpose. The transfor-

This approximation assumes that the nucleon momenta irmation to the set of the cluster Jacobi coordinates reads in
side the target nucleus are significantly less than the momefthis case

tum transferred to the nucleons by the incident proton. In our

case the momentum transfer as a functiorEgfsmoothly

changes in a narrow region between 460 and 475 MeV/ X=p—p;
Thus the above assertion seems to be too optimistic and un-

substantiated. As we mentioned, this approximation can be

easily improved using, instead of the standard replacement,

the expansion of the elementary nucleon-nucleon amplitude

f; over the ratio|Q,|/|p|]. We will use the simple standard

replacement in writing the formulas, for the sake of simplic-

ity, but will allow for the possibility of their modification. fz _PitPc R
Now we can integrate ove®; which leads to 2 2 b
4
—(2m)* p\. [P
B =" (f fl o)l = | 8(pe—p:
" (27ipg)? 1=§j:<k 2] 2 (P p) wherex is the intrinsic Jacobi coordinate of a two-nucleon

system andX is the relative motion coordinate of two-

Pt Px , nucleon pairs.
-R i). 19
2 b) H > (19 After rather routine work one can find

xexp{ip
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(2m)*

BiY)=-65—— > (4[4]NoLo0T,|2[2]00S,T2; N5l 5,2 2]N3L5S, To{Lo})
(27iPo)“s,,Ty.ny 15 Ng L Ts

X(4[4100002[21005;T;;00.12]008,To{0}) 3% (ToMr, TsM,|ToM,)(~ 1)z,

2ol

X(000] 8(x)N3LgM ). (20)

1
V2T,+1

T;M T3>

m|2

1 1/2 R
X ,ML3(L3ML3’|2'm'2|LOML0){E} YI2m|2(p)|n2I2(p/2)<T2_MT2

Further simplifications result from the fact thais a two-dimensional vector which lies in the plane perpendicular to the
proton direction. The transformation matr&(nlm;ngmn,) from spherical wave functions to cylindrical ones, which is

necessary for calculatin00&(x)|NsL3M, ), is derived in Appendix B, and the values of the matrix elements are placed in
Table V.

After lengthy calculations one may obtain an expression for the deexcitation amplitudes of the second multiplicity

) 12(77)1/2 R
B = o xa? o 2%, 1 YoMy (PYC(NaL30iN00) (LsOI oMy [LoMy )y, (P/2)
(fpp+fpn)2
X T(4[4]NOLOOO|2[2]0010112I2,2[2]N3L310{L0})<4[4]000q2[2]0010;00,22]0010{0}}
f2ptfon
+T(4[4]N0L000|2[2]0001;nzl22[2]N3L301{L0})<4[4]000q2[2]0001;00,22]0001{0}). (21)

Now it is possible to evaluate the relative contribution of consideration all scattering multiplicities higher than the first
the processes of first and second multiplicities. A rough esene. In this case the theoretical treatment is greatly simpli-
timation of the ratioy,;=B{?/B{} gives the following re- fied.
sult: the estimated ratio depends upon the vdlgg/py; in
real experimental conditior(gt fixed initial kinetic energy of
the incident proton of 296 MeV, and at relatively small mo- ) )
mentum transfer 460—475 Med} y,, does not exceed 1%. Here we present the final expressions for the Glauber
The same is approximately true for all consecutive ratiodransition amplitudes taking into account only processes of

. ) the first multiplicity. In this case one can sum explicitly over-
Yn+1n- Therefore it is possible to exclude from the furthera” angular-momentum projections and obtain the result in

terms of the Legendre polynomials of the angle between the
. _ _momentum transfer and the recoil momentum of the residual
TABLE V. The elements of the transition matrix from spherical ncleus. If the residudiBe nucleus is detected in its ground
to cylindrical coordinates. state, we immediately find

E. The first multiplicity amplitude in the PWIA

. fo+f
Nj Ls C(N3L30;N300) __.pp’ 'pn a12,00 3800
" ooyr uftu [”’L’L{[fl],ELl,L} fabba
0 0 1
5 X >, (1Zf]8LLO|8[f,]4L,LO0;
2 0 z No.Lo
3
1 4—NoLo,4[ 4]NoLo00{0})(—1)-*11
2 2 = 11
V3 x(—i)LO\/2L0+1<4[4]N0L0003[3]005E,NOL0>
4 0 E
15 - s
A X B X Py (cogq,p)lIn,L,(3p/4) Jo R%j,(aR)
21
. , 3 X Ry-ng,(RIR. (22)
35

Table VI collects thex-particle fpc in the TISM.
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TABLE VI. The a-particle fpc in the TISM.

[f] L [f] Ly £ Ny Ly A Coefficient [f] L [fJ Ly £ Ny Ly A Coefficient
3 -7
44 0 4 0 0O 0O 0 O = 431 1 [30 1 2 3 3 1
[44] [4] 10723 [431] [31] AT
[44 O [4 0 0 2 o o __t 43 1 [31] 1 2 4 2 0 i
3165 6165
—2 —3\/§
44 0 4 0 0 2 2 2 - 431 1 [31 3 2 0 0 2 i
[44] [4] 5% [431] [31] 50yzs
22 -7
44 0 4 0 0 3 11 oNe 431 1 [3 3 2 2 0 2 v
[44] [4] 575 [431] [31] 207
_2 -7
44 0 4 0o 0O 4 0 o Y2 431 1 [3] 3 2 2 2 0 v
[44] [4] i [431] [31] 2075
[44 O [4 2 2 0 0 2 i 43 1 [31] 3 2 2 2 2 1
4.\/110 20,66
NG V7
44 0 4 2 2 2 0o 2 N 431 1 [3] 3 2 3 1 01 YL
441 4] 64330 431 31 20\/165
(44 0 [4 2 2 2 2 0 i 43 1 [31 3 2 3 3 1 o
6+/330 20,55
1 -1
44 0 4 2 2 2 2 2 — 431 1 [31] 3 2 4 2 0 -
[44] (4] 37550 [431] [31] YNeT
_f7 -9
44 0 4 2 2 3 11 v 431 1 [3] 3 4 0 o0 4
[44] [4] TNeE [431] [31] a0
-1 -1
44 0 4 2 2 3 3 1 - 431 1 [31] 3 4 4 4 0 ——
[44] [4] N [431] [31] N
1 3
44 0 4 2 2 4 2 0 — 431 1 [31] 3 4 2 2 2
[44] [4] N [431] [31] 2073
[43]] 1 [31] 1 O O 0 o0 £ [431] 1 [31] 3 4 3 3 1 o
20422 1011
1 -3
431 1 [31] 1 O 2 0o 0 — 4227 0 [222 O O O O O ¥
[431] [31] T [422] [22] 1675
1 -5
431 1 [31] 1 O 2 2 2 — 4227 0 [222 O 0O 2 0 O v
[431] [31] 5% [422] [22] YNee
[43] 1 [31] 1 o0 3 1 1 £ 4220 0 [222 O 0O 2 2 2 1
1533 1233
1 1
437 1 [3] 1 O 4 0 0 @— 4227 0 [22 0 O 3 1 1 —
[431] [31] 3735 [422] [22] 6766
V21 -5
437 1 [3 1 2 o0 0 2 Vo 422 0 [222 O O 4 0 O ¥
[431] [31] 2075 [422] [22] PN
7 -3
431 1 [3] 1 2 2 0o 2 - 422 2 [222 2 o0 o0 o o N2
[431] [31] T [422] [22] 20753
7 -1
431 1 [B31] 1 2 2 2 0 — 422 2 [222 2 O 2 o o0 __—_
[431] [31] e [422] [22] TN
437 1 [31] 1 2 2 2 2 i 4220 2 [220 2 0 2 2 2 1
30,33 30y33

4311 1 [31] 1 2 3 11 4220 2 [222 2 0 3 1 1 1566

15330
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TABLE VI. (Continued).

[f] L [fq] L, £ No Lo A  Coefficient [f] L [f4] L, £ No Lo A  Coefficient

[4221 2 [227 2 O 4 0 o0 1 [4221 2 [22 2 4 2 2 2 ﬂg
61330 4011
-\3 -\3
4220 2 [221 2 2 0 0 2 ¥ 4220 2 [220 2 4 3 3 1 Y2
[422] [22] o/ [422] [22] 10/
[422) 2 [220 2 2 2 0 2 __ﬁ [4221 2 [221 0 2 0 0 2 —_J2—1
24/165 32,55
[422] 2 [220 2 2 2 2 0 __ﬁ [422) 2 [220 O 2 2 o 2 __
24\/165 48,/165
[422] 2 [220 2 2 2 2 2 [422) 2 [220 O 2 2 2 o
12\165 48,/165
7 _
[422] 2 [220 2 2 3 1 1 L [422) 2 [220 0O 2 2 2 2 _ﬁ
30,66 24./165
1 7
4220 2 [220 2 2 3 3 1 = 4220 2 [222 o 2 3 1 1 "
[422] [22] 005 [422] [22] =
1 V7
[422] 2 [22) 2 2 4 2 0 = [422) 2 [220 O 2 3 3 1
1233 6022
[4220 2 [227 2 4 0 0 4 ﬂg [4221 2 [222 0 2 4 2 0 __ﬁ
80\/22 2433
[422] 2 [22) 2 4 4 4 0 V3
4110

For the transition accompanied by the excitation of the lowest excited Iével the residuafBe nucleus we have a more
complicated expression:

20
gfi_f

fo +f al%00 a8 12 f]8LLO|8[f,]4L,L0;4—NyA 4 4]N,L,00{2
(Toptfon) & @ity 20 @i, 2 (1A1BLLOBIT]4L oA 4 4]NoL000{2})

11 -
X (— 1)'—+L1iA< 4[41NoL003[3]005 E,NOL0> IN0L0(3p/4)J R%j \(AR)Rs_n A (R)IR
0

X 2 (=DMAAM LML 2= M) Y am, () Yigw, (P)- (23)
LoMA

Here M, is the projection of the final angular momenta of cussed in the Introduction one needs to account for the
the 8Be nucleus. This expression may be transformed into aistortions. For the sake of simplicity, we consider here only
more suitable one, taking into account that the cross sectiothe distortions in the final state due to thé’Be interaction.

depends upon the square of the absolute valug;;of This seems reasonable keeping in mind the relatively low
energy of a-®Be mutual motion(about 20 MeV near the
F. The first multiplicity amplitude in the DWIA guasielastic peakThe interaction between the initial proton

Direct comparison of the PWIA calculations with the ex- and the?C nucleus, as well as between the scattered proton

perimental data is not quite reasonable, due to the large agnd the residuafBe nucleus, may be taken into account in
sorption under experimental conditions. For the reasons dighe same way. Because of the higher energy of relative mo-
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two-body Schrdinger equations. We postpone the discus-

_ C SRR AR sion of which optical potentials were used until the next
& I A section.
E 1072 £ -3 The wave function of the final state in this case may be
= E ] written, instead of Eq(7), as
g c ]
= £ / \ 4 - . ~
g sl / \ Wi =exdi(p,—a)-RalA
g E \ 3 _
E \ 3 X[x7(k,R)¥7?|4[4]0000:000]. (24)
S r ~ ! -
i /I/ \\ | | 1 | T Herek is the momentum of relative motion of the emitted
1074 Lo Lol o L S cluster and the residudlBe nucleus,R, is the center-of-
200 220 240 260 280 300

mass vector of the target nucleus.
The distorted wavey'(k,R) may be expressed as the

. ) . ) partial-wave expansion,
FIG. 4. The triple-differential cross section of the

2C(p,p’ @)®Be reaction atg,=35° calculated in the PWIA. The *

dashed line shows the contribution of the diagonal, with respect to X 7% (k,R) :4’772 E (—i)'x*(k,R)
the states of the knockedout cluster, transitions. The solid line 1=0 m=-I

corresponds to all possible transitions from virtually excited states
of the « cluster inside the target nucleus.

E, (MeV)

X[Yim (R)T* Y i (K). (25

Using standard geometrical transformations one can obtain
tion in those last pairs compared to theBe pair, we ne- the final expression for the Glauber transition amplitude. We
glect these distortions in the first approximation. write it only for the transition to the ground state of the

We will consider distortions in the framework of the usual residual nucleus, because the difference between this transi-
DWIA procedure by introducing the optical potentials, with tion and transitions to the excited states &8e is merely
their real and imaginary parts, and solving the correspondingechnical:

55
=/ — (f  +f al%00 ad% 12[f]8LLO|8[f,]4L,LO0;
Ori \/;( pp pn){[f]’EL’L} [f],L,L{[fl]‘;_l’L} [fl],Ll,LN§_0< [f] 18[f1]4L,

11
4—NoLo,4[4]NoLo00{0})(— 1) 17H{ 4[4]NgL 00 3[3] 5 3:NoLo) InyL,(3P/4)

X > (=i)*'y(=1)7"(21,+ 1) V21 +1(L0,,0[10)(1,0,0[L,0)

1Li=0

- 2
X P,[cosKP)] JO szll(§ pR) XF (K R)Ra_ 1 (R)AR. (26)

The argument of the Bessel function in the last line is due tseenj(ii) the optical potentials used in the DWIA to account

the relative motion part of exp-2ip-r). for distortions have various uncertainties which obscure the
treatmentsiii) it is known that the main qualitative features
Ill. RESULTS AND DISCUSSION of the energy dependence of the cross sectmn not the

absolute normalizationcan be sufficiently well reproduced

Now we discuss the possibility of observing evidence ofin the PWIA schemé4].
virtually excited clusters in the quasielastic knockout experi- Figure 4 shows the triple differential cross section of the
ments. We restrict ourselves to the typical reaction of thig€action as a function of the scattered proton energy for
class C(p,p’ a)®Be. It is reasonable to expect that for 6p=35°. The actual calculations were carried out with the
other quasielastic knockout reaction®Be(p,p’«)°He, parametrization of the elementary nucleon-nucleon ampli-
"Li(p,p’ @)3H, and SLi(p,p’@)2H the situation does not tude taken froni30],
change dramatically.

First of all we examine this reaction in the framework of 0
the Glauber PWIA approximation. The reasons for this are _ Poo .  a2n2 _ pr2p2
(i) the PWIA approach is simple and transparent, so one can f(p) A [i exp(=pp 2+ & exp( = B7°p7/2)],
hope that the effects of nuclear structure can be more clearly (27)
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TABLE VII. The parametrization of the elementary nucleon-
nucleon amplitudes.

llll]lllllllll’|llllll

% 1078 —
p-N o(mb B (GeVik) 2 B2 (GeVik) 2 ¢ z 3
p-p 25.0 13.6 24.2 1.22 E 104 —
p-n 47.7 17.9 25.0 0.84 3 3
8

\
with the values of the parameters indicated in Table VII. The ',

maximum of the cross section is situated precisely in the 6 oyl .'n'.li'L. ol
q_uasifree scattering region where the momentum of the re- 10 200 220 240 260 280 300
sidual ®Be nucleus vanishes. The contribution from the di- E, (MeV)

agonal transition with respect to the states of the emitted

ﬁil;?rt]?r E’ S:[?lgwt\rI:/:)I/atthsdtasgnidcljl:(; tl—hcl)? tﬂzrtv\llzvdeef‘ﬁgztlir:;d FIG. 6. The same as Fig. 4 but for the transition into the first
y ¥2 g ponent excited 2 state of the residual nucleus.

of target *°C and residuafBe nuclei with quantum numbers

[f]1=[44], [f,]=[4], L=L,=5S=8,=0 and [f]=[431], , Lo -

[f,]1=[31], L=L,=S=S,=1, respectively. The other com- weak, but the combined contribution via their interference

ponents are substantially smaller and they manifest themith diagonal counterparts becomes noticeable. The ratio of

selves main|y through the interference with the main CompoIhe Val-ues between the !:WO curves in the region of quaSifree
nents. The full contribution from all possible transitions is Scattering reaches 2. This demonstrates the importance of the

shown by the solid line. In this case a number of possibleeffect of virtually excited clusters and makes a more accurate

transitions are determined by a number of possiblduster ~ {reatment desirable. Remember that we use a rather rough
states inside the target nucleus. The knockedmutuster ~ Glauber approach, which is based on an empirical parametri-
may possess the following sets of quantum numbers in théation of elementary nucleon-nucleon amplitud@g] for
standard shell-model schem#) N,=0, L,=0, usuala par- high energies and small scattering angles, at relatively small
ticle ground state2) Ny=2, L,=0; (3) Ng=2, Lo=2; (4) energies and scattering angles which are too large for thls
No=3, Lo=1; (5) Ny=3, Lo=3; (6) No=4, Ly=0; (7) approach. Therefore our results can be considered as a first
No=4, Lo=2; and(8) Ny=4, L,=4. Taking into account €vidence only. _ _
this classification and the shell-model structure of the wave Figure 5 shows the same cross section as Fig. 4 but for
functions(Tables | and I} one can easily find the number of @nother proton scattering angh,=45°. We obtain qualita-
permissible transitions. tively the same picture as earlier but with a significantly
We do not consider here possiblecluster states with lowered magnitude. This may be a consequence of the pa-
spin-isospin excitations because the lowest states of the rédmetrization of elementary nucleon-nucleon amplitudes, Eqg.
sidual nucleus automatically select the cluster states withodg?). Which is hardly justified at scattering angles too large
such excitation. But this conclusion is valid only for crossfor the Glauber approach. _ _
sections summed over all spin projections. An experiment Figure 6 shows the knockout reaction cross section at the
with polarized protons is, in principle, capable of probing Same k.|nemat|c conditions as Fig. 4 but for the events when
spin-isospin excitations as well if the final polarization char-the residual nucleus appears in the lowest excited state 2
acteristics are measured. In this case one needs to explicitifith excitation energy 2.9 MeV. It is expected that the cross
introduce the spin-isospin dependence of the elementar§ection for such events is much lower than that for the tran-
nucleon-nucleon amplitudes. The situation is similar ancbition to the ground state. Figure 7 is analogous to Fig. 6 but

complementary to that in the electron knockout experimenflémonstrates the cross section fr=45°. The ratio of the
[29]. maxima of the cross sections corresponding to transitions to

Each of the nondiagonal transitions by itself is ratherthe excited and ground state 8Be does not exceed 3%.

LIS T 1T 71 LI S B | L L LI L B M | LA L LI S A | T T T T T 1
_ | | | I ] < i i
B 10~3 -3 % i
c 3 =]
2 ] E ~
& 10 3 H :
] 3 .2 - E
e ] 2 A i
% w0 !
2 E S ‘
O 3 | 4
10—6 Ll L\-J ’l bl l LoL L l\l \l 11 L1l '- 10—6 AT | Ll |‘| L 1[\ 1 i | AR
200 220 240 260 280 300 200 220 240 260 280 300
E, (MeV) E, (MeV)

FIG. 5. The same as Fig. 4 but fgp=45°. FIG. 7. The same as Fig. 6 but fop=45°.
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T T 1T°7 L I LI B A | I LR L | T 17T L B B | | 1 T T | T T U7 | LR T
K L 1 % o-2
> 107% &= —
< -2 - — % E 3
s 0Tk 2 : E
£ - ] :’3‘/ i s 1
2 £ -3
g -3 L — g 1077 / \ 3
: O .- e : 2% ]
2 C ’ ] 3 C 7
© F / b & B r \ h
r / T r / \/ I 7
10—4 VA | [ | | Lt | 11 l| [ | 10—4 I | | F T | 1 I | [ ||l} | I |
200 220 240 260 280 300 200 220 240 260 280 300
E, (MeV) E, (MeV)

. . o FIG. 10. The results of DWIA calculations for the transition into
FIG. 8. The sum of the cross sections, depicted in Figs. 4 and 6‘lhe ground state of théBe nucleus and,=35°. The notations are

L . . . the same as in Fig. 4.
This is important because, if the final states of the residual

nucleus are not experimentally resolved, one needs to kno

the relative fraction of different transitions. imaginary part slightly increasd83]. Instead of the value

In Figs. 8 and 9, the integral cross sections for two differ-_89_9 MeV for the real part of the optical potentfal0] we
ent proton scattering angles are shown. They are the sums RE

th " for the t i o th d and fi ve introduced the energy dependence in the form of
e cross sections for the transitions to the ground and fir o(E)=Vo(1—71n E) and selected the value of the param-

excited states of the residual nucleus. The notations are ”qurnzo 035 if energy is measured in MeV. The strength of
same as in previous figures. the imaginary part of the optical potential in the region of the

Final_ly, in Figs. 10 and 11, again_fcﬁp=35° and 450' quasifree peak was nearly2.5 MeV. Unfortunately, there
respectively, we present the calculations of the qua&elast@xists no justified optical model potential for the’Be sys-

knockout cross section taking into account the final-state 'nfem; the use of the corrected®Be potential[10] implies

t8eract|on between the emitted particle and the residual ' nunown uncertainties because the structure of the two Be
Be nucleus. Here we have taken into account only the trarﬁ'sotopes is very different

sition into the ground state of the residual nucleus. We see
the essential distortion effects in the redistribution of the

reaction strength. The quasielastic peak is much more pro- IV. CONCLUSIONS

nounced as compared to the secondary maxima. It is more We performed calculations for the quasielastic knockout
narrow and slightly shifted to high energies. The comparison P q

Wih he PWIA calculations, Figs 4 and 5, shows tnat e "G, 8078 hiser fom e s shelmode) tuceus.
main result of distortion is revealed through the interference ™ J

of different excitation amplitudes which turns out to be de_questions rejated to the problem of the existe_ncg of exci.ted
structive in the region of the secondary peak. In the region o?IUSter conflguratlons.' Relevant spectroscopic .|nf.ormat|on
energies below the quasifree peak, the excited cluster coiyAnnot be extracted without a reasonable description of the
figurations in the target increase the observed cross sectiJﬁaCt'On mechanism. The usual the(_)re_tlcgil approach_es, such
by order of magnitude. as the quuber method, have th.elr limitations, espemally for
The shortcoming of the whole approach is associated wit ot very h'gh energies and reIat!ver large scattering _angles.
the lack of information concerning the final-state optical po- vcselr?ct:rljeo;:L]:t?;rg?:tlluosqcecrogr?dertwggretziilL?a?ltﬁjclzlgztseglgmfr;er
tential. In the calculation we used the optical potential taker} e o
from [10] and corrected according to the standard prescrip_source of uncertainties. Nevertheless some preliminary con-
tions: the strength of the real part of the optical-model po-

Yéntial decreases logarithmically with eneff@®,32 and the

3 -l LU | UL I LR I T | LI

10—3 ET T 1771 | LI ﬁl LI ] | LI | LI = N: 10 §_ —‘i
- : ] 3 : ]
& C ] = L ]
2 - 7 T 1074 3
T - < 3 :
3 3 3 2 C .7 ]
E E u g - Vi -
g C ] 2 1075 |-~ -3
= S = 3
2 -5 L~ — 3 F f 3
; 10 3 3 ://\ \ ]
é E \ E 10—6 I/|lIIL[ Lll[LLLLllIlI'!I

- \ : 200 220 240 260 280 300
10—6 Lt I RN l [ l W I Lo Ep (MeV)
200 220 240 260 280 300 _ o
E, (MeV) FIG. 11. The results of DWIA calculations for the transition into

the ground state of thEBe nucleus and,=45°. The notations are
FIG. 9. The sum of the cross sections, depicted in Figs. 5 and the same as in Fig. 5.
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clusions can be drawn already at this stage. the four-nucleon configuration are arbitrary and compatible
The traces of virtually excited clusters are present even awith the Young schemef] =[4], irrespective of the shell to
relatively small scattering energies. which the nucleons belong.

The contribution of deexcitation amplitudes in a total re- In our calculations we use the general prescription for the
action cross section, taking into account all virtual channel€omputation of the fpc in the TISM given if34]. The
and their interference, strongly depends upon momenturmethod is a modification for the TISM of Redmond’s for-
transfer and energy of the incident particle. At sufficiently mula[35].
large energies when the different scattering multiplicities are  Since[3]Xx[1]=[4]+[31], we can choose
getting more important, the effects of virtually excited clus-

ters are expected to be more pronounced and apparently

more observable due to the interplay of a greater number of ‘3[3]005 §’NL:L00>

harmonics associated with different permissible states of the

emitted cluster. as a parental state. In this case we automatically obtain a

In the energy sharing experiments the difference betweegorrect result due to incompatibility of spatial symmeftdyt]
diagonal and nondiagondith respect to the states of the and spin-isospin quantum numbe8s-0, T=0. Operating

emitted cluster transitions and therefore cross sections ison the parental state with the antisymmetrization operator,
mainly quantitative. An angular distribution experiment we obtain

seems to be more efficient to display the signatures of the 1 3
virtual cluster states. It is possible to chose such kinematical P .
conditions that the deexcitation amplitudes may have maxi- [4[4]NLOO)= Q 1 .:21 Pia
mum values when the diagonal ones have minimum values.

It is reasonable to look for the presence of virtually ex- X
cited nucleon configurations in polarization experiments. The
electron-scattering experiments made in parallel would b&hereP;, is the permutation operator a@@ is the normal-
very useful to clarify the situation. ization factor.

The contribution of the first excited state of the residual Denoting for brevity

3[3 001 L NL:LOO
[ ] 55! . ’

nucleus,®Be in the considered case, is suppressed at not very 11 11
high energies compared to the contribution of the groundlly ={ 3[3]005 5 ,NL:L00 P3,43[3]00 - ,NL:L00),
i : : 4 22 22
state. This can be useful for the interpretation of experiments
with limited resolution. we obtain
\ 1_ 3HNL
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APPENDIX A: ONE-PARTICLE FRACTIONAL 1 111 1 111
PARENTAGE COEFFICIENTS IN TISM XW(— SO = ) (— - = )

We need the following one-particle fractional parentage
coefficients for the calculation of first scattering multiplicity

deexcitation amplitudes: X (—1)S"T*L(NL,00:£|1/8NL,00:L)
B 11 11 2

These fpcs describe the separation of a nucleon from a fully X (NL,00:L|1/8NL,00:L).

symmetric spatial four-nucleon configuration with the anti-

symmetric spin-isospin part of the wave function. The num-Here the (NL,00:L|1/8NL,00:L) is a usual Talmi-
ber of oscillator quant& and total orbital momenturh of ~ Moshinsky-Smirnov coefficient equal in our case to (1/8)



316 ALEXANDER A. SAKHARUK AND VLADIMIR ZELEVINSKY 55

Taking into account that for the one-particle fpc we al- (21—2s)!
ways have factorization into orbital and spin-isospin parts 2 (—1)° Sl(I—s)(I—m—2s)!
and using the particular values of spin-isospin fpc and the s=0 ' ’ '
standard notationgl4], we obtain

X iy Mol —m—2s nfl+25.
11 (x+iy)Mz r
3[3]00; 5{2[2]00S T,00

~.11 ~ Now one can use the binomial expansion
=(3[31012[210,4 110){ (sH[ 315 5/ (svZ Z2IST
n—I+2s
~ 11 ~ n—l+2s_ [(n—1+2s)/2]! 2tn—I1+2s-2t
=<3[3]0|2[2]0,J[1]0><(st)3[3]§5 (st)2[2]8T> ' - 2*0 t(n—1+2s)2—t)t P * '
\ﬁ if T=0 andS=1, The main term in powers daf in the expansion of the one-
% 2 dimensional oscillator function is/2"z/n,!z"z. Comparing
1 . the powers of z, we have n—m—2t=n,, and
-4/ fT=1 andS=0. t=(n—m-n,)/2=(n,—m)/2 which eliminates the corre-
sponding sum.
Thereforelly, = (—1)-"*37N, and, finally We repeat the same procedure for the two-dimensional

remainder which is to be compared with the main term of the
1 wave function in the two-dimensional polar coordinate
Ay =— \/1_(_1)L+131—N . . . .
NL™H : frame. This gives the final result for the transformation ma-
trix defined in Sec. Il D,

APPENDIX B: TRANSITION MATRIX

TO CYLINDRICAL COORDINATES C(nlm;ngmny,)
In spherical coordinates the oscillator function is
(rInim) =Ry (r)Yim(6,¢) where =27 (Fn(—g){namDizeem
112+1 2\ (=02 4 k
r D" o
Rm(r):mex —EZ kEO ki r (2I+1)(n—|)”(I—m)'nzl[(1/2)(n0+m)]'
0 0 = '

(n+1+D)1A+m)![(1/2)(ng—m) ]!

Vin=D(n+1+ 1)

1

T - 1 +2k+ 1)1 e -1)8
(n—=I1-=2Kk)!" 21 +2k+ 1)1 X[(n—l)/Z]! ES (—1)
Omitting the common exponential factor exp(?/2r 3)
and using the expansion of the spherical function in Carte-
sian coordinates, the leading term in powers a¢ propor- % (21 =29)![(n—1+29)/2]!
tional to sl(l=s)!(l—=-m=2s)![(m—=1+2s+n,)/2]!"
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