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CHIRAL EFFECTIVE FIELD THEORY HAMILTONIAN

2N Force 3N Force 4N Force
Leading order (LO) >< kl
Next to leading e =
order (NLO) [| ______
Next-next to | A Wﬂ
leading order { H | } -. +

Dlagrams of the chiral effective theory.

H = ZT(k)+ZU(k D+ > UK, I1,m)+..

k<l k<l<m 3



The weights of amplitudes of all chosen diagrams are
fitted to all known two- and three-nucleon systems
data. The Similarity @ Renormalization  Group
transformation that preserves two- and three-nucleon
data is used to tune the Hamiltonian used In
multiparticle calculations. This Hamiltonian is exployted
In large-scale variational calculations.

Descriptive ability of such method iIs good. Predictive
power is also good.

The approach is workable to study nuclei with the
masses A < 16.



NO-CORE SHELL MODEL (NCSM) AS A
GROUND OF AB INITIO APPROACHES OF
LIGHT NUCLEI

The dynamics of canonic NCSM is described by A-
nucleon Hamiltonian with realistic NN- (+NNN-)
Interaction. The variational problem is solved by
diagonalization of the Hamiltonian matrix on the basis of
A-nucleon Slater determinants (so-called M-scheme):

w“1|131j1m1 (rl) WnAIASAjAmA (rl)
o=l e NEY NG (@)
l//n1|131j1m1 (rA) l//nAIASAjAmA (rA)

which, as a rule, consist of the spherical oscillator one-
nucleon wave functions. All matrix elements are taken
Into account.




NCSM-BASED REFINED APPROACHES

An interesting strategy is to get rid of at least a part of
Inessential matrix elements before a calculation.

For these purposes the SU(3)-NCSM, which uses natural
symmetries of a nuclear system (Dreyfuss A. C., Launey K.
D., Dytrych T. PRC 95 044312 (2017)), No-Core Monte-
Carlo Shell Model (NCMCSM) (Abe T., Maris P., Otsuka T.
et al. PRC 86 05430, (2012) ), etc. were created.

Various extrapolating procedures are used to refine the
results.

Recently the maximal bases om canonical NCSM may be
2-:1010 x 2-101°



NCSM, NUCLEAR PROPERTIES AND GAMMA -
TRANSITIONS

Calculations within the NCSM with accurately calibrated
potentials reproduce quite well not only the total binding
energies of nuclei up to 160 and excitation energies of
their lower levels. The magnetic moments of nuclel and the
probabilities of M1-transitions are also reproduced well.
The accuracy of NCSM calculations of nuclear radii,
guadrupole moments and probabilities of E2 and E1
transitions is slightly lower, but, nevertheless, satisfactory.
As a result, for undetected levels and loosely measured
transitions, it looks reasonable to base on these theoretical
data. So, in some areas of nuclear spectra, ab initio
calculations are already becoming competitive with
measurments of the same observables.



PROBLEM OF CLUSTERING (STRUCTURING)

How to state the problem of substructures (clusters) in two-
(or few-) cluster system taking into account indistingvishibility
of identical fermions?

STRUCTURING OF MOLECULES

Two types of particles (e, N) Coulomb n, + | degeneracy
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SHELL MODEL VERSUS CLUSTER MODEL. 8Be
EXAMPLE

Let ¥, and Yg;, be translationally-invariant wave
functions of the alpha particle and 8Be nucleus in the
lowest shell model configurations. Then:

Y., =[1/ @y (R)]|s*p*L=0S =0T = o>

QALY ,, W, Pnsio (P}

K. Wildermuth and T. Kannelopulos



NCSM AND NUCLAR DECAY WITH THE
EMISSION OF NUCLEONS OR CLUSTERS

Decays into nucleon and cluster channels (spontaneous
or induced be resonance reactions) play a role in
nuclear spectroscopy of light nuclei which s
comparable or even superior with the role of
electromagnetic transitions.

So the next problem is to build theoretical nuclear
spectroscopy of resonances and their decays, I. e. to
create more or less universal (suitable for a lot of
resonances and decay channels) schemes of the
theoretical description of these processes. Naturally
these schemes are based on the theory of cluster
channels.



AB INITIO STUDIES OF CONTINUOUS
SPECTRUM AND RESONANCES

The No-Core Shell Model / Resonating Group Model
(NCSM / RGM) and No-Core Shell Model with
Continuum (NCSMC) P. Navratil et al — a lot of papers.

Another approach is Fermionic Molecular Dynamics (T.
Neff and H. Feldmeier, Int. J. Mod. Phys. E 17, 2005 (2008)).

The combination of NCSM and SS-HORSE methods
(A.M. Shirokov, A.l. Mazur, |.LA. Mazur et al. Phys. Rev. C. 94,
064320 (2016)) also looks an interesting scheme to
explore this problem.



CLUSTER CHANNEL ORTHOGONAL
FUNCTIONS METHOD

Two-fragment clustering in bound and decay of resonance
states Is considered in this talk. To describe the virtual or
real decay so-called Cluster Channel Orthogonal Functions
Method (CCOFM) was proposed. The cluster-channel terms
of CCOFM basis are built in the formof the following wave

functions (WFs): 1 - .
S :WA{LPAlkI]AZ(DnIm (p)}JMJ’ (2)

A=A +A, A istheantisymmertizer, ¥,

— translationally-invariant WF of the fragment; @um(2)

— the oscillator WF of the relative motion.
A technique has been developed for transforming such
WEFs to superpositions of Slater determinants (SDs).



Projecting of an eigenvector of ab initio Hamiltonian on
the functions of the cluster basis defines the cluster
characteristics of the corresponding nuclear state.
However some problems appear. In general case WFs
(2) are not orthogonal one to another and to the shell-
model components.

Thus, the next step in creating of a basis is to build
orthonormalized WFs. The WFs are obtained by
diagonalization of the overlap matrix

1] (¥ | A
s,,L,,M,<ﬁi>w'A> <H®N BT,

CD R)\P ,
H@@,,L,,M,<ﬁim,>

<\P(J)

pol

Az

Eigenvectors of the matrix normalized by its eigenvalues
shape the desirable basis of CCOFM taking the form of
SD linear combinations.



CLUSTER FORM FACTORS AND
SPECTROSCOPIC FACTORS

The measure of clustering is called cluster form factor.
The value CFF of the channel A, + A, is defined as:

12 A 1 ,
D, (r) = <‘Pb | NALY, ?5(/)—/? Wi (Qp-)‘PAZ}>-
where the norm (overlap) kernel takes the form:

N(p', p") = <A{‘PA1 %5 (p— " Wi (Q, )Y, H ALY, %5 (0= P Win(Q, )Y, }>-

Let us denote its eigenvalues and eigenfunctions
&, = EV [N(p,p)] and f*(p) = EF[N(p,p")] respectively.
By representing of the delta function as the oscillator

expansion S(p-p) =D |e. ()0, (p)]



the eigenfunctions also turn out to be expressed
through the oscillator wave functions

£ (p) = ZB 20 ().
And the eigenvalues take the form:
g =< MW, FX@) YA HII AW, f5E)Pal>;
The final forms of CFF and its norm — spectroscopic factor
(SF) are the following: @, (p) == ZSE]-/ZZCREA&AZ £ (p);

Saaany =19 (p) I* p°dp = 28 ZC CRAAZB:E B (5)
where

|
CRAAZ <LPA

This definition of CFF and SF plays an important role
In the theory of nuclear reactions. The authors of the
idea (T. Fliessbach, and H. J. Mang, Nucl. Phys. A
263 75 (1976)) called the values “new” CFF and SF.

1 Superposition
AV x —5 Pt (P)Yim (€2, )‘PAZ}> of SDs



ASYMPTOTIC CHARACTERISTICS
(ANC, PARTIAL AND TOTAL WIDTHS)

The asymptotic characteristics are deduced using the
matching procedure described in textbooks on quantum
mechanics. To determine the position of the matching
point R, of the CFF and the asymptotic WF, the condition
of equality of the logarithmic derivatives is used:

F I| (r) _ W l—770,|+1/2(2kr) or

F(n) _ G\ (N

770,|+1/2(2kr) G (n,r)

R(r) W
=7F
b
L
2T
=k

RmT) _ P(r)«l1
GI (77"')

Logarithmic

derivatives of CFF
(solid line) and
function G,(p)

(dashed line) for 7/2-
state of 7Li nucleus
for 4He+3H channel.



Therefore, the asymptotic normalization coefficient
(ANC) the decay width of this resonance is given by
the expression:

e TFR) . [ F(R,) J
W, .1, (2kR ) pk{ G (7.R,)

If the resonance iIs wide, then the partial width is
calculated using prescription of the R-matrix theory
2

O =" (R 46,00, F(R)
J7L "

For determining the decay width of subthreshold
resonance (neutron physics terminology), we used the
formulation of (Mukhamedzhanov and Tribble,1999):

7 LoWe L,k P)
() =~ KR, (F (7,7)" + G, (7,1)°); p, =2~ ANC, |

luab p

Our ab initio approach is in fact the sole allows one to
obtain the partial decay widths in multy-channel cases.




METHOD OF CALCULATIONS

The results of all calculations of the total binding
energies and excitation energies of nuclear levels
presented bellow are obtained by use of advanced NN-
potential Daejeonl16. It is built starting from N3LO forces
of the Effective Field Theory and then softened with the
Similarity Renormalization Group flow parameter A = 1.5fm™2.
The novel is that various phase equivalent transformations are
apply to it (A.M. Shirokov, I.J. Shin, Y. Kim et al, PLB 761
87 (2016)}.

The Daejeonl6 interaction Is well-tested. The set of
parameters of it is obtained by the fit to binding energies of
3H, 4He, 6Li, 8He, 10B, 12C and 160 nuclei and to excitation
energies of a few narrow excited states: the two lowest
excited states (3+, 0) and (0+, 1) in 6Li, the first excited state
(1+, 0) in 10B, and (2+, 0) in 12C.



Code Bigstick is used for shell-model computing of the
energies and WFs of decaying nuclear states and
fragments.

For the analysis of dense spectra step by step tracing
of each level with the grows of the basis size Is
required. The overlap of the WF with N ,+2 with each
of the WFs with N, IS a criterion.

So-called A5 extrapolation procedure is applied to
determine the values of level energies for infinite basis.
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SPECTRUM OF 7L1 NUCLEUS

I Eop Eipeor EE Ex"  ANC,[66] ANC, theor. EM™  EM™™ | J,  ANC,theor.  ANC, [78]

wt
- - | 1/2 —1.618 |.652

3y2I- 0 3145 30 2467 1529 3574015 3 —125 743 '
327 39 |10 46 37401 44 5 639 L 1317 1 890
. - . |12 053] —0.540

27 T WATO 199 169 F0L015 2.9 617 -6 '
/27 38768 3812 l .6 001 93 6 6.81 L 1070 5540

J= Eopt  Etpeo ET EXr T.[74] T, theor Enet Efhent e [67] 1 0. TWANC,) theor. T theor. [42]

[
7/2- 34593 34400 2.195 2172 0.069 0065 —2359  —2038 312 0013 r,=0214
12+ 32804 28021 3984 766 315[67] T4 —081[67] 255 0205keV® 0 1/2  054keV
/27 32641 31610 4.147 4971 0918 0564 —065  —0.130 | 32 0.199° I,= 0783
5/ 31791 30816 4997 5765 0033[67] 0797 0.2 0.655 0.058 I 32 0053 ,=0210
I 172 0.088
327 30495 28175 6293 8406 47 0873 13 1206 0867[70] 1 32 10 Tp=1.70
112 023
1/2- 30155 27.280 6.633 9301 2.7 0282 184 4.191 1 32 10 Tp=244
r,=0433
7/2- 20675 28489 T.133 8092 0437 0453 232 2.982 312 0TkeV  T,=0039
32 27.047 9.60 1.25 4424 I 172 0785

*ANCs (fm=112),
"T(E, = 1eV).
“Total decay width.
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SPECTRUM of 8Be NUCLEUS (posmve parlty)
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NEGATIVE PARITY STATES of 8Be NUCLEUS
AND 7Be(n,p)7Li REACTION

J P TBE éE__resLi+p§ I(S) G Li+p éE__resBe+n§ G Be+n édecay Gexp§

2 (1) 5750 1655 0@ 8%9kev 001  5l4keV np 122keV
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T RO N 2(2) 248keV 0.16€V
.......................................... 37,435 1974 . 2(2) . 107keV : 04644 = 6.78keV . ------ o eeeeee
T T 371 .. 2145 0O1) 117Mev. 05 332keV . n,p  645keV.
e 2(1) 331KeV. o 1B4keV
S A S— 2(2) 308kevV . 0.79KeV
2__(2) ........... 36,301 31085 = 0(2) . 995keV . 15988 = 133MeV . ------ st
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........................................................................................................................ 2(2)  19.8keV 0.331keV

Another fit of 2-(1) state (Adahchour A., Descouvemont P.):
= 1409 keV. I' = 225.



SPECTRUM OF EXOTIC 7He NUCLEUS

J™ ("He) J™ (°He) EL™ E£'™ 1(S) SF plim- cytr. 57 Tiot [30] Tiot [8] Ttor [33] Tio
3/27 07 614 547 1(1/2)  0.730 387 336 334 300 178 110 182
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1/2, 0/ 3375 2318 1(1/2) 0.814 2440 1940 1850 2890 — 4300  750°

. _. 1(3/2) 0.500 812 253 221
+ R 45 — — —
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3/2¢ 07 5124 3492 2(1/2)  0.041 125 84.4 83.4 — — — —
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+ y o o A/ o
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Resonance energies, decay widths of open channels (keV), and
channel spectroscopic factors of 7He nucleus states



CONCLUSION |

CCOFM in combination with NCSM calculations make it
possible to obtain detailed spectroscopic information about
the states of light nuclei over a wide range of excitation
energies.

Almost all levels discovered so far are reproduced.
With rare exceptions, the deviation of their energy
values does not exceed ~1 MeV. The existence of a
significant number of unknown levels is predicted

The abilities of the approach to compute the partial
decay widths, their amplitudes with reliably
determoined signs are unique.

The deviation of the absolute values of the decay
widths is less than two times. The values of the
asymptotic noralization coefficients evaluated from the
reliable experiments tunrs out to be well-reproduced.



CALCULATION OF RESONANCE REACTION
CROSS SECTIONS BASED ON THE RESULTS
OF AB INITIO COMPUTATIONS

| present here the idea of a research strategy to expand as
widely as possible the scope of the use of ab initio methods
In the study of nuclear properties and nuclear processes
and some results of its realization.

This strategy Is often implemented at the cost of
abandoning purely deductive schemes for calculating
various characteristics of atomic nuclei and cross sections
of nuclear reactions.

To calculate the cross section of resonant reaction the
standard R-matrix theory is exploited. The spectroscopic
data, obtained by ab Initio computations are used as an
Input. Naturally, this “*hybrid” theory does not belongs to the
class of ab initio approaches.



LOW ENERGY 9Be (n,n) 9Be PROCESS

A (fm ?) or

.’Eij:?(f‘l‘j'l_:} .*L‘in[f|11_3} [21]

J ES I(S) EE
[ (keV) or I, (keV)
)0.886
- _0.738 0(1) (=)0.835 —0.852 ( :'_ |
' 0.6260)
- _0.115 0(2) (=)0.405 ~0.548 (-)0.585
I ().558b)
2N 125 — 9.08
3 1106 22) 52.3 0.559 11.29
Tib 5887 210
N |.889 0.73
23 1(2) 9%.1 33.58
Tih, 452
" A9 _ _
I 209 1(2) 1790
0(2) (—)8590
o 2.230 2(1) 102 — —
: 2(2) 62.9
3737 0 6.30 7748 197
2z 1(2) 3182 291
i 3.388 2(2) 638 7458 366
7.978 Tib (D174
2% 1(2) 5.13 - -

Spectral characteristics of 10Be and its 9Be + n decay channels.
Symbol (-) denotes the sign of reduced partial width amplitude



Let me present the cross section for the elastic
scattering 9Be(n, n)9Be calculated with three sets of
the Input data In comparison with various
experimental data. In all variants, reduced partial
width amplitudes of neutron and alpha-decay
channels calculated with the CCOFM were used.
The level energies were taken from existing
experimental data (the solid and dotted lines) or
from extrapolation calculations (the dashed line).
The dotted line presents the calculations with ANCs
obtained from experimental data.



The R-matrix code AZUREZ2 Is used In our
calculations. The basic formula reads:

'[-:"fI = .[ 0 L ro aE ‘”: "'Lf :'lf.". {) '-. D] ..
(Veelerer) Eﬁ+;~x\ E—%Ti”“+ 5

Let me present the cross section for the elastic
scattering 9Be(n, n)9Be calculated with three sets
of the Input data in comparison with various
experimental data. In all variants, reduced partial
width amplitudes of neutron and alpha-decay
channels calculated with the CCOFM were used.
The level energies were taken from existing
experimental data (the solid and dotted lines) or
from extrapolation calculations (the dashed line).
The dotted line presents the calculations with
ANCs obtained from experimental data.
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CALCULATION OF CROSS SECTIONS FOR REONANCE
REACTIONS SHAPING 8Be COMPOUND NUCLEUS
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Differential cross sections of °Li(d,d)°Li elastic scattering at 125 -
(a) and 170 - (b) scattering angles

13— = , , . 0.13¢c , , _ , -
- Diff. CS for"Li(d,d)"Li for detection angle 125 - Diff. CS for°Li(d,d)’Li for detection angle 170
0.12F 0.12F
C = exp. data from [17] = —I— EEF'?:": fr{i"lzﬂg]m v
011 calc. forfo = 12.5 MeV 011 ey
0.1 calc. forn =15 MeV 0.1 calc foro = 17 5 MeV
E calc. forfiw = 17.5 MeV E ' '
EI.DE];— EI.DE];—
0.08F - 0.08F
0.07F |[ 0.07E
oost |l — . _| 006F
0.05F 0.05F
0.04F 0.04F
00 :|||||||||||||||||||||||||||||||||||||||||||| 00 SETTE SN AT T AT I TR AT ATy
' 8.6 07 0809 1 111213 14 1% — 8.6 07 08 09 1 11 12 1.3 14 1.

E.o(MeV) E_(MeV)



Inclusive and exclusive total cross sections for
6Li(d,p)’Li, SiLi(d,p)’Li* reactions.
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CONCLUSION I

1. The hybrid method allows one to determine cross
sections and other characteristics, which can be interpreted
as ‘“theoretically estimated” for resonant processes for
which experimental data on partial widths are absent,
contradictory, unreliable, or obtained with large errors (such
processes are numerous and are physically most
Interesting).

2. This method also makes it possible to strongly reduce the
number of parameters used to fit experimental data with the
R-matrix model.

Prospects for using the results of ab initioo methods In
studies of direct nuclear reactions are also broad.

3. Ab Initio theoretical approaches have become now an
Instrument of equal strength in the studies of spectroscopy
of light nuclel and the reactions induced by their collisions.



WHAT ABOUT DRECT REACTIONS?
Transfer reactions. Distorted-wave Born Approximation.

The matrix element is written in the form:

Ti :jdsrzg_)*(kf,r)ZEJr)(ki,r)Gif (r); Gy (r) :jdgrz‘//:(rz)vz(rz)';”i (r, ).

Usually WFs of bound cluster-
nucleus states (o) are built
as the -eigenvalues of a
phenomenological  two-body
Hamiltonian. They are
normalized by the
corresponding SFs. The SF
mai be calculated initially.
However a promising idea is
the substitution cluster form
factor @ (o) in place of y;;(p0).
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The effect looks as follows:
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RADII OF LIGHT NUCLEI AND HALO
EFFECT




NUCLEAR RADIl: MATTER, CHARGE,
NEUTRON

—2 o N2
Ifm(p,n) =1/ I\lA(Z,N)Z(rm(p,n)i _rcm)
i

Ar, = Zr, + Nr,.

Traditional definition of the halo size:

rhalo = rn rp
126] 27] 31] 32 Measured values
233(4)  230(7) 244(7) 2.20(6) of 6He nucleus
Tm  Zoold)  230(7)  2.44(7)  2.29(6 radii (f tai
ra 251(6) 2.47(10) 2.66(10) 2.45(9) adii (fm), obtained
‘ S : using the
28, 20]  [22]° [22]° [30] radius of proton R,

e 1.925(12) 1.938(23) 1.953(22) 1.934(9) from: [23] .and [24].




Results of direct computing of light nuclei radii turned out to
be not satisfactory. Various extrapolation procedures were
bullt in order to improve their description.

We proposed two-dimentional, so-called “twisted tape
extrapolation” procedure for these purposes:

2
P*.'n (1.

|Ir. " L] — 1:2
{-ll"" L 3 h‘-—-'-f] — F‘Z‘C-?'.'llfn.p_:l_l_

P hw) exp(—av' Noaz )

It contains an approximation polynomial P,. The
results presented bellow are obtained using simple
version of the polynomial: P, (fuww) = A + Bhw.



The extrapolation procedure has been performed
throughout the two-dimentional domains with:

the total range 6 — 17.5 MeV (DO);

the narrowed ranges:

6 — 15 MeV (D1),

7.5 -15 MeV (D2),

and 7.5 -12.5 MeV (D3).
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NUMERRICAL RESULTS

i [ | R

JISP16 2.342(7) 2.582(3) 1.799(6)
Daejeonl6 2.430(6) 2.663(3) 1.871(16)
EXp. 1.29-1.44 245-2.66 1.925-1.953

A very unexpected result is almost complete
coincidence of the size of the neutron. Indeed, this
value is equal to 0.792 and 0.783 fm for JISP16
and Daejeonl6 respectively.
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