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| want to do an experiment ©

Planning

Detectors

Money (Grant funding)
Simulations

What do | need?
Theory

DAQ

Motivations

Beam & Targets

People

; 4
*no particular order



The Recipe

Accelerator to provide the beam (reactors too)
 stable/radioactive, pure/cocktail, intensity
« energies from keV to 100s MeV/A
A target*
« solid/liquid/gaseous, density/thickness
« active targets
Instruments
« HPGe detectors
« Double-sided strip detectors (Si, Ge)
« scintillators- magnetic spectrometers
« gaseous detectors
 jon traps
Theory
* interpretation of the data
« motivate experiments to validate theories

A. L. Richard, EBSS2026
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What do you want to measure?

Nuclear Properties

Masses

Half-lives

Branching ratios

Level densities

Gamma-ray Strength Functions
Decay Probabilities

Decay Branching Ratios
Isomers

Fission

Optical model @

Barrier heights

Fragment yields

Shell evolution

Shape coexistence

Level density

Branching ratios

M. Mumpower

A. L. Richard, EBSS2026

6



Nuclear Properties

Neutron-Capture Rates
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Nuclear data: What do we know?

Half-life (t,,):

IIII==H
=E...:-Illl=
RN

T
FRDM1995

Mumpower et al. Prog. Part. Nucl. Phys. 86, 86 (2016)

80 100 120 140 160 180 200 220 240
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Nuclear data: What do we know?

Mass:

>
>

Proton number (Z)

Neutron number (N)

FRDM1995

80 100 120 140 160 180 200 220 240

Mumpower et al. Prog. Part. Nucl. Phys. 86, 86 (2016)

A. L. Richard, EBSS2026 16



Nuclear data: What do we know?

Neutron-Capture:
(n,y) cross sections
and rates

. " aad
s. 86, 86 (2016)

T
FRDM1995

A ol ol " al
Mumpower et al. Prog. Part. Nucl. Phy:

10°
80 100 120 140 160 180 200 220 240

A

A. L. Richard, EBSS2026 17



How do we measure nuclear properties/reactions?
Important Considerations

What kind of beam,

Motivation what energy

Facility capabilities Beam rates

Type of Availability of beam

experiment :
(inverse vs. normal Detector setup time

kinematics) PAC?

A. L. Richard, EBSS2026

1



Beam Rates
Is your experiment feasible?

e N\
(L‘) J T RI U M F ‘Canada’s national laboratory for particle and nuclear physics
( r Laboratoire national canadien pour la recherche en physique nucléaire et en physique des particules
—

ka‘ Facility for
w Rare Isotope Beams F R I B B TRIUMF Home | Beam Schedules | Experiments | Beam Requests | Dashboard | Planning Login to Science Applications
at Michigan State University e a m a e S

Planning Guide ISAC Yield Database

mwec 1 RIUMF Beam Rates

OLIS Beam Data

Beam Rate Calculator

Home > User Faciliies > FRIB ; Beam Rate Calculator

H Beam Elements ‘ He
1 2
FRIB provides a web-based calculator for users to compute the feasibility and estimated beam
rates of the experiments they want to conduct. Li | Be B (o] N o F Ne
3 4 5 6 7 8 9 || 10
Na | Mg Al Si P S Cl Ar
1 12 13 14 15 16 17 18
K Ca | Sc Ti \4 Cr || Mn || Fe Co Ni Cu| Zn | Ga || Ge || As || Se | Br Kr
19 | 20 || 21 [ 22 || 23 | 24 || 25 [ 26 | 27 | 28 [ 20 | 30 || 31 || 32 [ 33 || 34 [ 35 | 36
Rb | Sr Y Zr No Mo | Te | Ru [ Rh Pd | Ag | Cd In Sn | Sb | Te 1 Xe
37 [ 38 [ 39 || 40 | 41 a2 | 43 | 44 | 45 a5 | 47 | 48 || 49 | 50 [ 51 [ 52 | 53 [ 54

FRIB Estimated Rates ‘

Cs Ba La Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Version 4.0 - 06/01/2026 55 || s6 || 57 | 2 s 74 s 7 77 7 |79 | 80 [ 81 | 82 || 83 || 84 || 85 | 86
The estimates available on the web-based calculator assume optimal conditions and are only intended to provide a rough indication of Fr || Ra | Ac Rf Db  Sg Bh Hs Mt Ds Rg  Cn Nh Fi Mc Lv Ts Og
experiment feasibility. Actual rates will likely be less. Rates above 1E8 pps will require a detailed evaluation of primary beam and fragment B 58 [[NSoNyl 104 105 106 {07 | 108 109 110 11 P12 113 14 115 {16 117 {18
power deposition and may not be possible.
Enter values for A and Z in the form below and click the "Lookup Estimate” button to view calculations. Ce | Pr|Nd|Pm|sm|Euf[ad| T |Dy | Ho!|l Er [ Tm || Yb | Lu
58 || 59 [ 60 || 61 [ 62 || 63 | 64 | 65 || 66 | 67 [ €8 | 69 [ 70 | 71

Argonne &|80

Th Pa u Np Pu | Am Cm Bk cf Es Fm Md No Lr
NATIONAL LABORATORY

90 91 92 93 94 95 % 97 98 99 100 101 102 103

1946-2026

Z (atomic number) *

https://mis.triumf.ca/science/planning/yield/beam

https://frib.msu.edu/user-facilities/frib/calculator

Beam rates often define
the type of experiments
you Can do! Stable Beams

CARIBU
In-flight Beams Beams

https://www.anl.gov/atlas/available-beams A. L. Richard, EBSS2026 12



Where is the best place to measure it?
Facilities

Reactions
« Coulomb excitation (low and high energy)

 (deep-)inelastic scattering, (multi-nucleon) transfer reactions,
incomplete fusion

 fusion-evaporation
« target/beam fragmentation
* nucleon knockout

Decay Nprmal | ' + *—»
Kinematics
 alpha-decay

93Sr 94sr*

Y+?
+ '—’
d

93Sr 94Sr*
A. L. Richard, EBSS2026 13

* beta-decay

« fission (spontaneous/induced)
Inverse

Kinematics




Where can you get stable beams?

- Alm,

Association for Research at University Nuclear Accelerators

1 w
UNIVERSITY of
WASHINGTON @ < Hope UNION
L. ey E /f\ (011!(1
WESTERN ‘ & 0
MICHIGAN

UNIVERSITY Q
BROTREDE fﬂ
88
= o UMASS
' SdMy VR

“ University ()f © %«ﬁw
/Q\ Kentucky o V¥ Duke
) j —— manGa f Usavissimies Nucieas Lasosasosy
FANTE N

§# NCCentral

-~

TEXAS ASM e N W
........... FLORIDA STATE
UNIVERSITY

Plus others like ANL's ATLAS facility, iThemba in South Africa, Oslo Cyclotron Lab in Norway, ++

A. L. Richard, EBSS2026 14



Stable Beam Production

 Linear, Tandem, Cyclotron
« Usually normal kinematics with light ion beams

Scattering e

chamber SISAR

N Switching { Analyzing
CACTUS/SiRi { magnet

: —
= o~

] a

4

4

4

< o <
|~ Radiation hardness ;

Mini-orange
:
g . .
.
d Switching
2 magnet
g
|

spectrometer

£
)
©
C
©
>
=z
(@)

Oslo Cyclotron Lab

Ionized beams %
Particle type Energy (MeV) Intensity (pA) T
Proton 2-35 100

Deuteron 4-18 100 . MC-35
3He 6-47 50 Scanditronix
‘He 8-35 50 cyc]otron

A. L. Richard, EBSS2026 15



Neutron Beam Facilities

* Time-of-Flight: e.g. n TOF@CERN, LANSCE@ Los Alamos, etc.
« High energy protons on heavy target, broad energy distribution, pulsed beam.

SMARTS: Spectrometer for Materi
Research at Temperature and Stress

\ 2FP75L - \
1) HOU B e — = y \
| \cE 2FP30L - Target T _——
" \¥ 4 =15 N - P BN\
- ’ s = N < N\
/ | N \ | \{ = | - | ER-
O - ] =] 1 | g = Y P A
= o™ ¢\ \ g £ — . k
: - R T ) ;
' s 2 . > =
» | [y [ i
N\ v & > .
Flight Path 5: Nuclear Physi ics 3 w )
and Neutron Radiography - sterix: Polarized Neutron
A i ) Reflectometer/Diffractometer
HIPPO: High-Pressure-Preferred < <t
2 Orientation Diffractometer 6& - l - Flight Path 12
terials Rl (
Q
N

Flight Path 13: Nuclear Phyics

Neutron Capture Experiment

« Reaction-based, quasi-monoenergetic: Any low energy facility (e.g. OU)
e 2H(°H,n)3He - Q= 3.3 MeV - E= 2.5 MeV
« 3H(H,n)*He - Q=176 MeV - E, = 141 MeV
« Broad spectrum too: “Li(p,n)"Be, ...

A. L. Richard, EBSS2026 22



Where can you get radioactive ion beams?

EURISOL 4 MW
HI-13/BRIF R|SP

Beijing
/SI c AIR 100skW

NSCL Coupled
Cyclotorn; Eacility
1kW

GeV/u 50 kW RIKEN TRIUMF 50 kW FRIB
V\DRIBSII ISACland Il ,\, 400kW
. ] “hb”aCSR ( 10 kW ARIEL—>* CARIBY]
anzAaou CRIB ‘\
) 1MW sakKa S
DelthIRA / \
CalcuttaVECC Texas A&M FSU
"GANIL 2V &Y CegnaroSPES~ T Upgrade """~ RESOFUT.
LISE/SPIRAL \ 'CERN
SPIRAL2 | rex.soLDE .
Themba HIE-ISOLDE _ Y
LABS Catania ANU RIBRAS

Magenta - In-flight production
Black - In-target (ISOL) production

A. L. Richard, EBSS2026
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Rare Isotope Beam Production

* |sotope Separation On-Line and fragmentation by light ions

Target/lon Source

Post beam
— mm — Acceleration H‘

 Neutron induced fission (2-step target)
Neutrons or Photons

iy~ e

« In-flight Separation following projectile fragmentation/fission

1 bean
: _ Beam ®
Beams used without stopping

~ target
Post Fragment Separator

~
Acceleration

target

h

Gas catcher/ solid catcher + ion source
A. L. Richard, EBSS2026 23

Slide courtesy of Brad Sherrill



Facility for Rare Isotope Beams

>

Experiments with fast, stopped,

and reaccelerated beams ‘ Reaccelerator

superconducting RF
. linear accelerator

Rare isotope
production area and
isotope harvesting

In-Flight  Target " ‘
I—’ Fast beam experiments
heavy ions K. ‘ Stopped

In-flight lon
separator catcher N i) Reaccelerated A.L. Richard, EBSS2026 25

Reaccelerator




FRIB Beam Rates

Atomic Number

100 T T T T T T T T T T T T T T T T T T T T T T T T T
10
801
5
60/
@
o
©
n:
40}
20/
-5
A. Gade, et al. JPG 52, 050501 (2025)
% 20 4 e 8 100 120 140

Neutron Number

A. L. Richard, EBSS2026 20



Argonne National Lab: ATLAS + nuCARIBU

ATLAS Argonne &
ARGONNE TANDEM LINAC
ACCELERATOR SYSTEM

Fragment
Mass Analyzer

HELIOS
4
AGFA
(= e N =126 Factory
Radiological Gammasphere
Prep Lab %
N Split-Pole
SaREy | — CARIBU Stog Led RAISOR Shectrometer

: N i
ECR 2 f EBis || p Beam Statio
lon Sour > U . Utilities
7 ATLAg/Linac ‘\
. : ‘ P Large Scattering
: Facility
g Coh—1o—8 ||| General Purpose
: D Beam Line

R Pll Linac T A
------ ] H rap Area

¢—8;
-—
D Booster Linac
ECR 3 & )
lon Source N
gl

Accelerator

:
T Control Room m
™

(P, U, DEPARTMENT OF _ Argonne National Laboratory is a
(5) ENERGY C25ssinsisi by ooy pon's, 202
A. L. Richard, EBSS2026



Fission-fragment accelerator

« Turns a source of neutron-rich
Isotopes, such as a spontaneous
fission source (CARIBU) or
neutron-induced fission
(nuCARIBU), into a low-energy
beam using a gas catcher and
charge breeder

ATLAS Fragmenl

Mass Analyzer

Gammas; phere —

HELIOS

Alom Trap

Split-Pole

CARIBU

~—FN-Tandem Injeclor

ATLAS Linac
</ N Large Scattering
Facllity
Canadian
* ° Penning Tray
Booster LI
General Pup
m Line
0 50
Approximate Scale

(i foet)

Gas catcher

05 Cf fission source

(b) nuCARIBU

Particle accelerator Moderator Gas catcher

(a) CARIBU (c) Mass distribution
1
g U (wCARIBY)
E ot carsu)
g 10” - e
us o ;A 'kl 2\
duct 2 & I W\
u 10 J ’/ ! \.\
f ' { "
10° 1% 1
10 |
f l
10° |

o A Ak . Lol
106080 100 120 140 160
Mass (A)

n-induced
on produ >

Spectrometer

-target ( 35U
n-target

https://doi.org/10.1103/PhysRevC.109.024605

A. L. Richard, EBSS2026
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nuCARIBU Beam Rates
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TRIUMF

i',, . TRIUMF is home to the
‘ world’s largest cyclotron —

accelerates H- to 520 MeV,
extracts as proton beam

B NS ~ « ISOL Facility

* Proton beam is sent into

target hall, and interacts with
o thick targets (materials such
as UC)

il II\IIIIIMII\III\II

High Resolution
LEBT Mass Separator

Target Stations 500 MeV

Protons Cyclotron

A. L. Richard, EBSS2026 27



On the horizon: Photo-fission production

238 Target
E- Linac

lon Source Fragment

Separator

Post-Accelerator/ Experiment

A. L. Richard, EBSS2026 25



Photo-fission facility: ARIEL @ TRIUMF

10™13/s
10™12/s
10™11/s
10~ 10/s
10°9/s
10~ 8/s
10™7/s
10~ 6/s
10™5/s
10~ 4/s
10~ 3/s
10™2/s
10/s

/s

Neutron

ARIEL: www.triumf.ca/ariel A.L. Richard, EBSS2026 26



Targets

CD, targets, one slightly burned by beam

Solid Mercury targets

https://doi.org/10.1016/j.nima.2022.167087

7007578 Mo—100
2.5¢m x 2.5cm x 103.2mg

7007578 Mo-100

2.5cm x 2.5¢cm x 101.5mg

B Rt i Ty s O
AR
s

100Mo targets ® @

JENSA Gas Target, ORNL @ FRIB
Jet Experiments for Nuclear Structure and Astrophysics

A. L. Richard, EBSS2026 27
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How can we measure?
General Characteristics of Detectors

- What we want to measure:

— energy, velocity, momentum, mass — charge or light (pulse)
— time — time (from a defined clock)
— position — segment ID (pixel hit)
— Cross section — number
— correlations (angular, feeding) — true/false logic gates
- We then want to infer (with theory): - Things we can optimize:
— spin/parity — resolution
— angular momentum transfer — efficiency
— spectroscopic factors — rate capability

— reaction rates — selectivity
A. L. Richard, EBSS2026 28



General Characteristics of Detectors

* We need a device that will convert incoming radiation into
a signal that we can measure

« Generally, there are three classes of detectors

« Semi-conductor detectors: ionization (electron-hole
pairs) collected into current or charge signal

« Scintillation detectors: deexcitation (photons),
converted to electrons via a
photocathode/photodiode and collected into current
or charge signal

« Gas-filled detectors: ionization (electron-ion pairs)
collected into current or charge signal

A. L. Richard, EBSS2026 29



Semi-Conductor Detectors

Also known as “solid-state” detectors

Silicon, Germanium = semi-conductors A oo
“intrinsic” semiconductors are rare and hard to produce D

in large quantities, so we want to dope the semiconductor { - @--@-=-@=-|

to tailor its response to our needs : \\\\\:SEE\B_)_O_“
n-type: donor electrons from doping (pentavalent § 47 Valenceband

dopant in the case of silicon), lie very close to conduction -

band, net effect is to create far more conduction electrons o s

than holes
p-type: donor holes (or “acceptors”) from doping

(trivalent dopant in the case of silicon), lie very close to v S Radieton +

valence band, net effect is to create more conduction ~)

holes as the charge carrier % \
incoming radiation creates electron-hole pairs along «o&f' ‘D

track (roughly 3 eV per pair), these charge carriers are holes O

migrated through the material with an applied electric field

and the current signal, proportional to energy, is read out S )

from electrical contacts Tw

A. L. Richard, EBSS2026 30



Scintillation Detectors

A scintillation detector consists of a scintillating material, coupled to a light guide, and a
photo detector.

Two types: organic and inorganic
 Differ by how light is produced

Inorganic scintillators: Nal (Tl), Csl (Tl), BGO - Bi,Ge;0,,, BaF,, ...
« Scintillation properties are different depending on the crystal

 Scintillation mechanism is usually due to the band structure of the crystal (band gaps
~5-10 eV)

Organic scintillators: plastics (e.g. benzene C4zH;, stilbene, naphtalen, NE-213)

« Scintillation mechanism is due to the transition of electrons between molecular
orbitals



Scintillation Detectors

* Regardless of organic vs. inorganic, light pulses need to be converted into
measurable signals.

« This is done using a photoelectric material (photo-cathode) to generate electrons
from incident photons

« Because just a few photons are “detectable,” the signals are small, so we need
electron multiplication (gain)

Incoming Photomultiplier Tube

Photon\ Window
c';'t‘l?;%.e / ﬁ Dynodes “ ‘ Anode 1\
= |

|

Focusing
Electrode
'
\'Ioltage 6ropplng
Resistors Output
u
Figure 1 Meter :
Power Supply A. L. Richard, EBSS2026 32



Charged Particle Detection

« Mostly semi-conductors and usually silicon, but other examples exist.
« Typically, very high detection efficiency
« Usually coupled to gamma-ray arrays

P. Adsley et al JINST 12 T02004 (2017)

High Vacuum
Line Envelope Target Ladder

S.D. Pain et al., NIMB 261 (2007)

ORRUBA CHICOX

A. L. Richard, EBSS2026 33
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Neutron Detection

|/

HeBGB

77—

= _/’)’ -

« Typically, scintillator detectors
or gas-filled

LTTFEER

MoNA-LISA

VANDLE

NEDA A. L. Richard, EBSS2026 34



Gamma-Ray Detection

« Several types: semi-conductors (HPGe), scintillators (Nal, LaBr, CeBr, ...)

. M
7 M

Couple to charged
particle arrays!

w

- ™ ¥

GRETA -



Decay

Decay particle (B, a, p etc.)

O

L )

[~

/

Nucleus of
Interest

« How do you detect a decay event?

* There are several ways, but the most common is the use of dual gain
semi-conductor detectors (usually Si). Observe beam implantation
followed by decay corresponding to the half-life of the parent.

A. L. Richard, EBSS2026 36



Implantation p-decay Spectroscopy Arrays

BCS at

Implantation
Detector

WASS3ABI for
EURICA at RIBF p»
(RIKEN) |

A. L. Richard, EBSS2026 37



Beta-Decay Properties

f-decay information is important for neutron-
capture nucleosynthesis

« Half-lives

FDSlat FRIB

f-delayed neutron emission probabilities
f-decay feeding intensities

Garnsworthy, et al. NIM-A 918, 2019
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S o -5F A Tl W n N N
had o - N - * ’ » \\ \ \ \\
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time

M. Madurga, Phys. Rev. Lett. 109, 112501 (2012)
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Beta-Decay Properties

f-decay information is important for neutron-
capture nucleosynthesis

« Half-lives
p-delayed neutron emission probabilities
f-decay feeding intensities

* Thiswork 2 Prev. Exp. -~ FRDM+QRPA - = FRDM+QRPA+HF ~ RHB+pn-RQRPA = EDM
10° _1‘;5'”6]“(.‘ .I‘lﬁ-IIIRu llx VJRh .I‘;:I-I;‘élpd ,:_:?“NAE jff'”“(?d
g /\f
r,ﬂ*«'_fr i . ‘ \/ 4 { { - A . G } ‘L_% )
_ 10¢ /" ‘,"', o 3 4 / 4. / i . j_ 3\ : I‘ Y-.‘ﬁ 1 i
S ’ v’ I’ “mys e % -‘I," ."
= 1.4k »/;f-’ / it ' il :
L / { ry. T " i &3 ) 1
S Fl —Y,~ pr L ¥ g
e Al IS i P
' L
10! 1 DA S | | T | ?-chil L I D T A N I R L

7" 7"4 72 7374 7576 77 7374 7576 77 78 79 75 76 77 78 79 80 81 82 77 78 79 80 81 82 79 80 81 82
Neutron Number

O. Hall, Phys. Lett. B 816, 136266 (2021)

VANDLE at UTK

- ) L A
Peters, et al. NIM-A 816, 2016, pages 122-133

NERO atF FRIB

A. L. Richard, EBSS2026 39



Beta-Decay Properties

f-decay information is important for neutron MTAS at ORNL
capture nucleosynthesis POl _—

« Half-lives

« [-delayed neutron emission probabilities
- p-decay feeding intensities

Photo from M. Karny

100 =
| —_
(o))
] —
(A, Z-1) gl L e 8 SuN at FRIB

g | ] 2
< gl e
BT S S
2 i g
g | . 2
2 40t 1 6 s
g ! -
©) | Present S
200 || - - -QRPA o
. ---~-Skyrme QRPA | S
i &= messmes Shell Model ~

0 -y 1 1 1 1 1

0o 1 2 4 5 6 71 8

(A, Z) anergy MeV)

(a) Cumulative Iz results for ®*Co decay.

A. L. Richard, EBSS2026 40



Total Absorption Spectroscopy

The Pandemonium Effect

John Milton’s "Paradise Lost

(A, Z)
Small size — low efficiency detector Large size - high efficiency detector
/ bea .
% ;= 1,(out) - 1.(in)

E=E, +E,+tE-+E..+ ..
J.C. Hardy et al,, PLB 71 307 (1977) X~ =l y2 1 =3 v4



http://en.wikipedia.org/wiki/John_Milton

Total Absorption Spectrometers

Cartoon Decay Scheme

entry state

Y

ground state

Counts

Counts

Energy Spectrum

Gamma Energy

Compton

Y

E.-E, Matrix

Excitation Energy

Photon Energy

A. L. Richard, EBSS2026 42



Total Absorption Spectroscopy

Pandemonium in Action

100Nb
1.4 s

B-=100%

99zr
rdoal

B-=100%

98Y
548 ms

B-=100%
B-n=0.33%

101Nb
218

B-=100%

100zr
1.1 s

B-=100%

99y
1.483 s

B-=100%

B-n=1.77%

102Nb
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B-=100%

101zr
2:32 s

B-=100%

100y
729 ms

B-=100%

B n=1.11%

103Nb
1.36 s

Bp~=100%
pn ?
102zr
2.01 s

B-=100%

101y
429 ms

B-=100%
p~n=1.88%

1017r B decay
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A. Dombos, et. al. PRC 93 (064317 2016)
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M. Stepaniuk et al. PRC 110, 054321 (2024)

> >
102 $- 2
To) 0
5 %
10" F 0 ©
Il In
%3 S
1 ()0 ! | I ! | !
0 1 2 3 4 5 6 7 8
Energy (MeV)
86Kr 87Kr 88Kr 89Kr
STABLE 76.09 min 2.803 h 3.147 min
17.279
: B-=100% B-=100% B-=100% M TAS

85Br
2.94 min

B-=100%

84Se
3.3 min

B-=100%

86Br
S L

B-=100%

85se
32.9s

B-=100%

87Br
55.68 s

B~=100%
p™n=2.6%

86Se
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88Br
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B-=100%
B-n=6.62%
87se
5.51 s

B-=100%
B~n=0.36%
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Data Acquisition and Electronics

 How do we get signals from the detector to the DAQ?

 This differs slightly based on whether we are using an
analog or digital data acquisition system — not because
the basic premise differs, but just the order of
operations:

« analog DAQ: signal — shaping — discrimination — logic —
event recording

« digital DAQ: signal — some filtering — event recording —
more filtering — logic

Signals can be processed
by standard NIM (Nuclear
Instrumentation Modules) or
VME (versa module Europa)
electronics (for example)
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Theory

* Direct Reactions

« FRESCO (lan Thompson, LLNL) W
. BFRESCO (BAND collaboration, Bayesian) o e
« SFRESCO (Chi-Square searches added) St
» TWOFNR
« Compound Reactions createdat Nag [ T, (D1aEA
 TALYS or EMPIRE
« TALYSWorld (online) e
« There are A LOT of adjustable parameters. DANGER! EMPTRE—H

« Codes for decay vary a bit depending on what you want to calculate

¢ M. Herman (BNL), co-ordinator
* R. Capote (IAEA)

« B-decay properties can be calculated using QRPA (Quasiparticle . oseznsy e
Random Phase Approximation) * A Tiov (WEA)

https://fribtheoryalliance.org/content/Resources/codes.php?title=Computer%20codes
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http://www.fresco.org.uk/
http://www.fresco.org.uk/
https://nucleartheory.eps.surrey.ac.uk/NPG/code.htm
https://nucleartheory.eps.surrey.ac.uk/NPG/code.htm
https://nds.iaea.org/talys/
https://nds.iaea.org/talys/
https://www-nds.iaea.org/empire218/
https://nds.iaea.org/relnsd/talys/talys.html
https://nds.iaea.org/relnsd/talys/talys.html
https://fribtheoryalliance.org/content/Resources/codes.php?title=Computer%20codes

A Practical Example: 1°'Mo(n,y)'°?Mo

L . . o)
Motivation: /-process ©, no direct measurements e g A o B
B-=100% B-=100% -=100%
Current (n,y) estimates: ki
] ""Mo(ny)*Mo | How do | measure this?
g 0 _ : ° 101Mo(d,py)102MO
% ol ; « 102Np B-decay
| I v What are the beam rates at nuCARIBU?
0 Neutron Emergy (MeV) 1 ° 101MO beam rate:
101Mo 101 42 59 14.6 m 9.2E+03
« 102Nb beam rate:
102Nb 102 M 61 13s 7.8E+04

Beam rates at FRIB are ~10” pps for both A.L.Richard, EBSS2026 46



A Practical Example: 1°©"Mo(n,y)°2Mo
102Np g-decay is our choice

103Mo
67.5 s

Method: The B-Oslo Method

Can this method be applied? s cages

102Nb Qg = 7263 (9) keV J 10180 10280
192Mo S, = 8112 (8) keV C co
Predicted NLD: 10° levels/MeV at S,

Facility: nuCARIBU at ANL
Detection system: TAS detector (SuN + tape station SUNTAN)
How long do | need to run? Time for some math!

B-=100%

B-=100% B-=100%

4.62E+3 7.26E+3

Beam rate: 78,000 pps
Assumptions:
transmission to the detector is 50%, decay feeding to continuum,
B detector efficiency 30%, SUN summing efficiency 30%, other losses®

A. L. Richard, EBSS2026 47



Previous Nuclear Data

« Check ENSDF and XUNDL e
1B~ Log ft 3:?\ 6;"‘:39:;3:? ~
: n e oo FEESEES
« Decay Scheme previously measured
using high-resolution spectroscopy
« Can use this as a starting point N
u 1.8 6.74 \ \;\\.\;QJ Qoa.a 1747.08
* TAS already measured with DTAS
. V. Guadilla et al. PRC 100, 024311 (2019) o w \e -
g 10* %_ 10293Nb I
8 ok | ‘ e
= | 7.6 6.44 \4: I i ?N;S 743:03
102 I | 0 1 697.05
%
10 H | @5
E | 2+ 1 1 ?:3? 295.92
1 %" |
) |
< 05 I
-g 0 | 102MO
g -05 | 43 Mog
o 0 2000 4000 6000

Energy [keV] A. L. Richard, EBSS2026 48


https://www.nndc.bnl.gov/ensdf/
https://www.nndc.bnl.gov/ensdf/xundl/index.jsp

A Practical Example: 1°©"Mo(n,y)°2Mo
102Np g-decay is our choice

103Mo
67.5 s

Method: The B-Oslo Method
Can this method be applied?

B-=100%

3.64E+3

102Np Qg = 7263 (9) keV J E i
'92Mo S, = 8112 (8) keV o0 -

Predicted NLD: 10° levels/MeV at S,
Facility: nuCARIBU at ANL 816283 i

Detection system: TAS detector (SuN + tape station SUNTAN)

How long do | need to run? Time for some math!

Beam rate: 78,000 pps
Assumptions:

transmission to the detector is 50%, decay feeding to continuum,

B detector efficiency 30%, SUN summing efficiency 30%, other losses®
Rate at SuN: ~250 pps = 24 hours to complete!

B-=100% B-=100%

Looks feasible... now the PAC decides!

This was accepted to run at nuCARIBU this Fall © A1 Hiohard, EBS52026 49



Overview of the p-Oslo Method
for 1°94Nb decay and °3Mo(n,y)°*Mo

N
( ’Y) (A, Z—1)
(A-1, Z)
103|\/|C 104|V|
-1 3
. (n,y)

B-Oslo collaboration:

- Liddick, Spyrou (MSU) 104N b

 Larsen, Guttormsen (Oslo) (A, Z2)
« Populate the compound nucleus via B-decay ‘Need:
« Study nuclei far from stability v" Radioactive Beam
« Feasible with low beam intensities v' Segmented y-ray calorimeter (TAS)

*Measure B-y coincidences:
v' Excitation Energy A Spyrou ot al PRL 113, 232502 (2014
v Gamma_Ray Energy A. L. Richard, EBSS2026 50



Neutron-capture constraints for 1°3Mo(n,y)1°4Mo

Excitation Energy (keV)

8000

P(EE,)~p(E,—E)T (E,))

7000
6000

5000

“
‘0
4

’O
**
*

4000

3000
2000

1000 Primary

0 lllllllllllllllllllllllllllllllllllll

0 1000 2000 3000 4000 5000 6000 7000
Gamma Energy (keV)

8000

103MO 1041\/[0 B
—_— -
(n,y) 3\7

1 O4Nb

Three normalization points:

Low-lying levels (from NNDC)

Level density at neutron-separation
energy (from previous data or from
theory)

Average radiative width or giant dipole
resonance (GDR) data

A. L. Richard, EBSS2026 51




Neutron-capture constraints for 1°3Mo(n,y)1°4Mo

Level density p(E

6_ IIIIIIIIIIIIIIIIIIIII TTTT I|II|IIII|III|
10°E o«  suNdata
5: — Known Levels
10 § — p from Goriely et al.
104:? =
- 7 .
10°e LK E
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102 o E
- . 3
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—I _I 11 IIIIIIIIIIIIIIIIIII|IIII|IIII|IIII|I L1
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Neutron-capture constraints for 1°3Mo(n,y)1°4Mo

[T T T T T T T T T T T T IBEREERERRE 10—
105; e  SuNdata E E '
ns Known Levels [ e ™Mo SuN data - present work
'-:; 10°E p from Goriely et al.
g 107 E
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1
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Design Your Own Experiment ©

« What is your motivation?
« How would you measure it?
« What detectors? What DAQ? Some ideas:

« Where would you measure it? 160 (L, N)

» Is it feasible within a 3-5 days of beam time? Be(p,n)
40Ca(n,a)
104Rh(n,y)
82Se(d,py)
180Hf(n,y)

“Mg



Thank you! _ . =20 [0 a7
Questions? -
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