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Abundance pattern: result of
the interplay between (n,y),

Difficulty of accessing the nuclei
involved:
* to observe their decay

(y,n), B-decay and fission
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* to use as target for reactions
=>» Need of (uncertain) theoretical
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Neutron capture cross sections determination

Theoretical estimates:
e Hauser-Feshbach calculations of CN channel
* Contribution of direct channel is significant (Goriely, 1998)

Measurements:
* Direct A(n,y)B measurement (neutron ToF facilities): limited
to stable or long lived isotopes
e Surrogate reactions (see Escher+,2012, for a review):
» use of a reaction C(a,by)B that populates states “similar”
to those in the capture reaction
» needs correction for differences in (J,t) population
» need radioactive beams in inverse kinematic to reach
neutron-rich nuclei: can test the direct (Thomas+,2007)
and CN components (Cizewski,2015, proposal)




Thomas+,2007

’H(32Ge,p), 2H(3*Se,p):

Experiment at
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* More recently: use of 3-decay as a “surrogate” reaction that
provides information to improve theoretical estimates

» v/n competition in B-delayed neutron emitters

» The (-Oslo method
Future: Use a neutron target (reactor core, neutron guide )

and recirculating radioactive beam (Reifarth-Litvinov,2014)



Analogy between (n,y) and fn

Radiative neutron capture: Beta delayed neutron emission:
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« But, it is difficult observe the y-emission from states above S,

populated in B-decay: intensity fragmented over many cascades
« Only few y-rays in a handful of isotopes have been observed in

HPGe spectroscopy = TAGS tecnigque



Ingredients of Hauser-Feshbach statistical model calculations
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Total Absorption Gamma-ray Spectroscopy Technique

Goal: . - E 12 observed levels

« Counting B-decays to a level § true levels
from the y-rays emitted 5 i

Problem: decay "

- The limited efficiency of HPGe -
detectors together with the P observed intensity
complex de-excitation path: T (rue intensity
Pandemonium effect —) 3

Solution: R 1. o O N

« Measure the full y-ray
cascade with a calorirﬂgé%rl_ L REAL TAS
Duke+,NPA151,1970 Deconvolute the spectrum

= — with a cascade dependent
f detector response (MC)
- constrained to reproduce
L several observables
- Tain-Cano, 2007



reconstructed

Experiments at
IGISOL-JYFL

Tain+, 2015
Guadilla+, 2016
Valencia+, 2017

12
energy (MeV)

* In most of the cases I'y/I'n is quite large, due to
neutron emission hindrance because of L mismatch

* For ?2Rb, although small it
is much larger than HF
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A. Spyrou+, 2016  °Co (~100ms, 6,7)
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+6n Experiment at NSCL

Large P,
hindrance of
neutron emission
due to small
spectroscopic
factor
|<70Ni|69Ni+n>|

Experiment at
IPNO
Large P,
enhancement of
y-emission due to
Pigmy E1
resonance (PDR)

More experiments should be performed to asses this approach



The 3-Oslo method

Spyrou+,2014

* The Oslo method (goal: obtain information on PSF and NLD):
1) Measure single y ray spectra in two-body or capture

reactions varying E,

2) Determine y-branchings as a function of E,

Deconvolute | S(E,)= ab (EX,EX _Eg)g(Eg) AS(Ex 'Eg) "1

Y spectra

£y

1) Extract NLD and PSF from the y-branchings

b(E, E, -

E!]

T(E,) r(E,-E,)

)=

EéT(Eg) r(E,-E,)

9

Solve a non-linear
inverse problem

Ty (E,)= 205 (E,)

1) The result is the shape of NLD and PSF (strongly
correlated) not the absolute values. Need external
normalization, typically from n capture reactions.
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The 3-Oslo method:

e Use of segmented TAS

* Equate E_ with total energy
deposited E; s (approximation)
e Use systematics for normalization

75Ga([3)7GGe

7000
6000
5000

= 4000

wi* 3000
2000

1000

[ 3
105 (a) x10
= 76 100f op.(S)
FE —— "Ge, known levels 80F 1(8”)
L. nge (norm 1) 60-”)2 n
10 = = "Ge(norm2) 40F
- o ™Ge, Renstroem etal. 20f_ = S
10°L °Ge, CT model 8 85 9 9510
= — "Ge,c+HFB
10°
C l‘l\ .:l'
1 ||I. |
E  pog®
E Rt L N
0 1 2 3 4 F
E, (MeV) -
10’7:—
— B
5 L
©
s L
w107
-9
10 0

F ="+~ (b)Primaryy’s I v I

- . wp . [210°
T o L :

- —=10°
E; = 10
!

O 1

1000 2000 3000 4000 5000 6000 7000
E, (keV)

(b) 60 74
s Ge (norm 1) 10 Ge(y,n)
Ge (norm 2) 107+
© "™Ge, Renstroemetal. _fg
----- Upper limit 10°F
— Lower limit 10°

02 46 81012

1 2 3

4

E, (MeV)

5

6

(@
r = From n.res.data T 72
—B— Systematics odd Ge gf "Ge
10° =|—&— Systematics even ae ~EE
:; E| ¢ ™Ge, estmated
© + 7
= T Pae Gg ae G
= - ]
o ?5Ge/%-
= q0t E TTGE’";T
SRt
- o
L1 1 1 1 1 1
400 (b)
F = From n.res. data
350E | # ™Ge, estimated
F| & ™Ge TALYStab.
= 300 linear fit of n.res.data
> E
E 250F  Taege G ae| Ge
2.
.~ 200
S~ L
E 7
150 Ge
100F
E L L L L L L 1
5 6 7 8 9 10 1

Neutron separation energy S" (MeV)



For nuclei that are out of current I T
experimental reach, T,,and P, —_— E
for r-process network J % 3
calculations are taken from - [ J
strength calculations o e
Op
—=0/(0,-E.)S,(E.)dE,
Tj/z 0 ~*

Q\b G”
n 1/20 Gn_l_Gg

——— (0, - E.)S,(E,)E,

-stren th (theory):
§ gth ( y): A TAS is a machine to

Sy (Ex) -1& B. measure B-strengths
B-strength (experiment):

How good are these calculations?



N e 3"d r-process
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The experiment that can be performed now at GSI-FAIR with the FRS

Beam: 2%8Pb (1GeV/u, 3 X 10%pps)
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In the future we
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B-delayed neutron decay

The dominant decay mode of most nuclei formed along the
r-process path is 3-delayed neutron emission

Every xn emission in the decay chain reduces the final mass
to A-x

The emitted neutrons (together with fission neutrons)
reactivate the capture reactions after neutron exhaustion

B Bn B2n P, Xx-neutron

A emission probability
S2n e .2,
s P,=aPr,
S1n
: \ X
....... (n)=axPp,

\ B X

Current theoretical estimates use
A,Z A,Z+1 A-1,Z+1 A-2,Z+1

crude approximations to distribute
the B-strength in the xn channels




The BRIKEN project

* Measurement of P, and T, of the most exotic neutron-rich
nuclei currently accessible
The RIBF high intensity radioactive beams
The BigRIPS+ZeroDegree spectrometer
* The largest 3He moderated neutron counter
* The AIDA |mplant/decay detector
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BRIKEN goal: astrophysics (r-process) and nuclear structure

Six proposals accepted until now to measure T, ,, P, , of
nuclei around A~20, 80, 110, 130, 150 and 200
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 Commissioning and first experiments done
* Performing according expectations

* Analysis in progress
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Other approaches to the measurement of P, for exotic nuclei are

possible: storage rings, mrTOF, ...

1



Summary:

Direct measurement of (n,y) cross sections for the r-process
is still very challenging and we must resort to indirect
methods for the time being

* Asizeable improvement on T,,, and P, data base has been

done (see Nishimura talk) or is ongoing (exception: 3™ r-
process peak region)

Questions:

What improvements can we expect from the upgrades or
coming facilities?

What improvements should be done in instrumentation?
Other experimental methods?

Where should we concentrate the efforts?
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The TAGS analysis in a nutshell

1) Reduce the analysis to a 3) Construct the spectrometer
linear inverse problem response using MC simulations:
taking the b.r. as parameters:

o 5 )

d,=ak, (b) ‘J; I = Abg AL

; k=0

: _ R, =0 Ar,
2) Make a reasonable choice of
b.r. matrix: we use the nuclear
statistical model (NLD & PSF)
plus known level-scheme 4) Needs careful calibration of

- the simulation using known
bined sources
statistical o Continuum

Cano+, NIMA430(1999)p333,
Tain-Cano, NIMA571(2007)p728,
!j O NIMA571(2007)p719, Guadilla+,
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The new segmented TAS: multiplicity distributions
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5) Apply any suitable (deconvolution)

algorithm to obtain 7, (normalized f)): |/,

we use primarily the EM method

6) Compare

reconstructed spectra (/, )

& brm) with measured g
spectra: a) sum energy, 10
b) single-crystal -l

energy, C) sum energy
gated with crystal
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