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Overview — Lecture 1

o Heavy Element Nucleosynthesis
o Astrophysical processes above Fe that may or may not
contribute
* Neutron-capture processes (s,r,i)
* Proton-capture processes (vp, rp)
* Photodissociation processes (y, p)

l 0 Accelerator facilities

e Ar.t'er..‘r;js Spyrou, NiC-'.ZQZ-I_,,4' o’



Overview — Lecture 2

o Direct techniques for proton/alpha captures
* Intro to non-resonant/statistical reactions
* Regular Kinematics (Activation, Angular distributions, g-
summing)
* Inverse kinematics (Recoil separator, ring, y-summing)

8 o Indirect techniques (resoranceproperties, statistical

properties, time reverse)

o Ar.ter;r;isSbyrQU, NIC.2021,5



Overview — Lecture 3

Nuclear Structure

* Masses (time of flight, traps)
* Half lives
* Pnvalues (time of flight, thermalization, traps)

* Neutron-captures: Indirect techniques (surrogate, -Oslo)

e Ar.tefﬁis'sbyrQU, NIC.2021,6
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stellar H-, He, C, O, Si-burning
stars, supernovae
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| process

Abundance

neutron ,

o stellar H-, He, C, O, Si-burning
stars, supernovae

s-process
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Abundance

Observations

stellar H-, He, C, 0, Si-burning
stars, supernovae

S-process
He-burning in AGB stars,
massive stars

r-process

type Il supernovae,
merging neutron stars

Experiments with fast, stopped
and reaccelerated beams

Rare isotope
production area and
isotope harvesting

superconducting RF
linear accelerator




luclear nuﬂt What do we d

o Basic nuclear properties
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B\ uclear input: What do we need @
| | B-decay half-lives /’

. - ‘ | Transfer
neutron

7OCO i '

Neutron/proton Captures

Charge 3
exchange He

. Artemis Spyrou, NIC 202,31 -




vp-process
Close to proton drip line
Masses, T1/2 mostly known
Most important (p,n) reactions

rp-process
* Close to proton drip line | r-process
* Masses, T1/2 mostly known | =  “ Far from stability

* Proton capture reactions | : Most properties not known :
Masses 4

p-process ‘ T1/2
* Close to stability Pn
* Masses, T1/2 known ) Neutron captures

e y-induced reaction rates :
= L s i-process

- N=20 S-process  Betweensandr

N=8 * Along stability * Mass, T1/2 known
* Most properties known * Missing neutron captures
* Missing neutron captures i

s Arten;”nji'sls’p'yr}oq, NIC 2'.0_21',”_;2. :



Nuclear Reactions in Stars

Main focus on capture reactions

o Artemis Spyrou, NIC 2021,33 *



Today focusing on reactions

r: reaction rate
N, N,: number of particles
v:velocity

% o(v): reaction cross section at v
- f flv)o(v)vdvu f(v): velocity distribution
Y <ou>: reaction rate per particle pair

B Rolfs and Rodney, “Cauldrons in the cosmos” TR IS JE. TR Artemis ‘SperU1 NIC 2021, 14"~ -
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Maxwell — Boltzmann distribution
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Coulomb barrier ‘W(R )2
P= .

w(R,)

2

projectile

Tunneling probability ->
Distance r increasing with energy

Potential V(r)

A
Nuclear radius

Cross section has two components:
1. Interaction between particles (pure nuclear)
2. The Coulomb force

Astrophysical S-factor
S(E) Contains all the pure nuclear
properties

_ZZ,e
hvu

B Rolfs and Rodney, “Cauldrons in the cosmos” s 5 ; Lo Artemis -SperlfI, NIC 2021, 16" -
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Gamow Window
Maxwell — Boltzmann
distribution
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Gamow Window

* Charged particles

p process: T=1.8-3.3GK
o (pY):Ey=1-5MeV
o (a,Y): Ex=4-12 MeV

Standard approximation

E, =0.12204(Z; Z,uT;)"”
| 4 2:pls) [in MeV] rp process: T=1.1-1.3GK
AE, =0237(Z} Z;uT;))" o (p,y):E,=0.8-2MeV

vp process: T=1.5—3.0 GK
Window: o (p,y):Ep=1—4MeV

e Neutrons

_ s process: T~ 0.3GK
No Coulomb barrier, angular momentum o (ny):E=25-75keV

1
Ey =0.1727,(¢+2)

| process: T= 0.1-0.3GK

[in MeV] o (n,y):E;=10-75MeV

1
AE,, =0.194T,, [ ( +—

) r process: T=0.1—2.0 GK
o (n,y): E;=10- 1500 keV

Window:

-] Rauscher, PRC 81 (2010) 045807 B Kadonis.org : Gamow Calculator : ; S Artemis Sper".'I’ NIC 2021’19




Ruclear input: What do we need g

o Nuclear reactions/Astrophysical reaction rates

a + A —> B>X< — B+ )/ Radiative capture reactions

Incoming channel

Resonant : Statistical : Direct

s Arten;”nji.s'Sp'yr»ou', NIC 2'_0_231',"__20' S
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Ruclear n‘utt What do we nee g

o Nuclear reactions/Astrophysical reaction rates

a+A—B —B+y

Prompt Outgoing channel

or other particle channels (Competing channels)

_" Artemis Spyrou, NIC 202122




" Calculate: Cross Section

Hauser-Feshbach theory

1

= tA

)

\\

o "Qi, +1)QI, +1) 5 (

_J

y ray strength function

Transmission
coefficients

continuum

!

tNucIear level densities

T (E)= ET;” (E)+ f T, (E)o(E.J)dE
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Hauser — Feshbach

-
(@]
N

* Nuclear Level Density
Constant T+Fermi gas, back-shifted Fermi
gas, superfluid, microscopic

-
o

Cross section (b)

—_

Level density

-
o
N

* y-ray strength function ... X

Generalized Lorentzian, Brink-Axel, Energy (MeV)
various tables

N
o
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e Optical model potential
Phenomenological, Semi-microscopic

Cross section (b)
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e
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OMP “ 3Sr(n,y)’°Sr
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ross section (b)
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* Nuclear Level Density - fixed
e y-ray strength function — fixed
B ° o - Optical model potential - varying &
ST TN e Rl T R ARerissginyrou, NIC 2071525




In the Laboratory |

B - VYield of reaction: y = Number of reactions
Number of beam particles

Number of target particles LN,

e Cross section: o = Yield of reaction { N, }
N

To measure a cross section you need three things:

1. Number of target particles (N;) !!!

2. Number of beam particles (N,) !!!

3. Number of reactions (Ny) !!!

But first .. you need a beam :
T T RO : T _rtemlsSpyrou NIC 2021 g :



Accelerator Facilities

§i o A’rten;”nfi.sls’p'yr_oq, NIC 2'.0_21',”_.27- AR



Facilities
Stable beam facilities (Intro Physics)

* Van de Graaff (single-ended or tandem)

* Cyclotrons
* LINACS

i Artemﬁi-s'Sp'yr'ouv, NIC 2',0231',.28' '




Basic Components

N

Analyzing magnet

Accelerator

lon sources

K Beam Lines

| ;MV tandem accelerator @ Institute of Nuclear 2
l Physics, "Demokritos”, Athens, Greece N Artemi's Spyrou, NIC 2021, 29"




Radioactive Beams
Fragmentati{_)n: NtSCL/FRIB, GSI/FAIR, RIKEN, HIRFL ...
arge

Fast RIB
Stable beam E H >

Fragmentation Separation
Isotope Separation On-Line (ISOL): TRIUMF, SPIRAL, ISOLDE i~ 2.

Target Extraction

MStable beam
"

Fission source: CARIBU/ANL

Separatlon Reacceleration

Fission source Separation  Acceleration

RIB
EExtractlon

Low energy reactions: ANL, FSU, Texas A&M, Notre Dame

Target = N
Low energy — L .
Stable beam - o 22l

Reaction Separation? . L
& T f':fil :

Artemls Spyrou NIC 2021 30




National Superconducting Cyclotron Laboratory

“Stopped beam area” &

7 Artemis Spyrou, NIC 2021,31 -



| Neutron Facilities
Time-of-Flight: e.g. NnTOF@CERN, LANSCE@ Los Alamos, IRMM @ Geel,
Belgium, etc

 High energy protons on heavy target, broad energy distribution, pulsed
beam.

SMARTS: Spectrometer for Materials
Research at Temperature and Stress
Flight Path 13: Nuclear Phyics

Reaction-based, quasi-monoenergetic: Any low energy facility
* Reactions: H(%H,n)3He — Q= 3.3 MeV - E = 2.5 MeV
3H(’H,n)*He — Q= 17.6 MeV - E, = 14.1 MeV
’Li(p,n)’Be — Q= - 1.64 MeV — E,=? — How can you get 25 keV?

" +* Artemis Spyrou, NIC 2021,32°* -



y-ray beam facilities
 Bremsstrahlung based (electron accelerators)
« Compton scattering e.g HIGS facility in North Carolina, LCS in Japan...)

7 Artemis Spyrou, NIC 2021,33 -




B - VYield of reaction: y = Number of reactions
Number of beam particles

Number of target particles LN,

e Cross section: o = Yield of reaction { N, }
N

To measure a cross section you need three things:
1. Number of target particles (N;) !!!

2. Number of beam particles (N,) !!!

3. Number of reactions (Ny) !!!

" Artemis Spyrou, NIC 2021,34 *



‘Number of r@ i@]l@s '

Rutherford backscattering

Si detector

S

L,-AE, E, E

N,: Avogadro number
A: Atomic mass
§: target thickness in g/cm?

wvIorargct

Ed = 1.35 MeV

o  experiment
simulation

Al backing

200 400 600 800 1000 1200 1400
Energy (keV)

Simulation with SIMNRA
Known detector geometry
Known cross section

Free parameter: target
thickness/composition

"% Artemis Spyrou, NIC 2021,,35 -




Number of target particles
e X-ray Fluorescence (XRF)

— —
- ~ - ~

X-ray
detector §

Fe-Ka

il

7 8 9 10

_Enqrgy'(keV)- L Artemi.s s’p'yroq, NIC 202:1;'_36' 2



‘Number of target particles

* Particle energy loss

. source _ I source
Si detector Si detector

E,AE,

o Many other techniques like resonance measurement, use of
spectrometer or recoil separator, use a reaction, etc

o If radioactive sample: activity from decay

- Artemis Spyrou, NIC 2021,37 -




* High beam intensities: measure deposited charge

%z‘

()
Collimator 1 Collimator 2 (‘}6
-~

beam ‘ ‘

Ammeter/ Current integrator

e.g. 'H* beam: each beam particle deposits 1.6 x 10-1° Cb (e- charge)

34Kr?’* beam: each beam particle deposits 27 x 1.6 x 10" Cb




Number of beam particles
* Low beam intensities: measure each particle in detector

In beam detector upstream to measure continuously
In beam detector upstream to insert every so often
Scattering detector upstream

Detector looking at target scattering

Detector downstream after target

Activation (especially for neutrons)

1,2 Si 3 S
, \ Target
>| l Ion chamber
Plastic scint. \Sl

MCP 4
Si

Diamond

Fission detector

e Arten;”nji.s'Sp'yr»ou', NIC 2'_0_21',"_39' S



Number of reactions
a + A —> b + B Measure prompt y rays

Prompt Measure emitted particles

Measure B-delayed y rays

ticle ch [ ili
or other particle channels Measure the recoiling

nucleus (inverse kinematics)
Delayed Measure emitted X-rays

Combination of the above

Know efficiency
Understand setup
Understand background

Estimate uncertainties

"+ Artemis Spyrou, NIC 2021,,40" -



]a kinematics

n, p, a- beamks‘;lrﬁA

heavy nucleus

Ve-( I"y (target)

Facilities: Stable beam (ATOMKI, Athens, Notre Dame, Cologne,
Florida State, nTOF, Los Alamos, Karlsruhe, etc)

Equipment: Gamma-ray detectors, X-ray detectors, charged
particle detectors

Techniques: Activation, Angular distribution, Summing
Advantages:

*High intensity stable beams

*Well developed techniques

Disadvantages

* Not applicable for all targets, in particular radioactive nuclei

7+ Artemis Spyrou, NIC 2021,41 -




Activation

Collimator
\ RBS detector Faraday cup

:

| O § E
/ \

Target

Cooling system

Irradiate for time according to
half life

Monitor beam intensity

After irradiation move sample
to low background area, HPGe
Detect B-delayed y-rays

:. T. Sauter and F. Kappeler, Phys. Rev. C 55, 3127 (1997). E i tin i o A’rtem‘i's 'Sp'erLIA,,N|C 2',02:1;' 42 " -



ar Distributions

Entry state

Cm—m—————

P [ ———

I NN PR

HPGe (€ =100%)

-

€€ e e e

In beam y-ray detection
Measure at many angles

High resolution system (HPGe)
Create angular distributions
Extract reaction yield

Extract cross sections

i




Angular Distributions
— Sn(p.y

— "sn(p,y)
—— Backing

LI AL IO A A EL L AL I R R BB B L L B R R L R B R A |
600 700 800 900 1000 1100 1200 1300 1400 1500

160(p,"{)17N
direct capture

19F(p,(1’Y)160

] l
o
iR it il WW "'*MH ! ‘ \

r . .
2000 4000 5000 6000

Energy (MeV)

@
S
7
c
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o

@)

ww'\hfmmwmw.mwM AV

o Sample spectrum

RN om . . .. - ArtemisSpyrou, NIC 2021, 44 -




e.g.

Angular Distributions

JTC

112, 3/2
15/2
132"

172, 312

12"
3/2", 572"

(112, 3/2)
9/2")

9/2
©912)

"

3/2

24

1/2

+

72

+

5/2

E, (keV)

60000

55000

| 527 keV

1 634 keV

W(9) =A,(1+a,P,(cos3)+a,P,(cosH)

4.3% ™

1716.2

F it with Legendre Polynomzal

1534.6

{2.0% =
6.7%H

1454.8

13563.9

3.7% =
2.3% H

1310.5

Ay

1160.0

1089.4

117Sb

923.9

719.5

00000

Galanopoulos, et al, PRC 67 (2003)

e

T T
20 40
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15000 4 \I ) \J
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]

i

10000

AN

11454 keV
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Entry

Tstate

Ecm
Wl oY

—l— gs.
Target

Ees=Ecmt Q

Counts

Y >

Counts

T

L
1
2!
Y Vv 0

Y10 Small size detector

471t calorimeter Tz

Photon Energy

e O O O

O

In beam y-ray detection

Sum all energy in a cascade

Need very high efficiency detector

Need highly enriched samples

Efficiency dependence on the y-multiplicity

Simple analysis

@ Spyrou et.al. PRC 76 (2007) 015802 _
q  Simon et. al. NIMA 703 (2013) 16 .

"+ Artemis Spyrou, NIC 2021,46 < -



fl 2000
8 1500

8 1000

& 500

P

L}m4m§ I[&Zﬂbﬁfﬁﬁﬁ

sum peak |

[92MO(OL,’Y)96RI;

=l 12000 —

@ Spyrou et.al. PRC 76 (2007) 015802
q  Simon et. al. NIMA 703 (2013) 16
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2000

‘l

*1

s

H"M

‘“\“g

.= 9.8 MeV
WA “l l
'u oty ’HH {i“

ea\‘ E, =11 MeV
=10.6 MeV
= 10. z MeV

O 1

10000

1o Artemis Spyrou, NIC 2021, 47 -
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B ¢ Activation technique - Off line

= Low energy y-rays =P»Small size HPGe

= Natural targets
— Suitable half-life

¥ 3¢+ Angular Distributions — In beam

= Decay scheme information
=3 High volume HPGe detector
=3 Time-consuming data collection and analysis

B Angle integrated measurements — In beam
= High efficiency

—p Simple analysis procedure X ey
# —» Limited spectroscopic information T~
7 3 g , o ¥ . Artemis Spyrou, NIC 2'_02-1,‘_48- ;




Inverse kinematics

v recoil separators

)é Irr‘ v’ ring measurements
heavy beam

v y-summing

ﬁeavy recoil v activation/implantation
Light t }L‘*l
(H, lde)

Radioactive Beam Facilities: TRIUMF, MSU, GSI, GANIL, CERN, ANL?
Equipment: Dragon, SECAR, Storage ring, SuN, LISE, ...

Particle detectors

TRIUMF

DRAGON

Detector IRecol And
Of Nucl

s Arten;”nji's'Sp'yr»ou', NIC 2'_0_21',"_49' '



Recoil separators

: o Mane different separators in operation or under construction
§ 0 Sofar only DRAGON @ TRIUMF has been used for heavy

element nucleosynthesis experiments.

SECAR @ MSU

Detector of Recoils And
of it

Recoil Detecto rs
Fi Foc




Storage ris

. 96Ru44* ini i
%RU4+ detection | Ru%* injection

*°Ru(p,y)”’Rh
N:

A i Quadrupole Pocket
.\ L '
& | u CEE .

:
96Rh45+, 97Rh45+, 93T c44+ detection \

Ge X-ray
detector

electron cooler

> |

H, target

X-ray detection s 400, —s+— Experiment at 11 MeV/u

[ — Simulation at 11 MeV/u
| — Simulated for (p,p)
— Simulated for (p,n)
- — Simulated for (p,a)
£ — Simulated for (p,7)

60 __80 100
X_position (mm)

T, . . L ArtemisSpyrou, NIC 202151



youmming in inverse kinematics

Isolating Flange

|

before Doppler correction

| — p(7ALY)Si i YT

-- room background

L P L L —_ l . L L i
2000 4000 6000 8000 10000 12000 14000
Energy (keV)
S.J. Quinn, et al., Nucl. Instr. Meth. A 57, 62 (2014)

Hydrogen gas target
Heavy beam
Doppler shift

R i §i o A’rten;{fs Sp'yr_ouA, NIC 2',0_211',”__52' 7



Indirect Measurements

§i o A’rten;”nfi.sls’p'yr_oq, NIC 2'.0_2:1',”_.53. AR



Indirect Measurements
Many measurements are hard or impossible to perform directly.

Indirect approaches are useful for constraining reaction rates and providing
input into the astrophysical calculations that would otherwise not be

possible.

Some examples of indirect techniques
Transfer reactions (d,n) and (d,p) for (p,y) and (n,y) reactions respectively
B-decay feeding levels of interest and extracting branchings
Various reaction studies to extract spins of levels
Trojan Horse method for low-energy reaction rates
Surrogate Method for (n,y) reactions
Oslo/B-Oslo for (n,y) reaction studies
Various reactions for extracting nuclear level density or y-ray strength
function
Coulomb dissociation for y-ray strength

" Artemis Spyrou, NIC 2021,54 -



| Le trouble with neutron captur ot

o Regular kinematics
Measuring Neutron Capture

J_RA reactions on short-lived nuclei is

tron b ALLL '
neutron eam»l heaMeus at best challenglng

Need indirect techniques

arg
Vrr( ISV Surrogate technique (d,p)-(n,y)
Measure NLD, ySF

Can also be applied to (p,y) — why?

o Inverse kinematics

)é _,4"4 o Colliding beams ?
> --- .
I Reavy recoll heavy beam A;_,.{ neutron beam

| Neu%getj ILQ j-LLH

© " Artemis Spyrou, NIC 202,85 *

heavy beam




Surrogate technique

* Formation of compound nucleus (CN)
independent of its decay
Form same CN as (n,y) via (d,p)
Study its decay
Inform the models
Applicable in regular and inverse

kinematics
Applicable a few steps from stability

Compound nucleus

Validation: 95M0(n,y)96M0 “Desired” reacti { SHROTE.
Significant progress during
the last couple of years

: A. Ratkiewicz, J. Cizewski, EPJ Web of Conferences 92 (2015) 02012

i A’rtEmji.s Sp'yrou‘,_NIC 2102:1;;'56" 5o



Hauser — Feshbach

-
(@]
N

* Nuclear Level Density
Constant T+Fermi gas, back-shifted Fermi
gas, superfluid, microscopic

-
o

Cross section (b)

—_

Level density

-
o
N

* y-ray strength function ... X

Generalized Lorentzian, Brink-Axel, Energy (MeV)
various tables

N
o
N

-
o
TTTIT T T T T

e Optical model potential
Phenomenological, Semi-microscopic

Cross section (b)

-
TTTT T 1T

y-strength function

-
o
N

e
Energy (MeV)

OMP “ 3Sr(n,y)’°Sr

T
Energy (MeV) TALYS

Cross section (b)

ross section (b)

1072

Energy (MeV) L T U i ATemisSyrou, NIC 2021557




‘1 raditional Oslo method
| > Use reaction to populate the compound nucleus of interest
» Measure excitation energy and y-ray energy
» Extract level density and y-ray strength function (external normalizations)

| > Calculate “semi-experimental” (n,y) cross section
| > Excellent agreement with measured (n,y) reaction cross sections

"Np(n,y)***Np

—— TALYS, OCL nld&rsf

no M1 scissors
Esch et al. (2008)
Buleeva et al. (1988)

10°E

| 10°E
IIIIIIIIIIIII

3 4 5 | PE,.E,)~p(E,-~E)T (E,)) ‘
Gamma energy (MeV)

Unfolding Normalization
[terative subtraction

cross section ¢ (mb)

c) primary

>k
g 00
N~ F
)
c
Qv
§ C
.0
+ [
- ol
2 F
. O
g X
L

:‘ T.G. Tornyi, M. Guttormsen,et al., PRC2014 e ' §i o Arten;”n_‘i.s.Sp'yr_ou‘, NIC 2',0.2:1',"__58' 27



64y, .
+  Normalization 1, this work 64Ni - = "Nithiswork .
o Normalization 2, this work 7 q — : —gr:réer and lower limits, this work
g S 10
Q

T T TTTTTIm
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(A, Z-1)

SuN @ MSU

* Populate the compound nucleus via B-decay (large Q-value far from stability)
* Spin selectivity — correct for it

* Extract level density and y-ray strength function

* Advantage: Can reach (n,y) reactions with beam intensity down to 1 pps.

- Arternis-Spyrou, NIC-2021,-60-



R. Surman, et al., , AIP Advances 4, 041008 (2014)
' |
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S oactive beams padioactive beams
table beams .
. eactions B-decay
Reactions
| N\ N\
"Ga 8°¢a 81Ga:l’"Ga ®Gal¥Gal¥Ga [*Ga |l
Zn "'Zn ¥Zn [¥Zn 57n

78Cu SOCu

66Cu

Ni i 1 1 ' 1 1 1 ' 1 "Ni “Ni| Z=28

62 ) 63C0 64CO

61Fe 62Fe 63

“Mn| Mn

<5 5-10 10-20 20-100 . >100

* Variation of theoretical predictions using TALYS, changing NLLD and ySF
* Predictions diverge moving away from stability
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Nuclear Structure
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s/r-process paths and abundances
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" Mass measurements

* Strong connection between nuclear mass (binding energy)
and shell closures
* Two-neutron separation energies — example

"+ Artemis Spyrou, NIC 2021,,65 < -




1 '" mass to astrophysics'

r-process abundances

o2 (0.649) :

j.v M/

S,= 150 keV
— . —..S,=-450 keV

Sp=-750 keV

S =-641 + 42 keV\

X-ray burst Luminosity

0 50 100
Time (s)

B M. Mumpower, et. al. Prog. Nucl. Part. Phys. 86 (2016) 50. R T s I A : R :
d M. del Santo et al., Physics Letters B 738, 453 (2014). .+ L7 Artemis Spyrou, NIC 2021, 66




Mass measurements

* Penning Traps (PT)

* Time-of-Flight (ToF)

* Multi-reflection ToF (MR ToF)

*Storage Rings — Schottky (SR-Sch)

* Storage Ring — Isochronous Mass Spectrometry (SR - IMS)
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* Triple motion in penning trap
* Used for measuring the mass of nuclei with very large accuracy
* Confining particles in electric and magnetic fields

Canadian Penning Trap @ANL
LEBIT @ MSU

ISOLTRAP @ ISOLDE, CERN
TITAN @ TRIUMF
JYFLTRAP@Jyvaskula
SHIPTRAP®@GSI

cyclotron (+)

magnetron {-)

Mean Time of Flight [us]

1 Il
~o So

VRF - 5627500 (Hz)
V- 1998879 [Hz]

B R. Klawitter, et. al. Fnys. Kev. C Y3 (ZU10) 042807 SR R e e A T
d 4. Valverde, et. al. Phys. Rev. C 91 (2015) 037301  |RESS. ©.s L7 Artemis Spyrou, NIC 2021, 68~ -




. @ig .

* Canadian Penning Trap @ANL
* Collaboration ANL + Notre Dame
* Impacton r-process calculations
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Time-of-Ilight

National Superconducting Cyclotron Laboratory @ MSU

(a) Linear TOF-MS (b) Reflector-TOF-MS

L4

¥ (©)  Multiple-Reflection (d) Multiple-Turn
TOF-MS (closed Path) TOF-MS (closed path)

1900 Fragment

E Separator
Multiple-Reflection Multiple-Turn
K1200 Cyclotron TOF-MS (open Path) TOF-MS (open path)

{ W. Plap et. al., Intern. J. of Mass Spectrom. 349 (2013) 134
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' Rings

SCHOTTKY MASS SPECTROMETRY ISOCHRONOUS MASS SPECTROMETRY

(mg), Vi

Vi Injecton

Electron
Cocoler -

TOF<Detector

—]

[ = l".r

Cooled Fragments Hot Fragments

& www.gsi.de
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B decay properties
« HalflifeT,,

* [B-delayed neutron emission probability P,
* [B-decay intensity

7 Artemis Spyrou, NIC 2021,,72 -




Impact of half-lives on r-process
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Halt life
* RIKEN recently completed a major upgrade
* Higher beam rates than other facilities

* Systematics of T1/2
* Impacton r process
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High resolution
Mentioned that nuclear structure understanding is important for all
astrophysical processes
Many ways to study nuclear structure

B decay is typically the first view of a nucleus (low beam intensity)
High resolution measurements for the low lying level scheme

GRIFFIN @ TRIUMF cGA + BCS @ MSU
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1p1/2-
¥ — 1

0d3/2

S. Padget, et. al. Phys. Rev. C 82 (2010) 064314 i

0

‘ HPGe Clovérs (@ ORNL ‘

S. Padgett et al. PRC 82, 064314 (2010).
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PVWhy measure -decay intensity!
* Model constraints for better input in r-process calculations
(Cannot measure everything - we need to rely on model predictions)
* Nuclear structure information
> T,), sensitive to nuclear shape
> Can get same T, for different shapes
> B-decay strength: sensitive constraint
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’6Sr B-decay
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ToT Absorpion Spectroscony

(A,Z-l)

John Milton’s "Paradise Lost

Small size — low efficiency detector  Large size - high efficiency detector

Iy(in) Iﬁ

Ig= I, (out) - L.(in)

L (out)
 /

. o ‘ E.= Ev1+Ev2+Ev3+Ev4+
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http://en.wikipedia.org/wiki/John_Milton

The Pandemonium in Action
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r-process example: 7°Co B-decay Intensity
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Double Sided Si Strip Detector
For ion and B detection

A. Spyrou, S.N. Liddick, et al. Phys. Rev. Lett. 117 (2016) 142701 § ¥, .+ Artemis Spyrou, NIC 2021, 80" -



an of P, values

—— With bdne

hot wind — without bdne

ns merger r-process simulation results with

. and without 8-delayed neutron
T S
LA 1| emission

n Surman, et. al. JPS CnProc.6(2015) 010010 = £ e 2 ; . Artemis -Sp'yr_ou, NIC 2'.0_2:1;'_.81' By



Measuring Pn values
* Integrated measurement - 3He counters (3Hen, NERO, BRIKEN)

* Time of flight — energy information (VANDLE, LENDA, DESCANT)
* New technique — Paul trap (@ ANL)

32 ,_\//W /F// .
. -';,,,/H ‘,-\:

e

DESCANT @ TRIUMF

50
ToF, (ns)

M. Madurga, et. al. Phys. Rev. Lett. 117 (2016) 092502 [ £ e e § Artemis Sp'erll,I, NIC 2021,82 "
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Paul trap

MCP ion
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@ xample: Recent Pn measuremen g

* Installed at RIKEN Nishina Center ‘_‘\j

K E N

in Wako/ Japan NISHINA IS
» 148 3He-filled neutron counters %OAK RIDGE
from Germany, Japan, Spain, -
USA and 2 HPGe clovers (Oak
Ridge)
 Implantation detector AIDA
(Edinburg, Daresbury)
* First parasitic experiment —more

to come 2017-2019 | . —— |

Envies 3109328 [
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Sumimary

We covered A LOT of material but we didn’t cover
EVERYTHING. Here’s some of what we didn’t cover:

Isomers

Charge Exchange Reactions

(p,n) reactions for vp process

(a,n) reactions for neutron-star crusts

Equation of State experiments

Fission

Artemis -S'p'yrou',_NIC 202485 7




Overview

“We shape our tools and thereafter

our tools shape us.”
Marshall McLuhan
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