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Outline

The lifetime of the 6.79 MeV state in 1°0 as a challenge
for nuclear astrophysics and y-ray spectroscopy:
a new DSAM measurement with the AGATA Demonstrator array

1. (astro-) Physics Motivation:

= the cross section of the 1*N(p,y) reaction at stellar energies

2. Experimental method

- the measurement of femtosecond nuclear level lifetimes
with the Doppler Shift Attenuation Method (DSAM)

3. Experimental setup
-2 use of the Advanced-GAmma-Tracking-Array (AGATA) for
the detection of gamma rays

4. Data analysis and results

>“continuous” DSAM: old method, new implementation

- the lifetime of the 6.79 MeV state in 1°0 and “test nuclear
states” in °N

- new constraints on the *N(p,y) reaction cross section at
stellar energies

Conclusions and perspectives
—pioneering technique
Frascati, 24 Giugno 2015 Caterina Michelagnoli

“E quando miro in cielo arder le stelle;
Dico fra me pensando:
A che tante facelle?”
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Physics Motivation
Stellar burning rates: the Carbon-Nitrogen-Oxygen
(CNO) cycle and *N(p,y)*°O reaction

H burning through the CNO cycle

N
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Physics Motivation

The Solar composition problem

gravity
thermo-fluido
core dymamics
metallicity

reaction cross-

sections

observables:

» luminosity

» chemical abundances of the photosphere
» density and sound velocity profiles Solar Standard
(helioseismology) Model (SSM)
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Physics Motivation

The Solar composition problem

gravity

thermo-fluido
core dymamics

reaction cross-
sections

[M.Asplund et al, 2005]

observables:
» luminosity o
» chemical abundances of the photosphere
» density and sound velocity profiles Solar Standard
(helioseismology) Model (SSM)
the neutrino flux depends ?
linearly on the cross-section:
(DUCNO =f (Snuc1T’CN) [A.M.Serenelli et al,

Astrophys.J)Lett. 705, L123-1127 (2009)]
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Physics Motivation

14N(p.y)°0 reaction cross-section measurements

®  Lamb & Hester 1957 | b%
¥ Schréder et al. 1987 |
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= A TUNL data 2005 /
NACRE 1999 E A LUNA data 2006 (gas target) /K)}
3.2+0.8 keV barn £ e
0=22101% ~§ - /
O Lo _ . T e
3 ______________ A E} § L/ /AI
£ b |
ey s
LUNA2008 _ < —— ——_____ 2 _x.ald a -5——-%“
1.57+£0.13 keV barn |
o=1.1 10-19b /\ Solar Gamow pcak
0 - ¢ - AL + - - - - - - - - - - - : + >
0 E.~27 keV 50 100 150 200
@ 0 Eom [keV]
CN component of the solar neutrino flux reduced by a factor ~ 2
Globular Cluster ages increased by ~ 0.7-1 Gyr ....
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Physics Motivation

Extrapolation of the cross-section (astro. S-factor)
at stellar energies

in extrapolating the available exp. data to the Gamow energy region
the occurrence of resonances has to be carefully taken into account, for
example with an R-matrix fit to the exp. data

[
AL ABOVE S EXTRAPOLATION | DIRECT EXPERIMENTAL
" PARTICLE THRESHOLD '[&;" ™ | MEASUREMENTS /7
.
E w LOW-ENERGY
: 7 N Tl OF BROAD
P-WIDTH RESONANCE
NONRE SONANT
........ . e
0 E
COMPOUND NUCLEUS C l INTERACTION ENERGY E

tail(s) of any possible sub-threshold resonances A
have to be carefully taken into account ) §
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Physics Motivation

14N(p,y)*°0 : the sub-threshold resonance at -507 keV
(i.e. the 6.79 MeV state in 1°0)

1E-02 - T T T
M. Marta f Progress in Particle and Nuclear Physics 66 (2011 ) 303-308
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Energy [keV]
150

Captures to different excited states in 1°O contribute to the cross-section.
The capture to the gs in 1°O is dominated by the tail of the sub-threshold
resonance at -507 keV (6.79 MeV state in 1°0)

[CAngulo et al, NP A690 (2001) 755,
M.Marta et al, PR C78 (2008) 022802(R), ....]
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Physics Motivation

Existing literature for the lifetime of

the 6.79 MeV state in 1°0

[ = h/t

/AT [%] [N
-0

RIKEN 2004 ( CE 298Pb(1°0, 150*) )

LUNA 2004 ( R-matrix fit)

TUNL 2005 ( R-matrix fit)

LUNA 2008 ( R-matrix fit)

Frascati, 24 Giugno 2015

<18 > 0.36
1.1+0.5 0.6+0.3
0.3+0.1 2.2+0.7

0.75+0.20 0.9+0.2 *

Caterina Michelagnoli

45
33

26

3/2+ t=17fs
150

E,=6.79 MeV

1/2- W gs

* adopted value
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Physics Motivation

Existing literature for the lifetime of
the 6.79 MeV state in 1°0

[ =h/t
group/year (method) eV /AT [%]
group/year (method) | 1 [fs] / %] S
Oxford 1968 ( DSAM, d(1*N,'50)n ) < 28 > 0.02
TUNL 2001 ( DSAM, *“N(p, y)**0) 1.6x0.7 0.41+0.17 44 3/2+ t=7?fs
RIKEN 2004 ( CE 298Pp(1°0, 1°0%*) ) <18 > 0.36 - 150
LUNA 2004 ( R-matrix fit) 1.1£0.5 0.6+0.3 45
E,=6.79 MeV
TUNL 2005 ( R-matrix fit) 0.3+0.1 2.2+0.7 33
Bochum 2008 ( DSAM, **N(p, y)**0 ) < 0.77 > 0.85 - 1/2- v gs
LUNA 2008 ( R-matrix fit) 0.75+0.20 0.9+02 * 26

* adopted value

direct lifetime measurement < Doppler Shift Attenuation Method (DSAM)
DSAM: suitable down to ~10fs => > ARE THESE RESULTS "ROBUST" ENOUGH??

> |S IT POSSIBLE TO IMPROVE THE ACCURACY OF
SUCH MEASUREMENT??
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Experimental method and setup

Doppler Shift Attenuation (DSA)
for the measurement of nuclear level lifetimes

Absorber
The lifetime of the excited state is 4
compared with the slowing down  Beam  ||-°
time of the emitting nucleus inthe " ||

absorbing material Target/

_ JI=F 3
E, =E = |-
Y "Y' 1—Bcosb P

time

Monte Carlo simulations => lineshape analysis
of the peaks observed in the y spectrum

DSAM t [fs]
>

—v v-——v—vy—v
10 1 10 10% 103 10* 10°
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Experimental method and setup

Doppler Shift Attenuation (DSA)
for the measurement of nuclear level lifetimes

Absorber
The lifetime of the excited state is 4
compared with the slowing down  Beam  ||-°
time of the emitting nucleus inthe " ||

absorbing material Target/

_ JI=F 3
E,=E = |-
Y "Y' 1—Bcosb P

time

Monte Carlo simulations => lineshape analysis
of the peaks observed in the y spectrum

DSAM t [fs]
—v /;\ v y———v—>
10-1w 10 102 103 10% 10°

lifetime of the 6.79 MeV level in 1°0 (?)
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Experimental method and setup

Experimental requirements for ~femtosecond lifetimes

1. maximize Doppler shift effects /é‘/

‘ )

2. large stopping power of the absorbing material
3. monitor of energy gain instabilities

4. high y-detection efficiency and resolution
(good detector response function)

Frascati, 24 Giugno 2015 Caterina Michelagnoli 921



Experimental method and setup

Experimental requirements for ~femtosecond lifetimes

3. montitor of energy gain instabilitie -
(adioact o on

while 02
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Experimental method and setup

y-ray spectroscopy with
standard HPGermanium detectors

T T | T
__ 00 e ——
X | Ro=2cm =
@ /
+ T Bop / . |
9 £ col Ro=lcm /l | %
= / “Ro=3cm
- E r /
‘S | /o g
s |/ /.
§ o //.- . k
o ] E [keV]
0 ! 1(I)0 ' 2&0 ' 3(130 ' 450 ‘ Séo ‘ 600
Time from interaction [ns] gamma interaction position =

center of the detector
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Experimental method and setup

y-ray spectroscopy with
segmented HPGermanium detectors

electrically
segmented
HPGe detector

Identification of the
) . individual interaction points Reconstruction of tracks
>~ 4

o : evaluating permutations of
Digital electronics to interaction points
record and process

segment signals @),

e N
A3 A4 A5|

u\_r-—-—-—q [yt s
B3 B4 B5)

[~ T ~—
e gamma first interaction
Decomposition of the recorded point within few mm !!
pulses through comparison Energy and direction

with reference signals

of y-rays
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Experimental method and setup

The AGATA (Advanced-Gamma-Tracking-Array) project

Demonstrator campaign
@ Legnaro National Lab.

" S ) » \

\

180 n-type 36-fold segmented HPGe
--> 60 triple clusters

triple clusters (15 segmented HPGe)

ul A:",

€h=43% P/T=60% <=M,=1 @ 1MeV Yy spectroscopy campaign @ LNL: 2009-2011
€on=28% P/T=52% <= M,=30 @ 1 MeV
now at GANIL /!
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Experimental method and setup

The experiment for the measurement of
the lifetime of the 6.79 MeV level in 1°0

14N (32 MeV) + 2H > mainly: 1°0 (Q,,=5.1 MeV)
(Tandem XTU, LNL) 15N (Q,.=8.6 MeV)

reaction

chamber (reaction chamber

point of view)

4 Triple Clusters of the AGATA Demon.

beam (z) axis |Crystal # theta [deg] |cos (theta) E_y [keV]
1R 168.54 -0.9800 6403
1G 159.99 -0.9396 6417
1B 156.57 -0.9175 6425
_ J1—p? v
E, = E, (6792 keV = |-| =0.06
Y v( ) 1 — B cosb P c
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Experimental method and setup

The experiment for the measurement of
the lifetime of the 6.79 MeV level in 130

14N (32 MeV) + 2H > mainly: 1°0 (Q,,=5.1 MeV)
(Tandem XTU, LNL) 15N (Q,,=8.6 MeV)

reaction

chamber (reaction chamber

point of view)

4 Triple Clusters of the AGATA Demon.

beam (z) axis |Crystal #  [theta [deg] [cos (theta) E_y [keV]
1R 168.54 -0.9800 6403
4ATCs > 4 x 3 x (36+2) = 456 channels ¢ 159.99 -0.9396 6417
to be handled in the analysis!!! 1B 156.57 -0.9175 6425
TOT data stored on disk = 6.9 TB I = (6792 keV) 1\/ 13_ B2 8 = |%| =0.06
— B cosH ¢
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Data replay and analysis

Data sorting: 0 of the first interaction point vsy energy

= 100
ﬁ 170

[«b]

=

< 165 800

4 mm AGATA 160 600

position

resolution 155 400
2 degree 150F
“0 slices”

200

6000 6500 7000 7500 8000
Energy [keV]

14000
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12000 )

50 6.79 MeV) 9

~1(?7) fs

10000

8000 SN (7.30 MeV)

0.6 fs
6000

4000 ">N(8.31 Me\)

2000 1.7 fs

' | L L L L | L L L L | L L L L | L L L L
6000 6500 7000 7500 8000
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Data replay and analysis

Data sorting: 0 of the first interaction point vsy energy
0 slice selection

100

angle [deg]

800

600

400

200

6000 6500 7000 7500 8000
Energy [keV]

150 6.79 MeV
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Data replay and analysis

Data sorting: 0 of the first interaction point vsy energy
0 slice selection

100

800

angle [deg]

600

400

15N ( 8.31 MeV, (2.211.5)fs)

500
200

400+

145 6000 6500 7000 7500 8000 2007
Energy [keV] 2004

4000 - : 100 -1tk

) 0- T T v T
150 6.79 MeV 7800 7900 8000
- Energy [keV]

Lineshape analysis <
comparison between
stimulated and
experimental spectra
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Data replay and analysis

Monte Carlo simulation inputs
Geant4 simulations for DS lifetime measurements

1. geometry of the AGATA Demonstrator

2. deutertum distribution profile

3. nuclear reaction and characteristics of the
produced nucleus

4. kinematics of the reaction products

5. level scheme of the emitting nucleus

Frascati, 24 Giugno 2015 Caterina Michelagnoli 16/21



Data replay and analysis

Monte Carlo simulation inputs
Geant4 simulations for DS lifetime measurements

1. geometry of the AGATA Demonstrator

2. deutertum distribution profile

3. nuclear reaction and characteristics of the
produced nucleus

4.f the reaction products

5. level scheme of the emitting nucleus
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Data replay and analysis

Kinematics of the emitting nuclei

both >0 and N excited levels are mainly populated via nucleon
(proton and neutron, respectively) transfer reactions

o center of mass anqular distribution:
100
% Cg) N | transfer to
H 40 5 80 8.3MeV
4 P < . - 15
000- 15N 8312 keV @ 156 deg £ o state in °N
|— CDCC (neutron transfer}| ;:EJ 40__
30007 — fusion-evap. |
C 20
®8 3
c i
3 2000 L L e e I B
i 0 30 60 90 120 150 180
®CM
1000 | CDCC** calculations of the
nucleon transfer process by N.
0 — Keeley
7800 7900 **Continuum-Discretized Coupled Channels

Energy [keV]
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Data replay and analysis

Kinematics of the emitting nuclei

both >0 and N excited levels are mainly populated via nucleon
(proton and neutron, respectively) transfer reactions

o center of mass anqular distribution:
100
% C? N ] transfer to
H 40 5 80 8.3MeV
p 3 T H 15N
4000 15N 8312 keV @ 156 deg £ o state in
|— CDCC (neutron transfer}| ;:EJ 40—
30007 —— fusion-evap. g
& 20—
2] 3
c J
820007 I L L
o

T |\\|I\|I\
0 30 60 90 120 150 180

®CM
1000 CDCC** calculations of the
nucleon transfer process by N.
0- T B e e LA Keeley
7800 7900 **Continuum-Discretized Coupled Channels

Energy [keV]
but also the fusion-evaporation
channel is open

. 7
\\ 1 ’/7
D o @ @
O 2H ) NC%
Lo
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Data analysis

Lineshape analysis: lifetime of the 8.31 MeV state in I°N

test case !

Experimental (black dots) vs uplim f 5
‘ T,je
simulated (2fs,3fs,4fs) lineshapes - Z (Exp(k) — Sim (k))
600 1 i 840 _ | k=lowlim O-Exp

i @ 160°
> 400 T i 350
ﬁ i —{300
2 i
S I
= : —{150
S |
“ 200+ i )

g!:-'u.g! 3 X [mm]

0 i i this work: t=(3.0+0.9)fs

I78|0(I] - 78|4[j o 78|80 | 79‘20 Moreh etal.: T=(2.2 £ 1.5)fs
Energy [keV]
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Results

Lineshape analysis: lifetime of the 6.79 MeV state in 1°0

@ 160°

y ‘[r‘nm]

6360 6380 6400 6420 6440 6460

Energy [keV]

12004 10807 ) *
. 1= t=3fs rd
R R .
NH 1100 10]0? -------------- ".
. 15 30 45 60 o
1050 P ”
. ?_.‘. J'(:__ +11.:
Tolle e o @ g llmlleee? TTTTTT T
1000—:" et e | -
III| IIIII| T TT T T
0,01 0,1 0.5
T [fs]

Experimental vs simulated
lineshapes

Result (independent from
the fraction of fusion-
evaporation to nucleon-
transfer, pfe):

1 <0.5fs (99% C.L.)
(t <0.4fs (90% C.L.))

284
[>1.32eV(99% C.L.)

C. Michelagnoli et al., “Solar hydrogen burning probed via DSAM lifetime measurement in 1°0”, submitted to Physical Review Letters

Frascati, 24 Giugno 2015

Caterina Michelagnoli

19/21



Results

New limit, new R-matrix S factor calculations

TABLE I: Results of direct measurements of the lifetime of
the 6.79 MeV state in 'O and corresponding I', g792 values.

Group | Technique | T [fs] [T, 6702 [eV]]

Oxford DSAM  [<28 >0.02

1968 [17]  |“N+%H

TUNL DSAM  [1.60+§75 0.41 1934

2001 [18] |p+"'N

RIKEN Coulex 0.95+9-89

2004 [19]

Bochum DSAM <0.77 (68.3%CL) [ >0.85

2008 [20]  |p+'"N

TRIUMF |DSAM | <1.8 (68.3%CL)|>0.37

2014 [21]  |*°O+°He

Present work | DSAM <0.5 (99%CL) [>1.32
“N4PH <04 (90%CL) |>1.65

Direct lower limit on the formal R-matrix width, and, hence, on the *N(p,y) reaction,
for the first time. S(0) > 0.05 keV b (99% C.L.)

C. Michelagnoli et al., “Solar hydrogen burning probed via DSAM lifetime measurement in 1°0”, submitted to Physical Review Letters

Frascati, 24 Giugno 2015
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Conclusions

o The data analysis of the first experiment in which advanced y-ray tracking
techniques are applied to high-energy y ray of astrophysical interest have
been performed.

o The first Doppler Shift Attenuation analysis of tracked y rays has been
performed.

Done for this purpose: o modification of the existing AGATA
simulation code (Geant4)

o development of an analysis tool for DSAM
for a “continuous” angular distribution of
the detected y rays

o A gain in sensitivity to ~femtosecond lifetimes has been obtained by
exploiting the position resolution provided by PSA and y-ray tracking
techniques.

o The method has been tested on levels of known lifetime in 1°N.

o A new upper limit on the lifetime of the 6.79 MeV state in >0 has been
determined, t <0.5fs (99% C.L.) correspondingto ' > 1.32 eV (99% C.L.)

o Adirect lower limit on the formal R-matrix width, and, hence, on the *N(p,y)
reaction, has been obtained for the first time = Open road to the determination
of Stot(0) at better than 5% —> solution of the Solar Composition problem !
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Perspectives

in 1°0 is needed ... :

Coulomb excitation of radioactive 1°O beam at GANIL (SPIRAL1)
using AGATA for the detection of the gamma rays

ED o Still accurate value of the lifetime of the 6.79 MeV state

o The sensitivity to femtosecond lifetimes of AGATA s really promising!
Other astrophysical application:

the lifetime of the 7.786 MeV state in 23Mg (novae explosions) =
accepted experiment by the last GANIL Program Advisory Commitee
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Perspectives

in 1°0 is needed ... :

Coulomb excitation of radioactive 1°O beam at GANIL (SPIRAL1)
using AGATA for the detection of the gamma rays

Eﬂ o Still accurate value of the lifetime of the 6.79 MeV state

o The sensitivity to femtosecond lifetimes of AGATA s really promising!
Other astrophysical application:

the lifetime of the 7.786 MeV state in 23Mg (novae explosions) =
accepted experiment by the last GANIL Program Advisory Commitee
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Extra slides



stellar burning rates

T. ~16-10°K p. ~ 153 g/cm?3

number of interactions per second: 2
1
nin; .}Y
T, = ov
12 1+6,, (ov)12

_ 8 ©° E 4
(ov){, = Wfo Ea(E)exp(—E) E

kTsyn ~ 1keV



CNO cycle




Range of lifetimes typical of different direct techniques:

Blocking
DSAM
nnnnn -
X-ray coincidences FElectronic Timing
A —- .
f T T T T T T T T T I T | Y
10-18 10-16 10-14 1012 10H10 10-% 10-6 T(8)




data analysis:
populated excited levels

gate on = 5.3 MeV (composite line)
Doppler correction with f = (0,0,0.063)“>
4000. |
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1R Post-PSA output

Data replay and analysis

Data replay: from the raw waveforms
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Data replay and analysis

Data replay: from the PSA hits
to the tracked y events
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Pulse Shape Analysis concept
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Pulse Shape Analysis concept
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Pulse Shape Analysis concept
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Pulse Shape Analysis concept
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Pulse Shape Analysis concept
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Pulse Shape Analysis concept
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Pulse Shape Analysis concept
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Adaptive Grid Search in action

Final Result



Kinematics of the emitting nuclei
effect on the y lineshape
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AdvancedGAmmaTracki
LNL

T =2+ 1= =11 I1EE

an example of the performance

4 (nowadays 5) asymmetric triple-clusters:
12(15) 36-fold segmented crystaly
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444(555) high-resolution digital-

channels

Real time operation: Pulse Shape Analysis

Y-ray Tracking

Efficiency and Energy resolution
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Estimation of the sensitivity:
when selecting a 0 slice

4500
1 6=160°
4000
| X2 using
3500 __ different t |
3000 — simulated
| spectra |
N 2500 - (resgirg?,;fcv;,;nv) or /
c _ |
© 2000 - /
1500
1000
500 —
9
=<
0 T T T T T 11T T T T T T 11T T T T T TIT] :
0.001 0.01 0.1 !

Lifetime [fs]



Estimation of the sensitivity:

when considering “standard” HPGe
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Data replay and analysis

24lAmBe + Fe source kept while beam-on-target
to monitor possible gain instabilities (~60 cm below the r. chamber)
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