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Motivations

Neutron poison:
= 226\ig are key neutron poisons during the s-process.
= They compete with >®Fe (basic s-process seed) via 2>2Mg(n,y).

Constraints for 22Ne(a,n)>*>Mg and #>Ne(a.,y)**Mg:
= 22Ne(o,n)*>Mg: primary neutron source in Red Giant stars

= |ts reaction rate is very uncertain because of poor knowledge of 26Mg states.

=  From neutron measurements the energy and J* of 26Mg states can be
deduced, together with I, and I,
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Measurement of 2>Mg(n,y) < ?>Ne(a,n)**Mg

Stellar spectra: AGB (8, 23 keV) and Massive stars (25, 90 keV)
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Measurement of Mg(n,y) < #°Ne(a,n)*>*Mg

Stellar spectra: AGB (8, 23 keV) and Massive stars (25, 90 keV)
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Measurement of Mg(n,y) < #°Ne(a,n)*>*Mg

Stellar spectra: AGB (8, 23 keV) and Massive stars (25, 90 keV)
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Measurement of Mg(n,y) < #°Ne(a,n)*>*Mg
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Measurement of Mg(n,y) < #°Ne(a,n)*>*Mg
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Neutron flux

Neutron-induced reactions
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For nuclear astrophysics, what is important is the Maxwellian

KT =8keV

Averaged Cross-Sections (MACS) at various temperatures (kT
depends on stellar site).
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Neutron flux

Neutron-induced reactions
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Neutron flux

Neutron-induced reactions

For nuclear astrophysics, what is important is the Maxwellian

T kT =8 keV

Averaged Cross-Sections (MACS) at various temperatures (kT
depends on stellar site).

Reaction rate (cm3s™"):  r = NyN,vo(v) mms) r = N,N, (0" V)
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Neutron-induced reactions

T kT =8 keV

Neutron flux

depends on stellar site).
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Neutron flux

Neutron-induced reactions

kT =8keV

depends on stellar site).

Neu?ron energy ?3 104 105 106 (o v) 2

vr r(kT)?

gy U T g S o s T D e e mee SN D B e RS s

I Two methods to determine MACS:

1
I
\ \
I
I

1. measurement of energy dependent neutron
capture cross-sections 2 EAR1 & EAR2 :
2. integral measurement (energy integrated) using |

neutron beams with suitable energy SRV !

o e O

14 Neutron spectroscopy of 26Mg states: constraining the 22Ne(a,n)?*Mg reaction rate

For nuclear astrophysics, what is important is the Maxwellian
Averaged Cross-Sections (MACS) at various temperatures (kT

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA



Neutron flux

Neutron-induced reactions
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Why n_TOF?
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Why n_TOF?
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Why n_TOF?
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Previous measurements of 2>Mg(n,y) at n_TOF

I

H
>

Capture setup:
* 2 C.Dg liquid scintillators
* Total Energy Detection
System based on PHWT

o

Mg Sample:
e 3.94g,2cmdiameter
* Enrichment 97.86 %
e 3.00%x107? at/b
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Previous measurements of 2>Mg(n,y) at n_TOF

Experimental capture yield

Y(En) =

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Experimental capture yield

22

FR AN |
=

106?IIIIH [ T T TTTT T T T T T TTTI T TTTTT LI T TTT

wcounts/bin
—-—
o
o

TTTTTTTT]TTT T TTITTITTTTITTTTTTTT T
| | | | | | 1]

- + " pu+n data

4

4—(IIIIH| 1 IIIIHI| 1 IHHIIl 1 \IIIIHl 1 IIIIIII| 1 IIIIIII‘ 1 \I\Illll 1 111N

10 1 10 10> 10° 10* 10° 10°
LLLLL I LA LR HRELLL L UL LR L

— SAMMY fit

10°

Counts/bin

10*

4 a5 5 55 3 65
Neutron energy (eV)

1 IIIIII| L 11 IIIII| 1 IIIIIII| 1 Ll 1 IIIIIII| 1 1111 1 111
10" 1 10 10° 10° 10* 10° 10°
Neutron enerqgy (eV)

. . . ALMA_MATER STUD]OFEUM
Neutron spectroscopy of 26Mg states: constraining the 22Ne(a,n)?°Mg reaction rate UNIVERSITA DI BOLOGNA



Measurement of Mg(n,y) < #°Ne(a,n)*>*Mg

Data in the
literature
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Stellar cross sections (MACS) for the s-process
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2>Mg(n,y) for neutron source reaction in stars

Resonance strength 2Ne(a,n)>>Mg:
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2>Mg(n,y) for neutron source reaction in stars

Resonance strength 22Ne(a,n)>>Mg:

w,=gl I,/ (T,+T,+T))

Resonance strength 22Ne(a,y)**Mg:

w,=gL, /(T,+T,+I)

o, I' Neutron width I',, and y-ray
= width 1"7 can be deduced
@, Fy from n + 22Mg experiments
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Measurement of 2°Mg(n,tot) @ GELINA
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Measurement of 2°Mg(n,tot) @ GELINA
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Measurement of 2°Mg(n,tot) @ GELINA

collimators

6,
Na and Co H
_ Mg fixed bkg
¢ filters
D LR EECE > S0 meters  <-----ooa oo meome oA >
SLi+n—>(+t
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1,4e+06 1 j
1,2e+06 - Loy
1e+05 ] £
b =
S 800000 Amplitude PR |
© BOON0O 1 5 i
400000 - R
200000 -
0 —— =S 0,01 : : :
50 100 150 200 250 300 350 400 450 10000 100000 1e+06
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Transmission
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Measurement of 2°Mg(n,tot) @ GELINA

Counts (1/ns)

10°

10

10"

!
T= Cin oc g " et 2
C z

out 2

S

o

+ Sample out

— Background

10* 10° 10°
Time of Flight (ns)

! + Sample in

— Background

L1 ‘ 1 1 1 1 1 L1 ‘ 1 1 1 1 1 L1 ‘ °
10* 10° 10°
Time of Flight (ns)

Background determined by black resonance
technique:

t)=b, + be " +b,e ' +b,g )
0 2 3

P. Schillebeeckx, et al., Nucl. Data Sheets 113 (2012) 3054
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C Massimi et al., Phys. Rev. C 85, 044615 (2012)

25|V|g(n,t0t) and ZsMg(n,'Y) R-Matrix analySiS C Massimi et al., Phys. Lett. B 768, 1 (2017)

,,g E. _ E__E® F T, T,
5 25 keV)  (keV) (keV) (B) (V) eV)
x t “Mg(n,v) 1992() 11112 589 2 137(6)  2095(5)
o - R-Matrix 6273(1) 11154 I+ 4405 7(2)
c 7282(1) 11163 649 2 282)  S5310(50)
) 79.23(1) 11169 656 37 33(2)  1940(20)
- 8LII(1) 11171 5(1) 1-130
§ 100.33(2) 11190 3132 5230030)
155.83(2) 11243 2 475 5950(50)
' | PO e TR 187.952) 11274 719 2¢  222)  410(10)
19401(2) 11280 786 3@ 03(1)  1810(20)
199.84(2) 11285 2 48(4)  1030(30)
- 203.88(4) 11289 093  3-20
S . 210.23(3) 11295 > 66(6)  T370(60)
? e 24308(2) 11328 843 2+0)  22(3)  171(6)
= - 260.84(8) 11344 1.02)  300- 3900
@ o5 3 261.20(2) 11344 >3 3.00)  6000- 9000
§ 04F t “Mg(n, tot) ]
= F : i
0.2f- - R-Matrix =
0 50 100 150 200 250
Neutron energy (keV) Energy, J*, Fy, Fn
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25|V|g(n,t0t) and ZSMg(n,'Y) R-Matrix analySiS C Massimi et al., Phys. Lett. B 768, 1 (2017)

Capture yield (x 10°)

Transmission

En B E® 7T, T,

ia (keV) keV) (keV) (B)  (eV) V)
¢ “Mg(n, 7) m)1902XD) 11112 589 2 1376 20950
. R-Matrix 6273(1) 11154 1+ 445 12

72.82(1) 11163 640 2+ 2.8(2) 5310(50)
LR 7023(1) 11169 656 37 3.3(2) 1940(20)
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260.848) 11344 LO2) 3003900
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02 - R-Matrix
0 50 100 150 300" 350"
Neutron energy (keV) Energy, J7, ]__‘y’ Fn
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2>Mg(n,y) for neutron source reaction in stars

—+ **Mg(n, y)
— R-Matrix

o

o

S

RO
|mwmwwmwmww

—+ #Mg(n, tot)
— R-Matrix

Transmission
000000000
OLMVWRUOON®O . O

Neutron energy (keV)
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2>Mg(n,y) for neutron source reaction in stars

Capture yield

Transmission

E, =656 keV

o
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2>Mg(n,y) for neutron source reaction in stars

Capture yield

Transmission

1001 .
10
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1

107 7
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Conclusions...?

* 22Ne(o,n) and (a,y) represent a long-standing “problem” in nuclear astrophysics

* Measurements of 2>Mg(n,tot) and 2>°Mg(n,y) were performed at the GELINA facility
and the n_TOF facility, respectively, to study excited states in 2°Mg

e Simultaneous resonance shape (R-Matrix) analysis of capture and transmission
resulted in:

accurate 2>°Mg(n,y) cross section;

energy and J® determination of 2°Mg levels: evidence for natural states;
constraints for the competing ’Ne(a,y) reaction;

doubts on the E_ = 832 keV resonance.

o ; ALMA MATER STUDIORUM
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Proposal: 2>Mg(n,y)?**Mg @ n_TOF

Our proposal is to repeat the measurement in EAR1 with a factor 4 higher
statistics and with some improvements:

o Combined use of LaBr; and C;D, detectors
o Use of a thicker enriched 2°Mg sample
o) Combine with a capture measurement in EAR2
| | | | |
0.001 | 25Mg(n,g) F—t—i P=2+ =
P_ P_3._
0.0008 |- Pl ¥=D c
| =) (S
o
S 0.0006 | s
-
o
E 0.0004 |- i | , _
© 00002 . I!II T Tl 7 i .
Tl et ﬁﬂ.."":'q“"-';:'-"'”'"-':i: B ' I e Ny ' | T
i il AR T P hent it ey i g
_,:.[‘ ! gi ‘ u i ;E .“ = o el | E
-0.0002 - L L L l
200 210 220 230 240 250

Neutron energy (keV)
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« More protons (4x 1018)
Thicker Mg sample
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Motivations

* NEUTRON POISON:

= 226)\|g are the most important neutron poisons due to neutron capture on Mg stable isotopes,
i.e. 226Mg(n,y), in competition with neutron capture on >®Fe (the basic s-process seed for the
production of heavier isotopes).

e CONSTRAINTS for 22Ne(a,n)>>Mg and 2?Ne(a.,y)*°Mg:

=  22Ne(o,n)*>Mg is one of the most important neutron source in Red Giant stars. Its reaction rate is
very uncertain because of the poorly known property of the states in 2°Mg. From neutron

measurements the energy, J* and energy of 26Mg states can be deduced, in addition to I, and
I

nl

L5 708
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Measurement of Mg(n,y) < #°Ne(a,n)*>*Mg

22Ne(o,n)*Mg
10 B «5_# 1F oo —o 3 4E
27 d53 Y |
310-6[‘ °q9 > Q? - 2: 3
5, T=(01-1.0X10K 5, & g, 2 O,
= : g
5" r > oyl 11.093 MeV
108k : 1
: %Mg+n
O 10° : =
ol | 10.615 MeV
10-10!' | 3 a+22Ne 26 A 4
|
10-11 e B o ow oo 0 o2 oo . Mg+Y
0.5 1.0 1.5 2.0
Incident Energy (MeV)
JJt=O+
Y E,=0 MeV
26Mg
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Measurement of Mg(n,y) < #°Ne(a,n)*>*Mg

22Ne(a,n)2 Mg
o T
& s & #£o
10°5 e 3R 3
@ i 8% F s )
F5 2
§ T=(0.1-1.0)x10°K &
% 10 ( ) ﬁ‘&%Q ]
& 1 9
w 108 I i
3 I
G 109 L~ E,=832£2keV
: ECM =706 keV
10710 I ]
I
-1 ‘ ! o -
1905 1.0 15 2.0
Incident Energy (MeV)

* 25Mg levels via n + Mg
* 2>Mg(n,y) is not conclusive enough,
need for other reaction channels
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Extra slides

Constraints for the ,e
22Ne(a,n)?°Mg reaction
Element Spin/ ) r
parity 2 2 1112
22Ne o* §
e o N

J=I+i+/
l_Y_J

J =

Only natural-parity (0%, 1-, 2%, 3-, 4%, ...)
states in 26Mg can participate in the 5
22Ne(a,n)?°Mg reaction .
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Extra slides

Constraints for the .k
22Ne(a,n)**Mg reaction
Element Spin/ ) %
parity 2 2
25Mg sics i 1 10.95
n 1/2* -
J=T+i+7 .

4 10.69 S, = 1.1 093 MeV

N ________

J=2+0 J=3+1/

//
1/
/
1]

Q=10.615MeV 2+ 2.938

s-wave > J= 2% 3* A
p-wave >J=1-, 2, 3-, 4 . o .
d-wave >J= 0%, 1*, 2%, 3*, 4*, 5* Mg

States in 26Mg populated by 2°Mg(n,y) reaction |
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The n_TOF facility

The advantages of n_TOF are a direct consequence of the characteristics of the PS proton beam:

high energy, high peak current, low duty cycle.

proton beam momentum

20 GeV/c

intensity (dedicated mode)

~10" protons/pulse

repetition frequency 1 pulse/1.2s
pulse width 6 ns (rms)

n/p 300

lead target dimensions 80x80x60 cm”

cooling & moderation material

N28& (H20 + B

moderator thickness in the exit face

5cm

neutron beam dimension in EAR-1
(capture mode)

2 cm (FWHM)
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Extra slides: (n,y)

E
n+ -
197 Au
S, =6.5MeV

&

198 A

*

Response / (1/ MeV)

C¢D¢ scintillators

Au
—— Carbon

—— Without sample

4 6 8 10 12

Deposited energy / MeV

14

The C,D, Total Energy Detectors (TED)

at 135°

. . . ALMA MATER STUDIORUM
48 Neutron spectroscopy of 26Mg states: constraining the *?Ne(a,n)?>Mg reaction rate UNIVERSITA DI BOLOGNA



Extra slides orz= 22Ne(a,, n)2Mg -
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Measurement of 2°Mg(n,tot) @ GELINA

Transmission

Example of the sensitivity to Spin and Parity J*
09T T T ]
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Extra slides
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Extra slides
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| GELINA 2013

 ORELA 1976
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Stellar cross sections (MACS) for the s-process

Some cross sections measured in 2001 - 2024

** Branching point isotopes:

1515m' 63Ni' 147Pm’ 171Tm’ 203T|’ 795e

4

Abundances in presolar grains:
28,29,305i’ 91,92,93,94,962r’ 94'96MO, 146Nd

Magic Nuclei and end-point:
139La, 140Ce’ QOZr’ 89Y, 885r’ 204’206’207’208Pb, 209Bi

Seeds isotopes:

54,56,57F @, 58,60,62,64Njj, 5°Ni(n,a)
’ ’ ’

Isotopes of special interest:

Abundance (Si=10°)

1010_
Ir
%Fe Y
106' 1— Sr
Rb
1044, S s Kr O] [
14 rs Br
10? ; . Se [1F
0 100 200
Mass Number Ge (r]
Ga
e E
Co N
Fe !E L
SFg
Seedfor  s-Process s-Branchings

N=50

s-Process  Reaction

Path

(%Ni, ™Se, ®Kr, ...)

r-Process Region

186,187,188Qg (cosmochronometer),1®’Au (reference cross section), 242>26Mg, 335(n,a), 1*N(n,p), 3>Cl(n,p), 26Al(n,p),
26Al(n,a) (neutron poison), ***Gd (s-only isotopes), 4°K(n,p), °K(n,a), 636°Cu’ °>24Nb, 68Zn, 6971Ga, 70.72.73,7476Ge,

77,78,805e (weak component), 135157.160Gd, 7Li(n,p), “Li(n,a) BBN

Neutron Sources 22Ne(a,n)>*Mg and 13C(a,n)0:

n+2>Mg, n+160
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