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USTAV JADERNE FYZIKY AV CR, v. v. i.

- for the invitation NUCLEAR PHYSICS INSTITUTE OF THE ASCR

Thank you
- opportunity to join
and listen

question from the point of view NPI.

- what is the future directions of ANC ?

- what is the presence of ANC ?

K 4 EUROPEAN UNION
: ‘; European Structural and Investment Funds IK%F
o N Operational Programme Research,
bt Development and Education MINISTEDY, OF. EDVOATHON,

This work was supported by OP RDE, MEYS, Czech Republic under the project SPIRAL2-CZ, CZ.02.1.01/0.0/0.0/16_003/0001679
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Cyclotrons in NPl CAS EEL..':’.&E» ,,&,Qﬁ

-~

* Compact cyclotron TR24

i

° Beams:
- p 18-24 MeV  300uA

* Isochronous cyclotron

U120
° Beams:

- p 10-25MeV  5uUA
- d 10-20 MeV  5uUA
- *He 17-53 MeV  2uA
- alpha 20-40 MeV 5uA

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018
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Typical experimental ANC setup in NPI EE‘__‘:’:‘E?W .. Qﬁ

.;"5.2”{ "

BEAM in experimental hall:

~ 10-20 nA of 3He
for (p,gamma)

~ 10-20nA deuteron beam
for (n,gamma)
and mirror studies

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018



Detectors setup ~ eline s

s
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Gas and solid target setup EE‘__S’.&EM QF

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018
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(pa) A WX (oY)
° 160 + p PEEN 17F
e UC 4+ n o 15C
015N+p(—)160 e 13C + n & 14C
@aﬂs‘.ﬂsﬂ@ V.Burjan,JM, + T A&MU (A.Mukhamedzhanov)...
retired

appearing postdocs, students
connection to GANIL/SPIRAL2 with SPIRAL2-CZ project
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Limits due to the method

- stable targets
- nuclear scheme
complexity

- (dp) reaction limits ?

NPT TAS
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= i a——— J
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ANC situation  cn S Y

PLB 6
NPA 10
PRC 52
PRL 8

Articles with “Asymptotic Normalization” in a title

total 104

1980 1990 2000 2010 2020

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018



ANC situation —  cea SOl ...,......[”J

PLB 16
NPA 22
PRC 111
PRL 9

other 53

+ Articles with “Asymptotic Normalization” keyword

total 234

not complete...

1980 1990 2000 2010 2020

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018



IPI CAS

JNM L i 3_.5‘ © i
NUTIOTS " +
ANC c..«.n..-.l.4m.u.-—.~-.:nm.‘lh = q!

1976 D.R.Lehman, B.F.Gibson

Integral relation for the A.N. of the Triton 3 bOdy prOblem
Phys.Rev.C13, 35 (1976)

1994 H.M.Xu, C.A.Gagliardi, R.E.Tribble, A.M.Mukhamedzhanov, N.K.Timofeyuk
Overall Normalization of the Astrophysical S Factor an the Nuclear Vertex Constant
for 7Be(p,gamma)8B Reactions
Phys.Rev.Lett 73 (1994) 2027 theory

S17(0) : 22.5eVb -> 17.6 eVb

1990 A.M.Mukhamedzhanov, N.K.Timofeyuk
Astrophysical S-factor for the reaction7Be+p->8B+gamma
Pisma Zh.Eksp.Teor.Fiz. 51, No.5, 247-249 (1990) ... Uzbekistan

S17(0) : 15.5 eVb

2018 M.L.Avila et al. Phys.Rev.C97, 014313 (2018) 3 bOdy prObIem
Sub-Coulomb 3He transfer and its use to extract three-particle ANC
6Li(13C,t)160

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018



22Ne (n,gamma) 2010

14C

22Mg (p,gamma) 2011

I 4 B \i | “III_ Sl | .!‘I‘ | I_\I_
i \|“ i\|:| A2 \| AL AL26
I } .00 ECo I :
Mg 12|, ] |8 it
Ne H] Ne | :_:;‘I( l| “I\IIS .5_.: . 22 .‘?‘_\‘4
F () F Fl4 w?l| lrl\( I«"IS F20 ‘}.ﬁu.:-rl [ F
O i\ ) i |_(:I\_’. :.l_!‘\._; 'w:IEJ III 0 l’ O (8] 'i-_:“‘ 021 (8]
| N : N N0 a1 ‘\‘;\4 NI N1 ‘\‘\ |'.\||' ll‘ N21
. [ ‘.:N- 1 .[. HI C -[,- 16 1 ' I‘I\ o
l !#. BT B9 B2 B13 - Bl4 | Bl Blo | BI17 B18 B19
B 3 ) L 7 5 X ..:. n N
Be ol 18 ‘ oy | T3Eis ‘* 0. MEV ] 2 I 4
15N (p,gamma) 2008
12C (p,gamma) 2008
160 (p,gamma) 2009
13C (p,gamma) 2008
15N (p,gamma) 2010

(n,gamma) 2011

23Al (p,gamma) 2012

7Li  (n,gamma) 2013 - (8Li,7Li)

14C (n,gamma) 2014 SF

170 (n,gamma) 2014 AlAbdulah

8B (p,gamma) 2015 Fukui, Ender (2013)
17F (p,gamma) 2017 Kuvin

20Ne (p,gamma) 2017 (low)

12N (p,gamma) 2013 Guo

Jaromir Mrazek, NPI CAS Rez, Czech Republic

ECT workshop Trento 4.-9.11.2018



PRINCIPLES N CASmbo Y

ANC method - Asymptotic Normalization Coefficients

Tool to deduce a direct radiative capture a+A - B+gamma
~ G2 ]
The trick: [ d GABa
- determine the vertex constant(s)/ANCs X+A-Y+B
from binary reaction in peripheral collision
X_—:(Y+a) Y

2 2

In low energy nuclear reactions
G is nuclear vertex constant NVC

but more than that

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018



DWBA - distorted wave Born approximation
X=(Y+a) %

O ) | M(E; cos6)= Y, (x5 JAVIEE x\)

gl

C being the radial overlap function
Lop 15,1 ; ¢

a Approximated by (model) bound state wave function (bnc loje (7‘ ab)
Shell model,
¢ o l/2 Woods-Saxon well
Iablcjc(rab) — Sablcjc(bnclcjc(rab)

Spectroscopic Factor

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018
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What are the conditions for the transfer reaction to study ANC?

Experimental  peripherality 7-10 MeV/A for fenom.OP
for (n,gamma): what with L=07?
beam / target (light beams+ stable targets limited)
level complexity (stable sd-shell nuclei)
state of the art detection systems for inverse kinematics ?

Theoretical potential selection - ( discussion on Monday)

reaction selection (natural question)
- uncertainty of the 2nd |C|? 7
- (3He,d) nice - but as a target?
- (d,p) not so much - (t,d)?
- (d,n) used nowadays in inv.kin. - comments?

i n-detection, 3-body problem
Practical Sources for ANC yP

impact of ANC on astrophysical S factor

Using mirror reactions

Spectroscopic Factor improvements using ANC
Nuclear radius measurement - (method of 2nd choice?)

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018



ANC - Reaction peripherality from 9Be(p,gamma) NPI CAS "

- 1
SUIEP: . y
Crees Bapwiilic oot rilit o e TP LML Y ol 3 L J

S——— |

To verify a peripherality of the reaction in experimental conditions, several checks are done.
- optical potentials were deduced first from the angular distributions

150
o cross section.behavior
‘= without interior(R_, )
o
= 100 di : .
- ifferent integration cutoff used
O to prove the small dependence
S . .
on the interior
S
Yoo DR
o)
o
0

Oc.m. (deg) A.Mukhamedzhanov et al.,PhysRev56,1302

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018



from 9Be(p,gamma) NPI wxsm o b

--- ikt oy te SF1RML Y =
= ——

Radial asymptotic (normalized)

Asymptotics of s.p. bound state w.f.
for different W-S parameters rO

correspond to Whittaker f.

A.Mukhamedzhanov et al.,PhysRev56,1302

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018



from 9Be(p,gamma) NPI CASggh; b

= s ———

2.0 T T T ¥ T ) T . T ; T
" i ]
N 18 20Ne(p,gamma)21Na example
. E . 16| )
0.8F L ]
s 3 s X 3 T 14} 4
0.6F R = 12r "
a = @ 1 1
05‘:_ ~' 'E 1|:||-|-|--_.|_..||..._ -
wn s *e £ i e o e g Ly ]
0.4 ;'- ® ‘ =, 08k ", = .—-
0.3F : el '
0-2-5 0.6 1
0' ; 3 04 4
~ 6} BT "
L e ® ot . e 0.0 T T T d T T T T T ' T T
E | wmwe - 10% | 11 12 13 14 15 16 17
c:;_, 35...,1....“!..:..s.l.--- £, (fim)
© Y2 25 3 35 4 45 _ - o
_ I FIG. 5. The ratio R for three transitions from the ““Ne("He,
b(fm 2 ) d)*'Na reaction. The solid line and dashed and dotted curves are

for the transitions (o the subthreshold state, the ground state, and the
first excited state, respectively.

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018



. . : NPI CASgul .~ L
Optical Potential questions ool %
(d,p) reaction usage problem
- 14C(d,p)
- nice illustration on 26Mg(n,gamma)
- whatto use - CDCC ? FR-ADWA ? different reaction ?
Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018
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A.M.Mukhamedzhanov et al., Phys.Rev.C84, 024616 (2011)

ANC for the **C(n,gamma)*C from (d,p) reaction
- 'depletes' **C in inhomogenous big bang models (production A>20)

14C(n,gamma)

“C(d.p)°C
E1=‘1?,UEMBV

a.d. from trans,to g.s.

s1)

do/dQ(mb/

01

L 1 L 1 1 1 1 1
0 10 20 30 40 50 60 70 80
0 (deg)

- ANC's determined for g.s. and 1% excited state o

c?,,=1.64+0.26fm* C2__ =(3.55+-0.43) 10° fm? 01/2 |
1 . 1.89 +- 0.11 *™F mirror
- FR-ADWA approach decreased the errors ( 24% - 16%)

- older d,p measurement overestimated xs.
By 30% at fw angles

1.48+-0.18 prev.exp.
1.64+-0.03 Coul.dissoc
1.64+-0.26 NPI CAS

JLM  C?(14C,15C) 2.09 +- 0.29 fm-1
ADWA C2(d,p) 1.77 +- 0.21 fm-1
McCleskey, A.M.Mukhamedzhanov et al., Phys.Rev.C89, 044605 (2014)

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018




How unique is ANC deduced from
different transfer reactions or at
different energies ?

What is the actual answer?

Because we (NPl CAS) have data
on 26Mg(d,p) @19MeV

NPI CASgu: - \
[N T R ———— mwi‘:“' - @ i EJ

= ——

FHY SICAL REVIEW C, VOLUME &1, 064616
How unique is the asymptotic normalization coefficient method?
J. C. Fernandes™ and R. (.'.'l'fsm:
Departamento de Fisica, Instituto Superior Teenico, and Centro Multidizseiplinar de Astrofisica (CENTRA ),

Av. Roviseo Pais 1096 Lisboa Codex, Portugal

F. M. MNunes'

C, (fm™)

1.0 20 30 40 50 60 TFO 80 90 100

"B{d, He)

"Be(d,n)

7 May

*Be("B,"Be)

10 20 30 40 50 60 70 &0 90 100

C’, (fm™)

Jaromir Mrazek, NPI CAS Rez, Czech Republic

ECT workshop Trento 4.-9.11.2018



ANC for mirror nuclei

NPI CAS

v
Crech Bugiiic ..u.u-...---umm::“

O

(

léi

N.K.Timofeyuk et al., Phys.Rev.Lett 91, 232501 (2003)

FJ(iKpRN) 2

|Cp/Cn,|2 =R~ ?20 =

Timofeyuk, Descouvemont, Phys.Rev.C 71, 064305 (2005)

there exists a link between C_and l“p Sl 5[5 S|RLE
2 BCIP '.".lP !IP }.IP JCIP :II.P
I /lC |2 = R ~ ﬂres = £ FilkpRn) “si | 7si | 7si | ¥si | 7si | 7si [si s s
P n r 0 M K}JRle(iKnRN) . _{ N .
TALPTAL AL TALI AL AR AL T Al
On the sample of mirror cases it was shown, Mg Mg vl e
that with few % precision alitel: alaol Bl il Gkt
Jel "Ne| "Ne| "Ne NN =B “Ne| “Ne| “Ne
- microscopic cluster model calculations ForE PLE R R | R R
should be used to deduce mirror ANC, “o| "o|N0 [ugiegy ‘o] "o "o| 0| "o| 0| "o
N N sl ‘N | "N| "N| "N| N[ *N| °N| UN
- or simultaneous use of the above analytical c 'c|clicleledl *c| “c| “c| "c|"c|"c| | |*|
formulae and single-particle estimate. 5’5 o "Bl 5 “B|"B 5 "B "B
Be| ‘Be| Bel'Be "Be| "Be| "Be| 'Be| “Be
Core polarization effects created 12%. TERT E7] ° Y R
‘Hll ‘He 1o "He He "He| He He
HEHl H 1 0 H
Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018



Case of 2Mg(d,p) for 27P ”ﬁ..i‘:’ﬁ?m gh

= s w——

Ex (MeV)
Ex (MeV)
2
i 26 5/2+
7 Mg+n 1t 312+ EESi'l'p
B |
0 L 12+
5L
35 states E?P
4L
3+
2L 52+
—— 52+
e - 32+
B - 172+
27
Mg

Santa Tecla, 2017 Jaromir Mrazek

Jaromiil MPdzEék NPIRERS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018
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Case of 26Mg(d,p) for 2sSi(p, g) 2oy 4...

E, (MeV)
=0 5 o Guo et al. PRC73 (2006)
+
bF e gl A asg,p (d,p) data at 12MeV
6|
0 1/2+
il 27
gl I2%EE P Timofeyuk, Descouvemont, Thompson
51 PRC78 (2008)
5| s reanalysis of (t,d) data
— 52+ theoretical arguments against (d,p)
14 — 32+
)% — qjEg
ETMg Bailey, Timofeyuk, Tostevin, PRL117 162502 (2016)
Sensitivity (d,p) to high n-p momenta, consequences
- X.S. can be very sensitive to n-p interatcions in Ad.Approx
Guo Timofeyuk _
Yot  A4+-5 245 +- 5 Gomez-Ramos_,.Tlmofeyuk, PRC98 011601R (2018)
Reduced sensitivity of (dp) x.s to the deuteron model
3/2+ 3.4+-0.3 1.1+-0.15 beyond adiabatic approximation

CDCC - recom. to extend (d,p) analysis beyond Ad.approx.

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018



Sources for ANC Sk

analysis of elastic scattering

peripheral transfer reactions

theoretical calculations

Irvinski et al. PRC29, 349 (1984)
Blokhintsev et al. PRC 48 2390 (1993)

Ramirez Suarez PRC96, 034601 (2017)

9Be (p,gamma) (1997) Mukhamedzhanov et al.

17F(p,gamma) (2017) Kuvin et al. PRC96 via (d,n)

Mukhamedzhanov Timofeuyk, Sov.J.Nucl.Phys.51, 431 (1990)

Mukhamedzhanov PRC86, 044615 (2012)
Coulomb renormalization ANC for mirror

Timofeyuk, Phys.Rev. C 88, 044315 (2013)
SF and ANC for Op shell nuclei

Jaromir Mrazek, NPI CAS Rez, Czech Republic

ECT workshop Trento 4.-9.11.2018



NPI CASggl . [

analysis of elastic scattering
Suarez-Ramirez, Sparenberg PRC 96 034601 (2017)

. . 2 ts
Instead of effective range function —mEE) A, = & ::.:: ’1
ﬂN E._..'FH —

4.5 T T T T

: s
v (d): — [2/0] v g : ' N S
| S I 75 § | | I - T i
2 I | == [22] 2
U":l 35l A L‘I-.‘" =+ [5/0] Ll w2 : o
2 'S i el il o — [3/4]

o 3.0} A a g b —30 == [3/3]) T
c . il i B « [4/2] degenerate
"é]_ 2.5k g ‘1 \\ . f] 3] - paiman A
= 4 . = § § transfer
= s 5 A Lo ] I i i i i :
L 2.0 I“I i i LI LA li] 1 2 3 4 5

-2 0 2 4 fi 8 10 Ec:.]:u. {MEV}

E. . (MeV)

extrapolation to subthreshold state of alpha+12C

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018



Impact of ANC ‘.ﬁ..ti?m | ,,___QIJ

102, ANC values for 4 states
- from °Be('°B,°Be) agree
to those from °Be(®*He,d) reaction

Later - R-matrix fit —
Sattarov et al. Phys.Rev C60, 035801 (TAMU)

$=3.98+-0.12 keV b @ 269 keV

——

0 02 04 06 08 1 12 14 16
Ecm. (MeV)

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018



: L. G
15N(p,gamma)60 - impact of ANC Shwisomivpinien: Sero_ Y

-

deduced ANC C2=192 +- 26 fm-1 for the g.s.
- the dominated by resonant capture to g.s. through two J=1- resonances

. | S(0)=36.0 (6.0) keV b

: i ... below the previous value NPA235 (1974)
| rate of leak from CN cycle -
i -oneinevery 2200 (300) (previously 1200

10

S(keVb)

........... T T T T T eo——

U i B PG IR i B e PO P
0 100 200 300 400 500 600 70O 800 200 1000 1100 1200

E{keWV)

A.M.Mukhamedzhanov et al., PRC78, 015804 (2008)

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018



Influence of ANC in R-matrix fit o S8 I,

Values of |C| for g.s. *N .
(used for the ground state) ]

5 fm2 IC? 25 .
13.8 fm%2  |C[2 198 i
20 fm?7? s ]
30 fm12
40 fm/2
50 fm? ICI? 2500 n
15% unc. in ANC
induces 2% inc.ins(©) ' ———————————— "
(lf a” parameters flxed) Center of Mass Energy [MeV]

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018



A stir around Spectroscopic Factors paliuibutelr..

SF - rely on internal wave functions

SF are not observables, they are not invariant under finite range unitary
transformations of the phase equivalent N-N potentials

Mukhamedzhanov et al PRC82 051601 (2010)

Are occupation numbers observable?, Furnstahl,-W. Hammer, PLB531 (2002)

Unitary correlation in nuclear reaction theory: Separation of nuclear
reactions and spectroscopic factors,
A.M. Mukhamedzhanov and A.S. Kadyrov, (2010)

SF are meaningful within the context of the model used.

Non-observability of spectroscopic factors, B.K. Jennings, (2011)

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018
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Complementing SF with ANC }“.Lf_.._m_f?m s

Akram Mukhamedzhanov came with idea -

DWBA transition amplitude ra.>Ry

Onoloin\T3y) —  bayi W o da+1/22% 347 3y)
CL [ LA !

laJa T Gy
15 : (rg,) = 51/2
Bylaja\' B Gvlayg

M(E; ,cosf) = E (s L AV \
qbﬂra a.}'a( 5”

A.Mukhamedzhanov, ENunez, PRC72, 017602 (2005)

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018



Complementing SF with ANC NPI CASggpo gﬁ

Akram Mukhamedzhanov came with idea -

DWBA transition amplitude rgy> Ry

Onoloin\T3y) —  bayi W o da+1/22% 347 3y)
CL [ LA !

laJa T3y

: 1/2
Igf}“zcrja LTﬁﬂ) B Sj” a.}'aqbna a.}'a( 5")

M(E; ,cos0) = E (X1 AVIE X )
to split inner part and outer part of the DWBA amplitude

depends onb fixed by ANC in a peripheral reaction

M = Kn,ij Minelbl + Knij bnoij Mexe K has a sense of S

\
L ) )
2 (XL |AVIEE ) E X Tl AV )
<R
M is divided by ANC and ... A.Mukhamedzhanov, FNunez, PRC72, 017602 (2005)

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018
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Complementing SF with ANC fii:...mﬁém _—

The idea can be written as two new functions — theoretical and experimental

exr
1'|rrrll' '-h] RE".:I?"IJ' dJ P /’("i
| o Y

imposing equality between the two will provide a correct bnlj and thus a correct S=Clb

Ifr xf

RPW (by45) =

the procedure to find SF looses an artificial degree of freedom - calculation on 2%Pb

1 LI L B B B L B B R B B B
— . dwba @ 5 MeV (x15)
nl — data @ 22 MeV i
SR EU IRl ice - fu P

1. ! DWBA prediction
E 'E::f::rf?:'::f-'.'.f;:f::f::f::f::f::f::f::f::f::f::f::f::f::f::f::f::f::f::f::f::f::f::f::f::f::f:_ i‘ adlabatlc
i T e ]
5of R 13
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L ) DWBA prediction
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Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018
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14C(n,gamma) @ TAMU . C028wo Y

14C(n,gamma) — neutron capture 13C(14C,15C)12C and on deuterium target

C?(g.s.) 1.88 +- 0.18 fm-1

1st experiment trying to complement SF with ANC deuterons 60MeV

—_ 2
E (a)
reaction with 60MeV d o 1.8
was expected = 1.6
. L v
to be nonperipheral 22l
1.2i—
analysis gives a range for SF 1.62 - 1.18 i
BUT other methods (mirror) <= 0.95 !
... bad momentum matching 088 1 121.41.61.8 2
ro (fm)

McCleskey, A.M.Mukhamedzhanov et al., Phys.Rev.C89, 044605 (2014)

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018
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ANC is observable - are there other applications of ANC?

nuclear radii measurements:

16N Li, Guo

13C, 11Be Belyaeva 2014
8L Howel

9C Guo 2005

8B 2001

12B,13C 2001

ANC under breakup energy - can they help enlighten the situation with (d,p) ?

Can new theories improve the situation or CDCC is the final step?

Not only Yarmukhamedzhanov but also Mukhamedzhanov creates a new reaction theory:

A.M.Mukhamedzhanov, PRC 84, 044616 (2011)
Theory of deuteron stripping: From surface integras to a generalized R-matrix approach

Jaromir Mrazek, NPI CAS Rez, Czech Republic ECT workshop Trento 4.-9.11.2018
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