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Cluster form factor calculation in the ab initio no-core shell model
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We derive expressions for cluster overlap integrals or channel cluster form factais ifatio no-core shell
model (NCSM) wave functions. These are used to obtain the spectroscopic factors and can serve as a starting
point for the description of low-energy nuclear reactions. We consider the composite system and the target
nucleus to be described in the Slater determin&®m) harmonic oscillatofHO) basis while the projectile
eigenstate to be expanded in the Jacobi coordinate HO basis. This is the most practical case. The spurious
center of mass components present in the SD bases are removed exactly. The calculated cluster overlap
integrals are translationally invariant. As an illustration, we present results of cluster form factor calculations
for (*He|*He+n), (*He>H+d), (°Li|*He+d), (°Be|®He+He), ("Li|*He+3H), ("Li|SLi+n), (®Be|CLi+d),
(®Be|’Li+ p), (Li[BLi+n), and (**C|*?C+n), with all the nuclei described by muli€l NCSM wave
functions.
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[. INTRODUCTION translational invariance. Consequently, one may choose the
coordinates according to whatever is more efficient for the
problem at hand. In practice, it turns out that &ke3 system

is the easiest solved in the Jacobi basis, Akl system can

e solved either way with the same efficiency when only

e . two-body interaction is utilized, but the Jacobi basis is more
initio no-core shell modeINCSM) [3] can predict the low- efficient when the three-body interaction is included. For

lying levels inp-shell nuclei. It is a challenging task to ex- systems withA> 4, it is by far more advantageous to use the

tend theab initio methods to describe nuclear reactions. Th'SCartesian coordinates and the Slater determin@py basis

is in particular true for low-energy reactions where detalledand employ the powerful shell model codes leroINE [5]

know_ledge of nuplear structure is important. The first_capturqhat rely on the second quantization techniques. While the
reaction calculations using the GFM®r rather variational NCSM eigenenergies are independent on the choice of coor-
Monte Carlg wave functions were performg@]. Concern-  ginates the eigenfunctions obtained in the Cartesian coordi-
ing the NCSM, in order to take the first steps in this direction5te Sp basis include &0 spurious center of mass.m)
one needs to understand the cluster structure of the eigeEomponent.
States, i.e., to Ca|CU|ate the Channel Cluster form faCtorS. Our goa| iS to Calcu|ate the Channe' C|uster form factors
Those can then, e.g., be integrated to obtain the spectrgegardless of the choice of coordinates. Obviously, the most
scopic factors. At the same time, starting from the channefiesired case is the one corresponding to the most efficient
cluster form factors, one can attempt to set up an approach ighoice, i.e., the projectile, that is, the lighter nucleus of the
the spirit of the resonating group meth@®GM) [4] to cal-  binary system, consisting af<4 nucleons described by a
culate radial wave functions describing the relative motion ofJacobi coordinate wave function, while thenucleon com-
the binary clusters and then obtain the cross sections. Thigosite system and théA-a)-nucleon target, that is, the
paper addresses the issue of the channel cluster form factbeavier nucleus of the binary system, described by wave
(or cluster overlap integral or reduced width amplitude forfunctions expanded in the SD basis. To obtain the physical,
two-body decay calculations in the NCSM. translationally invariant cluster form factors we must remove
The principal foundation of thab initio NCSM approach completely the spurious c.m. components.
is the use of effective interactions appropriate for the large The ways how to remove these components and obtain
but finite basis spaces employed in the calculations. Thesghysical matrix elements of different operators were investi-
effective interactions are derived from the underlying realis-gated in the pag6—-12. At the same time, the single-nucleon
tic internucleon potentials through a unitary transformationas well as cluster overlap integral and/or spectroscopic factor
in a way that guarantees convergence to the exact solution aslculations were investigated in many papers; see, e.g.,
the basis size increases. For the basis, one uses antisymniRefs.[13—-23. In many cases, however, the basis space was
trized A-nucleon harmonic-oscillatofHO) states that span limited to a single major HO shell. In the NCSM, the basis
the completeN,,,,,/1() space. A disadvantage of the HO basisspace spans several major shells. In general, it is necessary to
is its unphysical asymptotic behavior, a problem that must beevisit and adapt the techniques of the channel cluster form
dealt with by using a large basis expansion and/or a renoffactor and spectroscopic factor calculation and the spurious
malization. On the other hand, the nuclear system is translaenter-of-mass motion removal to make them applicable for
tionally invariant and, in particular in the case of light nuclei, the NCSM. In an earlier investigation, we addressed the spu-
it is important to preserve this symmetry. The HO basis is theious center-of-mass motion problem for the density operator
only basis that allows a switch from Jacobi coordinates tq23]. In this paper, we focus on the calculation of the channel
single-particle Cartesian coordinates without violating thecluster form factors.

There has been a significant progress indbeinitio ap-
proaches to the structure of light nuclei. Starting from the!
realistic two- and three-nucleon interactions methods such
the Green’s function Monte Carl(GFMC) [1] or the ab
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In Sec. Il, we present the derivation and the algebraic R (A-aal 1 . )
formulas for calculating the channel cluster form factors Na-a = A ATa(rl”z’f +Taa)
from the NCSM wave functions for projectiles consisting of
up to three nucleons. In Sec. Ill, applications to several light _ E(F - (10
nuclei systems are discussed. The conclusions are drawn in a At ok

Sec. IV. In the Appendix B, we give the algebraic cluster
form factor expression for the four-nucleon projectile.

Il. CLUSTER FORM FACTOR AND SPECTROSCOPIC
FACTOR CALCULATION

- 211
a_:\/i—r_w* ~Facz|, 1f
A-2 3|:2( A-1 A) A 2:| ( )

In this section we derive expressions for the channel clus- Su = \/E[F ] (19)
ter form factors for a composite system Afnucleons, a ATLT N gL AL AL 9
projectile ofa nucleons, and a target @&-a nucleons. All
the nuclei are assumed to be described by eigenstates of thiere, §0 is proporuonal to the center of mass of the

NCSM effective Hamiltonians expanded in the HO basisa-nucleon systemR= \1/A§0 On the other hancg is pro-
with identical HO frequency and the same definitior the  portional to the relative position of thg+1)st nucleon and
eigenstates of the same pajity differing by one unit of the  the center of mass of thenucleons. Thej,_, coordinate is
HO excitation(for the eigenstates of opposite pajifefini-  proportional to the relative position between the center of
tion of the model space. We limit ourselvesae=4 projec-  masses of the two interacting clusters, i.e., tfe-a)-
tiles. In such a case, the projectiles can be efficiently de- 2 .
ucleon target and tha-nucleon projectile. Thea¥ coordi-

scribed by a Jacobi-coordinate HO wave functions. The!

target and the composite system is assumed to be descnbeates appear only fa> 1. Let us rewrite Eqy1¢) and(13)

by Slater determinant single-particle HO basis wave func@s

tions, which is in general more efficient fé&x>4. In this a- A-a-

section we present results far1,2,3. Thecluster overlap Naa= \/j -\ — R, (29

integral for thea=4 projectile is given in Appendix B. The A A

NCSM effective interaction theory is not repeated in this

paper. It can be found in R3] for the case of two-nucleon > a a-

interactions and in Ref24] for the case of two- plus three- o= m.* ZRﬁ.m.y (2b)

nucleon interactions. )
where RA2=\[1/(A=a)[f +Fp+ - +Faqy]  and RE,.
=\1/a[Fp_ger+ - +al. Following, e.g., Ref[26], the HO
wave functions depending on the coordinatstransform

A. Coordinate and HO wave function transformations

We follow the notation of Ref[25]. We consider nucleons S
with the massn neglecting the difference between the proton
and the neutron mass. For the purpose of the present paper
we use the following set of Jacobi coordinates:

- 1. . R = > (nI'N'L'QINLNIQ)ya-
&= \/;[rl+r2+ SRR S UNE (1a) TUN'L M (A-a)

X(1'm'L'M|QE) @i (a-a e (o), (3)
- 1
&= \/;[Fl—r*z], (1b)  where(n'I'N’L’Q|NLNIQ),a-q is the general HO bracket
> 211 . .
&= \/;[§(r1+ ra) = rs] , (10)

ME (LM |m|Qq)¢NLM(IicA;na)QDnIm(F—é§.m)

for two particles with mass ratia/ (A-a).

B. Composite and asymptotic wave functions and the channel
cluster form factor

We consider thé\-nucleon composite state eigenfunction

<§1 ;]A_a’ﬁA_l(TlO'ATlTA|A}\JMTMT> (4)

_ [A-a-1 with the o and 7 the spin and isospin coordinates, respec-
Ea-a-1™ A-a tively. J andT are the total angular momentum and the total
isospin, respectively, antfl, M+ their third components\
{ 1 P+ T T -7 } stands for the additional qguantum numbers needed to char-
(Fp+ P+ - +Tpa1) ~Taal 2
A-a-1 acterize the eigenstate. Th coordinates appear only for

(1d)

a>1.
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The projectile-target wave function with the radial wave function describing the relative motion of the two nuclei replaced
by the Diracé function can be written as

(& fA—a—l”A—a%A—aﬂA—aHl---ﬂA—lo' 1---OATL - TA|‘D2/TI'?stJ|'2\ATZ;'!IT ; nA_a>
Mp-a= Maa)y, -
=2 (1;My1,M, lsmy(smdm[IM)(T; M ToM+ |TMT)_7]A 7 = Yim (7a-a)
A-a’/A-a

X <§l e gA_a_lO'l o Op—gT1 v e s 'TA_a|A_ aallM 1T1MT1>
X<ﬁA—a+1 P ﬁA—la'A—a+l o OpATA—g+1 + - - TA|a,8| zM 2T2MT2>, (5)

where(él...EA_a_laﬂA—aallMlTlMTl) and<5A_a+1...5A_1or|a,8I2M2T2MT2> are the target and the projectile eigenstates,
respectively. Thais the channel spin and thés the channel relative orbital angular momentum. For our convenience, we also
define a projectile-target wave function with a HO radial wave function describing the relative motion of the two nuclei, i.e.,

p ps - 3 3 (A-a,2)IMTMy.
(1. éna-1Ma-a¥n-ar1--- a-101 ... OATY ... TA|q)aI1Tl ,8I2T2;SIT' nl)

=2 (I;My] 2M[smy (smdmy | IM)(T; M, ToM 1 [ TM)Ryi(7a-2) Yim (74-2)

X (& €p-a-101-- OpgTr - TagA— @M 1TIMT ) (Oa-ars - Oa-10a-ar1 - OaTA-ar1 - - TalaBl M2 T,M T,

(6)

TheR,(r) in Eq.(6) is the radial HO wave function with the As in this paper all the eigenstates are assumed to be ex-
oscillator length parametds=by,=v%/m(, wherem is the  panded in a large but finite HO basis, we can set the integra-
nucleon mass. Due to our use of the coordinate transformdion limit to infinity in Eq. (8).

tions (1) the oscillator length parameter is the same for all It turns out that obtaining the eigenstates using the Jacobi
coordinates, i.e.by. In Egs.(5) and (6), the coordinategy ~ coordinates becomes increasingly difficult with the number

appear only fom> 1. of nucleonsA mostly due to the complicated antisymmetri-

The channel cluster form factor can then be defined as Zation. As stated in the Introduction, fér>4 it is by far
more efficient to use the SD basis. Consequently, it is desir-

ANIT able to express the overlg@p) using the eigenstates obtained
Un-aal T, agl,Tsi a-a) _ :
in the SD basis.
= (ANJT|AD oﬁl?a;)%leTTz G0y ) The relationship between the Jacobi coordinate and the
SD eigenstates is
= 2 Rui(7a-) (ANIT]ADY 2T i) . ?
A= al T BIZTZSI, <rl...rAU'l...(TA’Tl...TA|A)\JMTMT>SD
- = <‘§1 T "5A—101 S OATp TA|A)\‘]MTMT>(POOO(§O)
=/ e a) = E Ru(7a-a (ANITIOUTF2T, inl), ©

(7 for the composite system and similarly for tAe-a nucleon
target. The subscript SD refers to the fact that this state was
with A the antisymmetrizer. As stated above, we assume apbtained in the Slater determinant basis, i.e., by using a shell
identical HO frequency for all eigenstates and identical  model code, and, consequently, contains the spurious c.m.
differing by a single HO excitation in the case of oppositecomponent.
parity statepdefinitions of the model space. To arrive at the desired expression, we investigate an
The spectroscopic factor is obtained by integrating theanalogous overlap to Eq7) using the SD eigenstates. We
square of the cluster form factor. In particular, we have consider the corresponding SD eigenstates to Efsand

(6), i.e.,
= 2 A-a,a)JT
sx;leTl,aﬁlsz;sl— J d7a-a”a-dl uﬁ}i\;ZIlTl,aﬁlsz;sl(77A—a)|2 SD<A)\JT|ACDEZ| Ta a;)ﬂ T, siiNDsp, (10
where all the composite and the target eigenstate Jacobi co-
E |<A)\J'I'|<I>$\;$1a;);f2TT2 NG ordinates are replaced by the Cartesian coordinates. The pro-

(A a)' jectile eigenstate is kept unchanged with the Jacobi coordi-

(8) nates. Further, the_, is replaced b)dfiﬁ_m, Explicitly, we
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have for the SD analog of the stat®)

> > pa 9 q (A-a,2JMTM
(M Fa-aREmPacars - a-101 ... OaTy TA|<DaI1T1 Bl Ty shiNDsp

=2 (1;M4l,Mp[smy(smim;|J M)(TlMTszMT2|TMT)Rn|(R2.m)Y|m|(§2.m)

X <r1 e rA_aO'l o Op—gT] v et TA—a|A_ aa|1M1T1MTl>SD

X (Opart - On10a-ard -+ OATA-ar1 -« TalABIM 2ToMr). (11)
[
We now proceed in two steps. First, using the relat@yfor <(NA—liA—lI lTl;n|j%)JT|A)\JT>
both the composite and the target eigenstate and the transfor-
mation(3), we obtain = > (Nagiacgl 1T 01| INIITYNIITIANITY,  (15)
Ni

solANITIADY T a;)aJ|2TT2 siiNDsp
=(n100I 00N gy p-a (ANITLADLEAT, i),
12 with N=N,_;+2n+I the total number of HO excitations for
the A nucleons and,i,_; the additional quantum numbers
with a general HO bracket due to the c.m. motion, the valughat characterize th&- and (A-1)-nucleon antisymmetrized
of which is simply given by basis states, respectively.
(22 To obtain the.overlap integra}l matrix element starting
(nl00I 00N y(ag = (~ 1) (A a) . (13) from SD composite and target eigenstates, we make use of
Eq. (12) with a=1 and perform the above discussed second
step. That is quite straightforward for tlae=1 case and we

Relation (12) has been derived in the past, see e.g., Refs easny arrive at the final expression:

[13,16,20. Second, we relate the overlgfhO) to a linear
combination of matrix elements @ creation operators be-
tween the target and the composite eigenstates
so{ANJT| a,ﬁl,ljl---ala,aja|A—aallT1)SD. The subscriptl4j; <A)\JT|A(1)(A—1 207 5 )
refer to the single-particle state quantum numbers ol Ty (1211281 O7pcg
ny(113)j;m3m, , etc. Such matrix elements are easily calcu- ~ 1 1
lated by shell model codes. To obtain the channel cluster _En" R”'(nA‘l)mIOOI|OOnII>l,(A_1)j_-}—
form factor we use the second equality in Eg).
!
I

X2 §j(= 1)1 .

j J ]

In the _case_ _of a S|ngle-nuclgon projectile, the asymptotic XSD<A>\Jﬂ||arT1|j|||A‘ 1al,Ty)ep. (16)
state(5) simplifies as nod coordinates are present. The pro-
jectile wave function has just spin and isospin components
with IZ:% and TZ:%, respectively. It is straightforward to
calculate the overlap of the statehy and(5). The result is  Using Eq.(13), we obtain the familiar c.m. correction factor
given by [A/(A-1)]@D2 [7-13.

)

C. Single-nucleon projectile

<A)\JT|A<I> >f,T2)(1,2) < d

n-1

— - g Iy % S D. Two-nucleon projectile
= VA Ru(ma-08(- D' j
_ " For a>1 projectiles we only present the overlap matrix
X (ANITI(Np-sia-1l1T1:nlj3)IT) elements for the composite and target wave functions ob-
X (Na_gipcal ; TalA = Lal, Ty, (14 tained in the SD basis. Fa=2, which includes the deuteron

projectile, the derivation is slightly more complicated due to
with §=\2s+1. The composite eigenstate is expanded in aadditional recouplings and explicit presence of &2 rela-
basis with lower degree of antisymmetry using the coeffi-tive coordinate wave function expanded in the HO basis. The
cients of fractional parentad@b] final expression reads:
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1 1 1
N 2(n|0(]|00n||>2/(A 2 JT

(ANITIARU 2R 36, )= EmeAz

Aaa A A Iy | S | L I
X 2 (Nl 8ol Tola = 281, T8l o ol pl apl 2~ 1)'1+J+'+'2+T2{ 172 }{ ab 12 }

N Iab S I2 Iab
Ia Ib Lab
X7 3 S ((Nanolobainl Nololays sp(ANITII(aY ;a1 " 2 1A = 201 T)sp (17)
ja jb Iab

with the antisymmetry condition for the two-nucleon chan-
nels(-1)'2%2*T2=-1. The two-nucleon projectile wave func-
tion (n,l,s,1,T,|a=2pl,T,) is expanded in the HO basis de-
pending ond,_;. The spin and isospin components of the
wave function depend on the spin and isopin coordinates
010 andTa_1,7a, respectively. For the deuteron projectile, ~ For a=3, which includes the triton otHe projectile, the
l,=1, T,=0, s,=1, andl,=0 or 2. Here, in addition to the derivation is still more complicated due to additional recou-
HO bracket(13) due to the c.m. correction, one more HO plings and explicit presence of tlee=3 relative coordinate
bracket appears that corresponds to particles with mass ratigave function expanded in the HO basis. The final expres-
1. This is due to the transformation of the HO wave functionssion reads

(Pnlm(ﬁ‘gfrﬁ)<pn2|2m2(5A_l) to the single-particle HO wave func-
tions @n,) ama( ra) @ny) bmb(FA— 1)

E. Three-nucleon projectile

1 1
V6(nl00I 00Nz a3 3T

<A7\~]T|A(I)(a/?1731%f:r2 sl Opp ) = 2 Rn|(77A—3) = <(n2| 25212t2:N2£2~722) 2Tola=3pl 2T2>

| | S L, L | Ia Ib Lab I A I-2 J2

X 8135] 2l 5 7o) al ) ol aph 2L ap(~ l)'1"+J+'c+'+~72+1/2*42+t2+'ab{ Il Jz I }{522 jab I zb} 22 s (1L el I
2 al . . .

Ja b Iab \72 % Je I

X (gl aMplpLab|NaL oMol oL ap)s (Nl NaLoANIALLoN) 12 sptANIT((2 )'ada) | ) T2|A-3ali T)sp,  (18)

bblb

The three-nucleon eigenstates are expanded in a basis withh two transformations of the HO wave functions
lower degree of antisymmetry using the coefficients of fraC-QDnlm(jog_)‘Pnzlzmz(ﬁA—l)‘PNZEZMZ(ﬂA—Z) to the single-particle

tional parentag@Zﬂ HO wave funCtionS‘Pnalama(FA) QDanbmb(FA—l) ‘Pncl CmC(FA—Z)-
<(n2|252j ztziNzﬁzjzi) 1,T,la= 38l 2T2>

= > (ol S5 oto; NoLoTo3 NI TNl Tola= 381,T), Ill. APPLICATIONS
Ni

In this section, we present results of cluster form factor
19 and/or spectroscopic factor calculations fGHe|*He +n),
with N=2A/,+ L,+2n,+1, the total number of HO excita- (*He[*H+d), (°Li|*He+d), (°Be|*He+He), ('Li|*He+H),
tions for the three nucleons aridthe additional quantum (Li|°Li+ n), (®Be|®Li+d), (®Be|’Li+p), (°Li|®Li+n), and
number that characterizes the three-nucleon antisymmetrizedC|*°C+n). All calculations are done using the approach
basis states. The 13-symbol of the first kind27] appearing  described in Sec. Il. The composifenucleon system and
in Eq. (18) is defined in Appendix A. For the triton GHe  the targe(A-a)-nucleon system are described by the NCSM
projectile,1,=3, T,=3, and(-1)'2**2=1. In Eq.(18), in ad-  wave functions obtained in the-scheme Slater-determinant
dition to the HO bracke(13) due to the c.m. correction, two basis shell model calculation. In particular, we use the many-
general HO brackets appear that correspond to particlegrmion dynamicgMFD) shell model codg28] and a spe-
with mass ratios 1 ané. These are due to the sequencecialized transition density code that calculates ¢hk ..a'")

054324-5



PETR NAVRATIL PHYSICAL REVIEW C 70, 054324(2004)

matrix elements employing the wave functions obtained by ®—— T T T T T 1T 1T T "1
the MFD (or the ANTOINE [5]) code. The projectil@-nucleon s
NCSM wave functions fom=3 are obtained in the Jacobi-
coordinate HO basis using the co®eNYEFF [25]. For a
=2, i.e., the deuteron projectile, the relative-coordinate wave
function is obtained using the standard NCSM two-body ef-§ 02
fective interaction codé¢see e.g., Ref[3]). As a technical
point, we note that in the case af2 there is no c.m. HO
binding potential contrary the usual NCSM two-body effec-
tive interaction calculation. Consequently, the overlap of the L
full-spacea=2 wave function with the model spa&emight N —
not be large. This then could lead to numerical difficulties
when applying the Lee-Suzuki procedyi29,30 to obtain "
the model spaca=2 wave functions. To address this issue, og——t——t . L1
higher precision than the double precision had to be used ir r[fm]
the relevant computer code. ~
We performed several calculations to test correctness of FIG. 1. (Color onling Overlap integral of théHe 3~ ground
the formulas presented in Sec. Il as well as their computeftate with the’He +n as a function of separation betwete and
coding. First, we cross checked that E¢is}) and(16) give _the neutron. The dependence on the basis §izN,f,g;=4,6,8,lO,12
the same result for théSHe|4He+n> system. In the former is presented. The CD-Bonn 2000N potential and the HQ fre-
case, we employed the Jacobi-coordinatenvEFF code quency thﬂzlﬁ MeV were useds andl are the channel spin and
while in the latter we used the SD basisD shell model the refative angular momentum, respectively.
code together with the transition density code. Obviously, the
same effective Hamiltonian was used in both calculations. To a1 _ 5 | AT 2
test Eqs(17) and(18) we switched the role of the projectile ~ “A-aal;Ty.a81,Tysl = d7a-aa-al Un"aai T, 1,751 7a-a)|
and the target. For example, for t&H|d+n) system, we
can apply Eq(16) \./vith. the deuteron as the targe_t and the :f dr rﬂuﬁﬂfl, TagT ‘sl(r)|2
neutron as the projectile or we can apply Efj7) with the e
neutron as the target and the deuteron as the projectile. In the
latter case, the neutron target state is described as a single
neutronN=0 HO state. Similarly, Eq(18) can be tested
considering thé*He|*He +n) system described with the neu- The channel cluster form factors presented in this section are
tron as the projectile in Eq16) or ®He as the projectile in  obtained from Eqs(16)—(18) with the radial HO wave func-
Eq. (18). Finally, we also performed a test for tiigHe|®H  tion Ry (7a-a, Do) replaced byR,(r,b).
+d) system by switching the target and projectile and using
the Egs.(17) and (18), respectively. We note that all these A. (°He|*He+n)
tests are nontrivial as the projectile and the target are de- In Figs. 1 and 2, we present o(iHe| *He-+n) results for
scribed using different coordinates and the respective wave . =" '
functions are obtained by different computer codes. the®He 5 ground state resonance. The dependence of the
In this section, all the calculated channel cluster formchannel cluster form factor on the basis size of the NCSM
factors are presented as a function of the separation c@lculation is shown in Fig. 1 for basis sizes frdi,,
between the c.m. of the projectile and the c.m. of the target-4 (44) 10 Nima=12 (12::€0). Here, Ny is the maximal
In particular, r=+/A/(A-a)ana_ With 7, defined in Eq. number of the HO excitations above_the unperturbed ground
(1e). Consequently, we have to use the reduced mass state. The CD-Bonn 2000IN potential _[31] and the HO
={[(A-a)a]/Alm in the definition of the HO length param- frequency. ofﬁQzlelMeV were used in the calculations.
eter,b=\%/ Q= A/ (A—a)aby. The presented channel clus- Clearly, with increasind\,,, the changes between succes-

. . sive curves become smaller, a sign of convergence.
ter form factors are then related to those defined in(Bdoy When calculating overlaps in\?olvinéj-le ang ap-shell

5. 14
< He| He+n >

J=3127 [ s=121=1 32 N_ =4
- s=1R21=1 312, N_ =6
-~ s=1/21=1 32 N_ =8
g - s=1221=1 32 N_ =10
- — s=1R21=1 3/2'l me=12 B

cluster form f:
I
I

al T1,Bl,Tysl

= > (ANITIADY 2T -nl)2,
n

GANT N0 nucleus it is not obvious which HO frequency is the optimal
A-aal Ty,apl,Tosl one due to differences in the radii of the participating nuclei.
=> Rn|(r,b)<A?\JT|Aq’g?_?’a/)3fTT onl) In general, th_e H_O frequency in the NCSM is typically fixed _
n 1eM2t so that the binding energy has the least dependence on it.
However, while for*He the fastest NCSM convergence and
=2, [(A- a)a/AT?R(7a-a00) the least dependence on the HO frequency is obtained with a
n higher HO frequency, e.gh{) > 20 MeV, for thep-shell nu-
><<A)\J-|—|A¢<aﬁ\;%%:;2;sl;n|>_ clei the optimal frequency lies typically in the range7df

=10-15 MeV. In Fig. 2, we present the channel cluster form
The spectroscopic fact@B) is not affected by the choice factor dependence on the HO frequency using a wide range
of the coordinate: of frequencies:z()=13-19 MeV. It is satisfying that the

054324-6



CLUSTER FORM FACTOR CALCULATION IN THE..

0.4

0.3

I
)

e
=

cluster form factor
T

5.0 .4
< He| He+n >
J=32"

--- s=1/21=1 3/2" hQ=19 MeV
—s=11=1 3/z'lh.(z=16MeV

s=1/21=1 3/2'1 hQ=13 MeV

r [fm]

cluster form factor

0.25

0.2

0.15

0.1

0.05

-0.05

PHYSICAL REVIEW C 70, 054324(2004)
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— s=121=1 12, hQ=13 MeV
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-
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FIG. 4. (Color onling Overlap integral of théHe 2~ 5 first ex-
cited state witffHe +n as a function of separation betwette and
the neutron. The dependence on the HO frequency 7#0r
=13,16,19 MeV is presented. The CD-Bonn 2080 potential
and the basis size M,,,=12 were used.

FIG. 2. (Color onling Overlap integral of théHe— ground
state with*He +n as a function of separation betwe‘élﬂe and the
neutron. The dependence on the HO frequency fof)
=13,16,19 MeV is presented. The CD-Bonn 2080! potential
and the basis size M,,,=12 were used.

sensitivity of the cluster form factor to the choice of the HO B. (*He]t+d)

frequency is rather small. In Fig. 5, we present the NCSM calculated channel cluster
The same as in Figs. 1 and 2 is presented in Figs. 3 andf#rm factors for the (°He|t+d) JW——+ resonance. The

for the excrted— °He resonance. This resonance is broadeNCSM calculations were performed using the CD-Bonn

in exper|menl{32] Our calculation shows a more extended 2000 NN potential in the 120 model space forHe. There

overlap integral for thé state compared to thga state. At are three possible channels correspondrng to the combina-

the same time, both the basis size and the HO frequendjons of the channel spie=3 ands=3 and the relative or-

dependencies are more pronounced. Nevertheless, even faital momentd =0 andl=2. Clearly, the overlap integral is

this broad state the conclusions reached forjhestate ap- by far the largest for thes-wave channels=3 1=0. The
ply, which is an encouraging result. d- wave channels give small overlap mtegrals with the
It can be seen in both Figs. 1 and 3 how with the mcreas—- [=2 channel greater than thL:— =2 channel. Results

ing Nihay the overlap extends at large However, due to the correspondlng to three different HO frequencies are shown in
finiteness of our basis, the overlap integral approaches zeffeig. 5. Despite the wide range of the HO frequencies,
with increasingr even for states that correspond to physicalchanges in the resulting overlap integrals are not significant.
resonances.

7717171
O e B e B B o o e L _
N ] 5 3.2
- ] < He| H+H>
02sf < He | *He+n > 3 8T ¥
—E ] J=3/2" - s=321=0 32" hQ=19 MeV
C J=1/2" . - - s=1/21=2 312" bQ=19 MeV | ]
02| - . 5 - §=3[21=2 3/2" hQ=19 MeV
. /2 N P s=121=1 1/2_1 Nm=4 ] é 04 — s=321=0 3/2*h.Q.=16MeV -
3ot o s=12I=L 12, Ny =6 E — s=121=2 32" hQ=16 MeV
“é o15E — s=1/21=1 12 N_ =8 (] < — 5=3/21=2 3/2 hQ=16 MeV
s f e s=1f20=1 12, N, =10| ] £ 02l © s=3121=0 32" hQ=13 MeV | |
g ol — s=1p20=1 12 N =12|] C T s=1021=2 302" hQ=13 MeV
2 I . L s=3/21=2 312 hQ=13 MeV | |
o -
0.05 J o o
0 :_ O T : i )
L 4 M| 1
b | 1 L 1 | | | | b -0'20 s 9 10
W% 3 4 5 7 tfml

r [fm]

—_
(=]

FIG. 5. (Color onling Overlap integral of théHe 3 5 " excited
state with the’H +d as a function of separation between fieand
the deuteron. The dependence on the HO frequency ffar
=13,16,19 MeV is presented. The CD-Bonn 2000! potential
and the basis size dfiyg,=12 (for °H and d) and Ny,=11 (for
®He) were used.

FIG. 3. (Color online Overlap integral of thé’He 5 first ex-
cited state witffHe +n as a function of separation betwe‘éﬂe and
the neutron. The dependence on the basis sizN fgt=4,6,8,10,12
is presented. The CD-Bonn 2000N potential and the HO fre-
quency ofh{)=16 MeV were used.
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+
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&

-- s=1l=4 3’ N_ =10
+

— s=1/1=2 3" N =8
+

-- s=1/=4 3’ N =8

0.15
04—

0.1

cluster form factor

cluster form factor

02f= g ;

024 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
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FIG. 6. (Color onling Overlap integral of théLi 170 ground FIG. 7. (Color onling Overlap integral of théLi 3*0 first ex-

state and the 3D first excited with the?He+d as a function of cited state with théHe+d as a function of separation between the
separation between tHie and the deuteron. Dependence on the He and the deuteron. The dependence on the basis siéfgr
basis size folN,,,=8,10, is presented. The CD-BohN potential ~ =8,10, is presented. The CD-BomN potential and the HO fre-
and the HO frequency dfQ=13 MeV were used. quency offi{)=13 MeV were used.

It is interesting to point out that the+t 2 resonance in  *He(*He, 2p)*He, which is important to the standard solar
SHe appears as the secohdstate in the NCSM calculations model(SSM), could be affected by a resonance in the com-
reported in this paper as well as in the previously publishedosite°Be system[41]. Although recent experiments at the
SHe resu|ts[33'34_|_ The appearance of |Ow-|ying positive LUNA Underground faC|I|ty[42] seem not to favor a narrow
parity states in the NCSM calculations of tAide spectrum resonance, they do not definitively rule out its preselddg.
was criticized in Ref[35]. We note that such states were also TO investigate a possibility of a resonance in e +He
observed in phenomenological shell model calculationsystem, we performed NCSM calculations of the overlap in-

. . 1+ 6 3 3

[36,37. At the same time, some evidence for a Iow-lyé‘ug tegrals (°Be|°He+°He) for the lowest four O1 states ob-
state was reported in tHe-matrix ana|ysis of Ref[38]. No tained in the NCSM description Ode. The calculations
such state was, however, included in the recent evaluatioyyere performed using the CD-Bonn 2080 potential in the
[32]. The low-lying 2" state obtained in the present calcula- @SiS spaces up to 40 for "Be. The lowest two UL states
tion has basically zero overlap with+t. It is quite possible aEe thep-s_hell domlnate_d states while the third and the fourth
that it corresponds to a nonresonant continuum state of a fré& 1 State is a one-particle—one-hole and a two-particle—two-
neutron and théHe that appears as an excited state due td'0le dominated state, respectively. In thg,=10 (10702)

the finiteness of the basis used in our investigation. ¥he basis space and ti&€)=13 MeV calculation, their excitation
+t resonant * state is dominated by th&p? configuration, ~ €N€ray is 12.5MeV and 13.5 MeV, respectively, not far

C. (°Li |*He +d) I e S A e A R —

6y ;|4 C ]

eL-OL,JTr_<+LI|+He+d> channel cluster form_ factors for the oasf- <6Li|4He+2H> 3
i J7=1%, 3%, and 2 are presented in Figs. 6—8, respec- 3 N

tively. The corresponding spectroscopic factors are then sum o2 I'=2
marized in Table I. In the NCSM calculations, we used the sy
8Li wave functions obtained in Ref39] using the CD-Bonn
NN potential[40]. In these three figures, the thick lines cor-
respond to the ¥X) results and the thin lines to th&® °Li
results. We can see only small changes in the overlap inte E
grals when the basis size is changed, in particular forthe 1 %95
ground state and the'@ excited state. It is interesting to note '

— s=11=2 2", N__ =10

0.15F .
— s=11=2 2%, N_=8

cluster form facto:

01f

that the ground state is dominated by #vl, =0 *He+d o

configuration while the excited*8, 20, and 30 states are o | | | |
dominated by thes=1, |=2 “He +d configuration. This is in 0% 1 2 3 4 5 6 7 8
agreement with the analysis of thele+d elastic scattering rtfm

experimental datg32]. FIG. 8. (Color onling Overlap integral of théLi 2*0 excited

D. (*Be|*He+3He) state with the’He+d as a function of separation between fite
: and the deuteron. The dependence on the basis sizeNfgf
Just as resonance plays a critical role in the rate of the 8,10, is presented. The CD-BoMNN potential and the HO fre-
d+t reaction, there is some speculation that the reactiomuency ofi{)=13 MeV were used.
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TABLE |. Spectroscopic factors for thé’Li|*He+d) corre- T T T T T T T T
sponding to théLi ground and excited states and tftde ground oal o Y | ‘He’H> [ =rimtam)
state. The CD-BoniN potential, the basis size df;,,=10 for °Li % P —— s=1f21=1 32,
and Ny.,=12 (for *He and d) and the HO frequency ofiQ) ! / \\ dacck ik e BRI 12, )
=13 MeV were used. The and | are the channel spin and the H i /,;-",T':.:,\_ - z::g;:; ;Zz
relative angular momentum, respectively. g 02-;: /‘2/ \\\ e g 5/2.: _

! g 172 1=3 T

- ) S . S % L 2 oo - s=121=3 777, | |

110 (1,0 0.822 (1,2 0.006 50

30 (1,2 0.890 (1,4 0.0008 ]

20 1,2 0.864

150 (1,0 0.017 (1,2 0.811 02 - 7

130 (1,0 0.031 (1,2 0.088 S S WP R SR B

4
r [fm]

from the®He +°He threshold. However, the excitation energy ~ FIG. 10. (Color onling Overlap integral of theLi low-lying
of these states is not yet converged in the present calculatiqrt%‘, g', g', %' states with théHe+°H as a function of separa-
and it is expected to further decrease with the basis sizeéon between théHe and the triton. The CD-Bonn 2000N poten-
enlargement. Our channel cluster form factor results obtainetial, the basis size dflyq,=8 (for ‘Li), Nmax=10 (for “He and®H),
in the 1G.() space are shown in Fig. 9. The dependence omnd the HO frequency df2=13 MeV were used.

the HO frequency is presented for all four states. A large
overlap integral is found for the ground state and also for the
one-particle—one-hole dominated;10 state. On the other
hand, the overlap integral for th§ Dstate is negligible and
the one for the §l is quite small. It is interesting to note a
stronger HO frequency dependence of the overlap integral

E. ("Li|*He+t)

Our results for theLi |*He+t) channel cluster form fac-
fors are shown in Fig. 10, while the corresponding spectro-

for the 25 dominated states compared to fhshell states. scopic factors are summarized in Table I_I. Apart from the
This is another manifestation of a slower convergence of2'9€ gyerlapl_lntegrals and spectroscopic factors for the
these states in the NCSM. The significant overlap integral opound3, and3, states we find these quantities large also for
the G1 °Be state suggests that this state might contribute aghe first excited;, and the first excited, state. Both these

a resonance in théHe+°He reaction. However, our predic- states appear as resonances in‘te+t cross sectiorf32].

tion of its excitation energy is not certain. Based on OUrThe present results can be compared to the three-nucleon
NCSM results up tdma,=10 we expect this state to con- yransfer calculations of Ref19] obtained using the phenom-
verge below theHe+He threshold of 11.49 MeV. eological Cohen-Kurath interactiofd3]. The agreement

ST T T T T

TABLE II. Spectroscopic factors for th€Li|*He+°H) corre-

Y Bl s # ] : : :
, < Be| He+ He> . sponding to théLi ground and excited states and tftde ground
\ J=G" = S0 D, We=IINeY state. The CD-Bonn 2008IN potential, the basis size ®Myq,=8
= ety ool (for Li), Npmay=10 (for “He and®H), and the HO frequency of

— 5=01=0 0, hQ=13 MeV

g | Q=13 MeV were used. The and!| are the channel spin and the
& r — 5=01=0 0", hQ=13MeV | - : :
g relative angular momentum, respectively.
g - 5=01=0 0", hQ=16 MeV
=
505 5=01=0 0", hQ=16 MeV | —
Z : T (s.) s
0 3

-~ 5=01=0 0", hQ=16 MeV

-~ 5=01/=0 0", hQ=16 MeV |

3-1 1
s i3 (f,l) 0.941
T U o 1-1 1
. 33 (%,1) 0.923
7-1 =
13 (%,3) 0.906
] ! ] ] ] ] ] 571 1
0 1 2 2 5 6 7 212 (53) 0.883
r [fm] 23 (%,3) 0.005
3-1
FIG. 9. (Color online Overlap integral of théBe 0'0 states 222 (5‘1) 0.020
with the He+3He as a function of separation between thée 303 (3,2 0.007
nuclei. Dependence on the HO frequency #d2=13,16 MeV is 7-1 (L3 0.056
presented. The CD-Bonn 2000N potential and the basis size of 222 (i 3 0.013
Nimax= 10 (for °Be), Nipa=12 (for *He) were used. The(d and G1 232 2 :
are p-shell states. Thefd and (1 are a one-particle—one-hole %3% (3.2 0.036
dominated and a two-particle-two-hole dominated state, g;% (%,3) 0.064

respectively.
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0.1

B L
< Li| Li+n>

LN J=127327527702

s=1/21=1 312
s=3/21=1 312,
s=1/2I=1 1/‘2.l
s=3/21=1 112,

- s=321=1 5/2.l

s=3/21=1 512,
s=1/21=3 7/‘2.l

FIG. 11. (Color online Overlap integral of théLi low-lying J

_1-3-5-

7

=3.5 .3 .5 states with théLi+n as a function of separation

betweenthéLi and the neutron. The CD-Bonn 200N potential,
the basis size oN,,=8 and the HO frequency df(Q=13 MeV

were used.

for the lowest four states is quite good. For the second e
cited g; state, however, our spectroscopic factor is signifi-

cantly smaller than the one obtained in REf9].

The other system involvindLi as the composite nucleus

F. ("Li|5Li+ n)

that we investigated iSLi+ n. Our calculated overlap inte-

grals are summarized in Fig. 11. The corresponding spectr

scopic factors are given in Table Ill. As in thé.i |*He +t) <
i rthe 2 state is 0.016 fos=2, =1 channel, a significantl

case, we observe large overlap integrals and spectroscoﬁfé 21 . 2 ' g Yy

factors for the two bound stat% and %1 Contrary to the

("Li|*He+t) case, however, we find a large overlap integral

and the spectroscopic factor for tI§§ state. The Iowesg
and g; states have negligible overlap integrals for fie

PHYSICAL REVIEW C 70, 054324(2004)

i SU . ]

o ol < Ll | L1+n > N S=3/2!=l 5/2'l me=8 _:
<,(( Jn=5/2— — 5=3/21=1 5/2.2 Noax=8| ]

% — s=1221=3 5/ N__=8| ]
\ - s=321=1 512, N_ =6 ]
- §=321=1 5/2_2 N_.=6|
--- s=1/21=3 5/2'l Nnux=6
e §=3f21=1 527 N =4
- s=3221=1 512, N, =4
-~ §=121=3 5/ N =4

cluster form factor

FIG. 12. (Color onling Overlap integral of théLi low-lying g"
states with théLi+n as a function of separation between fhe
and the neutron. Dependence on the basis sizé&lfgr=4,6,8 is
presented. The CD-Bonn 200N potential and the HO frequency
of #Q=13 MeV were used.

+n system. The large overlap integral and the spectroscopic

*factor for thet—;; state is consistent with the observed reso-

nance in théLi+ n cross section. In addition to th}; state,

we also find large overlap integrals for the higher Iyig@

and %; states. In Fig. 12, we display the basis size depen-
5— 5- _

dence of the;, and the3, states for thd\l_max—4, 6, and 8

calculations. The results for the resonégtstate are fairly

d‘_ObUSt. The spectroscopic factor of tgﬂiestate show a stron-

ger basis size dependence. Qiy,,=8 spectroscopic factor

smaller value than that obtained using the Cohen-Kurath
Op-shell phenomenological interactig5]. Our NCSM re-
sult is, however, consistent with the spectroscopic factor ob-
tained using the variational Monte Carlo wave functions
[44].

TABLE IIl. Spectroscopic factors for th€Li |6Li+ ny corresponding to th&.i ground and excited states
and the®Li ground state. The CD-Bonn 2000N potential, the basis size df,,,=8, and the HO frequency
of 2Q)=13 MeV were used. Theand| are the channel spin and the relative angular momentum, respectively.

J™T (s,1) S (s,1) S (s,h) S
X (2,1 0.806 2,1 0.015 2.3 0.002
33 (3,2 1.027 1) 0.004

I3 (5.3 0.012 (3.3 0.0001 .5 0.0005
23 (3.2) 0.016 (5.9 0.017 .3 0.0003
o 1) 0.688 (2,3 0.0001 £,3 0.0003
i (2,2 0.005 1) 0.693 2,3 0.0001
o (2,2 0.186 1) 0.414

s (2,3 0.001 £,3 0.0001 2,9 0.0000
$s 2,1 0.020 (3.3 0.0003 (5.3 0.0007
13 (,2) 0.089 ¢,1) 0.223

% .1 0.006 (5.3 0.003 2.3 0.0009

N
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TABLE IV. Spectroscopic factors fofsBe|6Li+ d) corresponding to théBe ground and excited states and ﬁildaground state. The
CD-Bonn 2000NN potential, the basis size &f,,,=6 and the HO frequency df()=13 MeV were used. The and| are the channel spin
and the relative angular momentum, respectively. Tf @hd Z0 are intruder states. All other apeshell states.

J T (s,h) S (s,h) S (s, S (s,h) S (s,h) S
0;0 (0,0 1.051 2,2 0.004

030 (0,0 0.111 2,2 0.024

0,0 (0,0 0.194 2,2 0.020

0:0 (0,0 0.393 2,2 0.046

20 (2,0 0.004 0,2 0.741 (1,2 0.009 2,2 0.0005 (2,9 0.003
2;0 (2,0 0.137 (0,2 0.006 (1,2 0.010 (2,2 0.0007 (2,4 0.0000
2,0 (2,0 0.290 (0,2 0.005 (1,2 0.471 (2,2 0.0012 (2,4 0.0001
230 (2,0 0.442 (0,2 0.017 (1,2 0.136 (2,2 0.0005 (2,4 0.0001
2:0 (2,0 0.015 (0,2 0.110 (1,2 0.002 (2,2 0.0003 (2,4 0.001
250 (2,0 0.0004 (0,2 0.057 (1,2 0.021 (2,2 0.110 (2,4 0.0003
21,0 (2,0 0.006 (0,2 0.035 (1,2 0.062 (2,2 0.136 (2,4 0.0003
4;0 (2,2 0.002 (0,4 0.037 (1,9 0.0000 (2,4 0.0002 (2,6) 0.0005
450 (2,2 0.173 (0,4 0.001 (1,9 0.0000 (2,4 0.0002 (2,6) 0.0000
4,0 (2,2 0.057 (0,4 0.006 (1,9 0.001 (2,4 0.0000 (2,6) 0.0000
150 (1,0 0.002 (1,2 0.025 2,2 0.012

130 (1,0 0.008 (1,2 0.737 2,2 0.003

130 (1,0 0.010 (1,2 0.009 2,2 0.209

3;0 (1,2 0.563 2,2 0.001 (1,9 0.0007 (2,4 0.0003

3:0 (1,2 0.0001 2,2 0.097 (1,9 0.0003 (2,4 0.0000

3:0 (1,2 0.013 2,2 0.185 (1,9 0.0002 (2,9 0.0003

part of a reaction network witfBe as the composite nucleus, 22.54 MeV.

G. (®Be|CLi+ d)

which is being analyzed by thie-matrix method[46]. Our

calculated spectroscopic factors for thé+d channels are
presented in Table IV. Thd&"=2" channel cluster form fac-
tors are then shown in Fig. 13. We label t}e®Be states as
they are obtained in the current@ calculation. The de-
scription of the excitation spectra 6Be in the NCSM is
generally very good47]. In Ref. [47] in addition to the

p-shell states, the slowly converging intrudeio0 20, and

4*0 states were found. Such states have complicated struc
ture with wave functions dominated by higher thaf(D

components. The existence of such states is controversi

[48-54. However, in the latest evaluatidh5] a broad in-

truder 2 state is included at about 9 MeV excitation energy.

Such a state is required by tlematrix fits of nuclear reac-

tions that involvé’Be as the composite system. While in Ref.

®Li+d system. We note that thlLi+d has a rather high
We also investigate systems W|§Be as the Composite threshold of 22.28 MeV. |ntereSting|y, we obtain a dominant
nucleus. ThéLi+ d reactions in particular are of some inter- OVerlap integral in thes=2, 1=0 channel for théBe 2" ex-
est in controlled thermonuclear research and their cross segited state number seven, which ipahell ¢:(2-dominated
tions have been measurptb]. At the same time, they are a State in our calculation with the excitation energy of

o

[47] the intruder states were investigated in the basis space
up to 1@:Q), in this paper we use theif) wave functions to
calculate the channel cluster form factors. In this space the
intruder states appear at a higher excitation energy and their F|G. 13. (Color onling Overlap integral of théBe 2* states
importance is likely suppressed because of that. In thth the®Li+d as a function of separation between fheand the
present calculations, theé@intruder state is the statg @nd
the 2°0 intruder state is the statg.ZEven in the current#()
basis space, these states have significant overlaps with tleruder state. All other arp-shell states.

cluster form factor

We note a technical issue affecting t#f&e|°Li+ d) over-
lap integral calculations using E@L7). When anm-scheme

0.6

I
»

LR
rid

021

<"Be|°Li+'H>

J=2"

- s=21=0 2|
- s=21=0 2%,
- s=21=0 2°,

- s=01=2 2% | ]

- os=11=2 2",

s=21=0 2, | _|
s=21=0 2%,

+
5=01=2 2'¢

r [fm]

deuteron. The CD-Bonn 2009N potential, the basis size &4y
=6 and the HO frequency d@f(2=13 MeV were used. The;? is an
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TABLE V. Spectroscopic factors for th(éBe|7Li+ p) corresponding to théBe ground and excited states
and the’Li ground state. The CD-Bonn 2000N potential, the basis size df,,,=6, and the HO frequency
of 2Q)=13 MeV were used. Theand| are the channel spin and the relative angular momentum, respectively.
The G;0 and Z0 are intruder states. All other apeshell states.

J™T (s,1) S (s, S (s,1) S (s,I) S
0;0 (1,1 1.520

051 (1,1 0.192

030 (1,1 0.144

0,0 (1,1 0.212

0:0 (1,1 0.006

2;0 (1,1 0.913 (2,1 0.007 (1,3 0.018 (2,3 0.0000
251 (1,1 0.157 (2,1 0.629 (1,3 0.0000 (2,3 0.001
2;0 (1,1 0.018 (2,1 0.194 (1,3 0.001 (2,3 0.0000
2,0 (1,1 0.050 2,1 0.060 (1,3 0.0000 (2,3 0.0005
2i1 1,1 0.059 2,1 0.164 1,3 0.0001 2,3 0.0025
21 1,1 0.102 2,1 0.015 1,3 0.001 2,3 0.0005
250 (1,1 0.004 (2,1 0.062 (1,3 0.002 (2,3 0.002
2;0 (1,1 0.049 2,1 0.001 (1,3 0.005 (2,3 0.0003
470 (1,3 0.023 2,3 0.0000 (1,5 0.0001 (2,5 0.0000
171 (1,1 0.020 2,1 0.367 (2,3 0.0001

130 (1,1 0.207 2,1 0.080 (2,3 0.002

130 (1,1 0.005 2,1 0.002 (2,3 0.006

1,1 (1,1 0.404 2,1 0.145 (2,3 0.0000

1:1 (1,1 0.0005 2,1 0.0085 (2,3 0.0015

30 2,1 0.322 (1,3 0.0015 (2,3 0.002 (2,5 0.0001
31 2,1 0.090 1,3 0.0000 (2,3 0.001 (2,5 0.0002
30 2,1 0.002 1,3 0.0005 2,3 0.004 (2,5 0.0000
3,1 2,1 0.013 1,3 0.0000 2,3 0.0000 (2,5 0.0000

calculation is performed with a fixeld, it is in general nec- sis[46]. Comparing our spectroscopic factors to the Cohen-
essary to us& >0 for J>0 channels in order to generate all Kurath calculationg15], we have reasonable agreement for
needed reduced matrix elements of #ia' operators. the lowest statesafter correcting for the above discussed
factor of 2 due to the isospin Clebsch-Gordan coeffigient
H. (®Be|"Li+ p)

Our spectroscopic factors for théBe| Li+ p) channels
are presented in Table V. The overlap integrals for dfie - SETN
=1* channels are shown in Fig. 14. It should be noted that -
the expressions for cluster form factors and spectroscopic /
factors presented in Sec. Il employ isospin formalism. In .
order to distinguish, e.g., a proton or a neutron projectile, Eq.§
(16) must be multiplied by the isospin Clebsch-Gordan co- § =
efficient (TlMTléMT2|TMT) with MT2:+% (—%) for proton
(neutron [56]. This coefficient is 1 for all the overlaps stud-
ied in this paper except théBe| "Li+ p) overlap for which it

is equal to -142,1/\2 for T=0,1 ®Be states, respectively. "f’,:"

T ——7——T—— T —— T

8 7. s=11=11",
< 'Be| Litps s s,
=1t — s=li=1 17,
—— s=21=1 1)
- s=20=1 1,

- s=21=1 17,

cluster f¢

005 /7

We find large overlap integrals for thg and the 1 states as ol
well as large spectroscopic factors for thiesdate consistent I I T T T N
with the resonances in thii+ p cross sectiof54,55. We g ! 2 o ° ’ ;

also note very large spectroscopic factors and cluster overlap

integrals for the ] state which is the secor=1 1* state in FIG. 14. (Color onling Overlap integral of théBe 1* states
our calculation appearing at the excitation energy ofwith the’Li+ p as a function of separation between fhéand the
20.37 MeV. Such a state is not included in the current evaluproton. The CD-Bonn 2000IN potential, the basis size df,,.
ations[54,53. It is, however, needed in tHe-matrix analy- =6, and the HO frequency df)=13 MeV were used.
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TABLE VI. Spectroscopic factors for theLi |8Li+ n) corresponding to théLi ground and excited states
and the®Li 2*1 ground state. The AV8TM’(99) two- plus three-body interaction, the basis sizeNgfy
=4,5, and the HGrequency ofi{)=14 MeV were used. The and| are the channel spin and the relative
angular momentum, respectively. Only channels t10.001 are shown.

J™T (s,1) S (s,1) S (s,1) S
i3 1) 0.628 (2,1) 0.426

% 2,2 0.519 2,3 0.005

23 ¢,1) 0.711 (3,2 0.126

$3 G0 0.030 (5.2 0.180

13 (0 0.0006 (3.3 0.0002 (2,3 0.001
23 (2,2 0.048 (3,2 0.703

23 (3.2 0.006 (3.3 0.137

3 1) 0.135

5*3 (2,0 0.790 (2,2 0.122 (2,2 0.038
gg é ,0) 0.686 (%,2) 0.008 (%,2) 0.017
38 3,2 0.025 (5.2 0.011

s 2,2 0.164 (3,2 0.315 (2,4) 0.001
23 .0 0.127 (2,2 0.183 (2,2 0.005
33 (2,0 0.133 (2,2 0.107 (2,2) 0.008
2 (2.0 0.001 (3.2 0.130 (3.2 0.009
23 (5.2 0.713 (5.4 0.002

with increasing differences for the higher lying states. Our In Fig. 15, we show the channel cluster form factor for the
results are also influenced by the isospin mixing of th@  lowest two5 ~ states. The | state with a large spectroscopic

and 1,1; states. factor is a candidate for the 4.296 Méi state lying just
above the 4.063 MeVLi+ n threshold.
I °Li|BLi+ n)
The experimental information ofiLi is rather limited J. (Bc|¥c+n)
[54,57. New experiments are under way or planned, how-
ever, to explore this nucleus. One of such experiments is th%
inverse-kinematicd(®Li, p) scattering[58]. It is therefore thr
useful to perform theoretical calculations of ti&.i |5Li
+n) spectroscopic factors. Our results obtained for both the
negative and the positive parity states’bf are summarized
in Table VI. In the present calculation we employed the
AV8'+TM’(99) two- plus three-nucleon interaction in the y
NCSM calculations performed in an approach described iny [
Ref. [24]. The Tucson-Melbourn€TM) three-nucleon inter-
action was introduced in Ref59] with the particular version
we are using, the TM99), described in Ref[60]. The Ar-
gonne V8 NN potential is a slightly simplified version of the
high-quality AV18 interaction[1]. Our current calculations
are limited to the 4Q) and 5i(} basis spaces for the negative
and the positive parity states, respectively, due to the com-
plexity of the calculation with a genuine three-nucleon inter-
action. In general, it is accepted that a three-nucleon interac
tion is needed in addition to the high-qualfiN potentials to
explain the few-nucleon system binding energies and to im- F|G. 15. (Color onling Overlap integral of théLi two lowest
prove description of some three-nucleon scattering obsens- states with théLi+ n as a function of separation between the
ables. Recently, it has been shown that the three-nucleddnd the neutron. The AV8TM’(99) two- plus three-nucleon in-
interaction is also needed for a correct description of low-eraction, the basis size ®¥,,5,=4 and the HO frequency dfQ
lying excitation spectra op-shell nuclei[1,24]. =14 MeV were used.

Apart from an increase of the binding energy, the genuine
ee-nucleon interaction also causes an increase of the spin-

T K T J T x T T T T T T T

. O, il Bl :
025 < Li| Li+n > .
J*=5/2" — s=321=1 572, | 4
----- s=3/21=1 5/2,|
-.— §=5R21=1 5/‘2.l
—— s=5/21=1 52,

1=}

=

[
T

cluster form facto;
2 (=1

e
=
T

0.05

-]
SRR
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ground state and a purédps»)®, (0p;») °C ground state.
Comparing to the phenomenological Cohen-Kurath spec-

i 13 i 12
oBE < C| Cin> troscopic factorg15], a better agreement is achieved in the

I'=1/2 372 more realistic calculation with the three-nucleon interaction.

s F I . — s=1221=1 1/2, AVE'+TM’

§ --- s=1221=1 1/2'l AV’

EO.IS - —— s=1f21=1 3/2 AV8+TM’ IV. CONCLUSIONS

R A A N U s=1121=1 3/2 AVS’

% 01f We derived expressions for calculations of channel cluster

0.05

0

=T

7
0 1 2
r [fm]

form factors and spectroscopic factors from #ieinitio no-

core shell model wave functions. We considered the most
practical case, with the composite system and the target
nucleus described in the Slater determinant harmonic oscil-
lator basis while the projectile eigenstate was expanded in
the Jacobi coordinate HO basis. The spurious center of mass

components present in the SD bases were removed exactly.

FIG. 16. (Color onling Overlap integral of thé*C 2~ ground  The calculated cluster form factors are then translationally
state and thé ™ first excited state with thé’C+n as a function of  invariant. The algebraic expressions for the channel cluster
separation between tHéC and the neutron. Results obtained using form factors were derived for up to four-nucleon projectiles.
the AV8 NN potential and the AV8+TM’(99) two-plus three-  \We numerically tested these expressions for systems consist-
nucleon interaction are compared. The basis siZ¢,f=4 and the ing of up to a three-nucleon projectile. Several numerical
HO frequency ofi)=15 MeV were used. tests were performed that involved interchanging the role of

, " . o the target and the projectile as well as performance of two
orbit splitting. This is demonstrated not only in different independent calculations, one of which employed only the
level spacing and sometimes in a different level ordering inyacopi-coordinate wave functions for all nuclei involved
calculations with the three-nucleon interaction, .9.)%,  while the other used the SD basis wave functions for the
but also in the spectroscopic factors and the overlap integra&mposite system and the target. Identical results were ob-
as we show in this section fgr°C|*?C+n) system. USiNg  tained in both cases.
the wave functions obtained in R¢24], we compare in Fig. As examples of application, we presented results for
16 and Table VII thez-l_ andg_ channel cluster form factors (°He|*He+n), (°*He|*H+d), (°Li|*He+d), (°Be|*He+He),
and the spectroscopic factors, respectively, obtained in cal?|j|*He+3H), ("Li|®Li+n), (®Be|SLi+d), (®Be|’Li+p),
culations with and without the TM99) three-nucleon inter- CLi |8Li+ n) and <13c|12c+n> systems, with all the nuclei

action. The AV8 NN potential is used for the two-nucleon gescribed by mult( NCSM wave functions. The calcula-
interaction. We can see that tge channel cluster form fac- tions involve no fitting. Apart from the basis size, the only
tor and the spectroscopic factor increase when the thregarameter appearing in the NCSM is the HO frequency,
nucleon interaction is included, while at the same timegtﬁe which is typically fixed so that the binding energy is the least
factors decrease. This can be understood as an increase of dgpendent on the HO frequency. In the current application,
spin-orbit splitting of the P3,,—0p,» levels due to the three- this is hard to achieve in the cases that involve both the 0
nucleon interaction which results in a purédps,)® e and the @-shell nuclei, as we require the same HO fre-
quency for all nuclei. Therefore, we studied the dependence
on the basis size and on the HO frequency in most investi-
gated cases. It is very encouraging that our results are rather
stable and robust. Additionally, we found a qualitative agree-
ment with experiment for, e.g(°He|*He+n), (*He|*H+d),
("Li|*He+H), ("Li|®Li+ n), (®Be| Li+ p), in the sense that
large channel cluster form factors correspond to resonances
in cross sections. This confirms that the mékk- NCSM

TABLE VII. Spectroscopic factors for thé3C|*?C+n) corre-
sponding to theéC ground and excited states and the ground
state. Results obtained using the AM8'M’(99) two- plus three-
body interaction and the AV8NN interaction are compared. The
basis size olN,5,=4 and the HO frequency df()=15 MeV were
used. Thes and | are the channel spin and the relative angular
momentum, respectively. All the present&iC states arep-shell

states wave functions provide a realistic description of light nuclei,
AV8’+TM’(99) AVS' in particular for the low-lyingp-shell states. _

7T (s.]) S (s.1) S _ As a further deve_lopment, apart from p_erfo_rmlng calculg-
tions for systems with a four-nucleon projectile, our goal is

33 (2,1 0.549 (2,1 0.489 to utilize the channel cluster form factors as a first step to
371 ) 0.206 (L 9) 0.258 describe low-energy reactions on light nuclei. The currently
212 (f' 2 calculated channel cluster form factors were obtained using
227 2:) 0.015 31 0002 model s functions. As the next st dt
222 2 2 | space wave functions. As the next step, we need to
393 (3.9 0.001 (3.9 0.0005 take into account the influence of the complementary space
13 (2,2 0.034 (2,2 0.016 and calculate effective, or renormalized, channel cluster form

g;% (.2 0.008 (.2 0.004 factors. It is expected that this will improve the cluster form

factors at intermediate distances and make them more suit-
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able for matching to the correct asymptotic cluster wave APPENDIX A: 12-j SYMBOL DEFINITION
functions. Hopefully, it will be possible to develop a micro-
scopic nuclear reaction approach similar to the RGN
starting, however, from realistiab initio wave functions.

The 124 symbol of the first kind27] is defined by
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APPENDIX B: FOUR-NUCLEON PROJECTILE
The channel cluster form factor expression for the case of a four-nucleon projectile is

(AN T| AdD ﬁ;?i%:}z;sl ; 5’7A—4>
1

1 1 )
=> Rnl(nA_‘l)El(nIO(] 10011 ma) ﬁ > <{[(nz|252] 2t2;Nzl:zjz%)JsTs]Ngﬁsj:g%}| 2Tola=4pB1,T,|)

>€S|A§21. ool 3o Tada) ol bjcjdiabxzkzl:esz(‘ 1)1+l Tgt TgteH g apt

la lpb Lap||[L3 N Lz jof| | & Lg Js
ol s L |5 ) o
i - 2 3 S (L2 e la I3 3 lg I3 Iz
I J 1 S P Iab . . 1. 1 .
ja b lanJ |72 3 Jec I3) Tz 3 Ja |
X (Nl aMplpLapNaL ool oL ap)1{Ncl NoLA NSNS LN )1/ Ngl NaL 3| NIN3L 360 113
X sl ANITIT 8y, a2 109 ™2ay ) HT2IA = dali Tysp. (B1)

blbjb cclc
Similarly as the three-nucleon eigenstates in Ef8) and (19), the four-nucleon eigenstates are expanded in a basis with
lower degree of antisymmetry using the coefficients of fractional pareri2gje

<{[(n2| 252) 2t N Lo T 2%)331_3]/\[ 3L3T: 3%}' 2Tola=4pl 2T2>
= <n2| 25 ztz;N2£2«72%||inx~]3T3><in XJ3T3;N3£3j3%||NiI2T2><NiI2T2|a =4p1,T,), (B2)

with Ny, =25+ L,+2n,+1, andN=N, + 25+ L the total number of HO excitations for the three and four nucleons,grttie

additional quantum numbers that characterize the three- and four-nucleon antisymmetrized basis states, respectively. In the
case of the'He projectile,1,=T,=0 and(-1)'2*£2*£3=1_ In Eq.(B1), in addition to the HO bracketl3) due to the c.m.
correction, three general HO brackets appear that correspond to particles with mass @tiasoﬂ%. These are due to the
sequence of three transformations of the HO wave functmg(ﬁifnf)qon |2m2(éA_l)(‘DNzﬁzMz(5A_2)¢N3£3M3(5A_3) to the
single-particle HO wave funCtionﬁnalama(FA)@nblbmb(FA—l)éDnclcmC(FA—z)% o d(rA_g,). With the help of Eq(B1), one can study

the a-cluster structure of thp-shell nuclei states. In the past, this has been typically investigated using the cluster (peegls

e.g., Ref[22]).
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