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Lecture Plan

* Motivation and Context
* Methods and Examples
* Not-so-exotic Beams

* Details for Afficionados

* Tying into Astrophysics

ZAFT @ INSSE

THE FAR SIDE’ by GARY LARSON

Suddenly, Professor Liebowitz realizes he has
come to the seminar without his duck.
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Motivation and Context

o DESPAIR.COM

Ir A PRETTY POSTER AND A CUTE SAYING ARE ALL IT TAKES TO MOTIVATE YoOu,
You PrOBABLY HAVE A VERY EasY JOB. THE KiND ROBOTS WilL BE DOING SOON.
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Some Evidence for Recent Nuclear Reactions in Space

y-rays of short-lived isotopes
(eg. #Ti) in supernova remnants
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Astrophysics Model Calculations Tell Us What to Measure
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Fundamentally, We Want Nuclear Reaction

* The nuclear reaction rate is described in general by: o

. 8 1
* (O-v>12 _ a0 (kBT)3/2

Nuclear reaction
cross section for
species |+2

* We only need the cross section at astrophysically-

relevant energies

0.03
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0.02
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* For charged particles, this is the Gamow window, E; £ A..
If we pretend o, (E) is primarily characterized by the
Coulomb barrier and convolve this with the MB-distribution:

+ Eg =0122(z2z

2 Ai4z
2 (A1+42)

1/3
TZ) " MeV, Ag= 4

EgkgT
3

MeV

* This fails at >GK temperatures. Best to just evaluate the peak of the integrand!

* For neutrons, we care about energies near the mode of the
MB-distribution: KE, o ;;tron = kgT

2 YW Y AT G
1 WY IV A A4

* Pro-tip: 11.6045 * Ey.y = T
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Fundamentally, We Want Nuclear Reaction

* If the reaction rate is mostly due to a handful of resonances,
our lives aren’t necessarily any easier, but they are different:

1.54x1011 Ly 11.6045ER ;'\ cm?
° NA<O'V>N res. — A4, _ \3/2 i=1(a)y)R,ieXp (_ To | l) ol s
(A1+A2T9) /

Strength and Energy of Resonance #i for |1+2

* Note that key resonance energies are only loosely

related to the Gamow window (which assumes a smooth o)

* If we can’t measure (wy)g, we can constrain its ingredient

2]p+1 1234
e ( —
(@Vr = Grnan 1
* J; :Spins of the Resonance-state, |,and 2

* [, :Entrance width (I fuses with 2)
* I3, :Partial exit width (R decays into 3+4)
* [ :Total decay width (R decays into anything)
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Fundamentally, We Want Nuclear Reaction Rates
* If the reaction rate is due to lots of resonances, we again have a new problem

* We shift to indirect /\
determination of the S TE.
cross section by adopting %‘J X + 2
the Hauser-Feshbach (HF) S
formalism and determining c
the HF-ingredients 2 Y Y+b
DN
v
\ J
Y £ )
Formation YDecay
Fornlation
’ 2 | ’\ - Level densiti A
A z 2] _I_ 1 T XTbY evel densities,
HF B a T from : :
o =|1 W, Deca Optical potentials,
Xy (TL’) 7 (2/a + D(E2Jx +1) ‘ Zchan Tchanj' ! L & Strength functions/

8
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Fundamentally, VWe Want Decay Rates
In(2)
Ly,

* Many weak decay rates are (mostly) just determined by the half-life: A =

* However, electron-capture (EC) can play a prominent role,
especially in electron-degenerate environments.

In(2)  Ggm3c*
L1, ~ 2m3h7

2
[Myi|"f (Za, Q),
2ln(2)m3h’ 1

GEm3c* My

Then we consider the more messy details: A =

where f(Z4, Q) is the dimensionless Fermi integral and so ft = ?

* The goal is then to constrain the comparative half-life f¢

* For EC reactions in relatively stable degenerate environments, an interesting

phenomenon known as Urca cycling can occur. In that case, the neutrino
575 ftec+ft (ft) t

<L where ft' ="2"F and —L£ = Utdsc

ftr 2 2]p+1  2]pc+1

luminosity, L,
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Many Times, You Actually Just Want the Q-value

* For nuclear reaction rates at high temperatures, the (endothermic) reverse rate

competes with the (exothermic) forward rate

¢ 5o (0V)34 _ (2]1+1)(2)2+1) (1+834) (ﬂ12)3/2 exp (_ Q) : m],l;
(oV)12 (2]3+1)(2]4+1) (1+68412) \U3y kT
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via “detailed balance”

* Above the equilibrium temperature, relative abundances
are set by the reaction Q-value (a.k.a. separation energy)

* At high-enough temperatures, this applies to the ~whole nuclear landscape, and
is called Nuclear Statistical Equilibrium (NSE). At cooler temperatures, this
applies to groups of nuclides, and is called Quasi-Statistical Equilibrium (QSE).

* This is why the rp-process and r-process march along ~constant S, and 5,
respectlvely

EBSS2026 — Experimental Nuclear Astrophysics — Zach Meisel (AFIT)



ACISIG)”S Hierarchy of Needs (for Experimental Nuclear Astrophysicists)

o)
If ’'m lucky enough to be able ft
to just directly measure the
thing | care about [‘/a)-})

How elucidating

AT
/ J* 04 \

E/E  Pgzo

r

Is the treatment going to be
resonant or statistical?

How many states?

i B Q -volllue
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Methods and Examples

You AReM'T BEING PalD TO BELIEVE IN THE POWER OF YOUR DREAMS.

VYA T =3

N A A 550 EBSS2026 — Experimental Nuclear Astrophysics — Zach Meisel (AFIT)




Nuclear Masses for Astrophysics:
Required precision depends on context

~MeV changes needed for significant
neutron star structure modification
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E s
o ° ° ° [Ze] 10 3 ?
Achievable precision depends on technique : E
= F ;
AN 3 107 SR-Sch
. « o e 99, _ stab. 3 PT _
Define “exoticity”: € = logq N z
ty,(ANgrip+1) oL Bl e 20ts ]
10® 10° 10* 10° 10% 10" 1
Typical Observation Time, T evont [sec]
Meisel & George JJMS 2013 rp-process I-process NS crust
v I b I b I v I 45 | | | AN Qg}éuaknawr; 30 {;2} | ] | ] ] || || | L 30 §Z§l% Ul k 1 1 | | | | | |
— . . u nKknown
> 3 = Time-of-flight g Hgu " B Known . -Eggaj?]wn m Known
_9‘310 + Penning Trap » 25k {1 . 25 .
— « Storage Ring mm & 35 4 N N
P “1 o < S o
_— — —
£1 ’5.330 1 o 291 ot 1 o 20F -
] Q. Q- eSeete Q :
+— o 29 1 0 KRR n KL
O Y o} 315 s 9 15} S
O S 20 4 = 2 = :‘: ,
c S S S 5
- 3 15 Z 10 Z 10} XK
2
N s
— > °T T
L
107 : 0 0 Ay
4 -1 0 1 2 10 1 3 10 6 2 2
€ € € €

EBSS2026 — Experimental Nuclear Astrophysics — Zach Meisel (AFIT)




Nuclear Masses for Astrophysics: Low-precision, high-exoticity

AS SEEN IN
o 4 Timing I / Momentum measurement\ Ty 4y<-4sAr4;K — T 1
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Instead of my = (TOF)Bp ,
YLpath
use:my = f(A,Z, TOF)
QSTS
and extract () for L, & s
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Nuclear Masses for Astrophysics: High-precision, lower-exoticity
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Radioactive Decays for Half-Lives and Branchings

Implantation Si-Stack

TA-Target Neutron Long—counter
Kidkiyass S1-1stintermed focus | \ | XY Tracking lmpl::et:tlon
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Radioactive Decays for Spectroscopy

Measure -y, B-p, and B-p-y correlations to reconstruct °’Cu structure, determining E,; and P;
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Rad ioactive Decays for Masses Mass rules everything around me. -Method Man

XRB Model output: , , o
Determine (Q-value, setting (p,y)-(y,p) equilibrium,
by finding the lowest-E B-delayed protons

i |:| data

: shell model

10°F

X-ray flux->

Counts / 64 keV
]

XRB Model:

C ..l I: | L | i | i 1 i
v 0 1000 2000 3000 4000 5000

60:30
Q-value adjustor: S Energy (keV)
> ). 4 =3 (5/2-) 52.5(6.5)% o
XRB 3153(55) keV g.bg@?'\'
Modeler . ()
2000 (5/2-)

(0+)

6889

M. del Santo,, et al. PLB 2014 19
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Cross Sections with Exotic Beams

* The concept is simple: count what goes in, what it can hit,and what comes out

Y Nout N
* Fora thln-target set-up o — — —out _ _detected —... usually complicated set of things you actually measured

* In practice, challenges come from low-intensity poorly-controlled beams and
significant backgrounds (including beam-induced)

* The best-bet is to detect the recoil (and possibly coincident radiation)

lon Chambers (e.g. MUSIC) are Recoil Separators (e.g. SECAR) and storage rings (e.g. CRYRING) are
challenged by rate & AZ-resolution challenged by recoil acceptance and complicated backgrounds
b Ca fnj;{t;,n e O Mk
== == 118 i electron g
P im0 EE Y
181 from (p,n) & "3\
Rutherford cone Experimental
blocked Rutherford -
- Storage Ring
H, &
| target
— wil . i
X-ray
scraper detectors
2.5;* aaAr((y.,ot')“Ar’ ! ‘ L TN e— I“-_____""{'? !
of T aaAr(Ot,n)“Ca FP2 FP3 FP4
AR N
""" 4 6 8 10 -12 14 16 50

X //A ' vb@
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Using Cross Sections from Exotic Beam Measurements

* Life is hard and astrophysical reaction yields are low...

° Ty=5
° o 1,=2 *

~10 coincident recoils i X hours (I=10° pps) ... SO USU&”)’ eXtraPOIathn to

= F X-10 lower energies is required
E o1 ...and everyone agrees on
c = .
S E X100 exactly how that is best done
O = / :
o :
O B
> 0.01 E _
a : —===T GSF7 T _GSF8
[\8 4 — — T_GSF9 NS
> 0.001
1 2 3 4 For current RIB facilities, direct cross
section measurements can be possible for
Eﬂel‘gy [MeV/u] CCSN, but only the extreme high-T range

of XRBs. Increasing intensities are bringing

more conditions into reach.
21
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Direct Measurement of Resonance Strengths

- Gas Target BCM_ MD1

H..
.

FC4 pco Array

Focal Plane &

EDI1

DRAGON

(s} = qQuadrupole

MD = magnefic dipole

ED = elechic dipole

SX = sexfupole

FC = Foraday cup

BCM = beam monitor

S = horzontal & vertical steerer

Focal Plane M
Mass Slits

Focal Plane F
Final Slits

FC
=3 HEB

lon Chamber Q10Q9

X m 1 vy
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|. Tune the beam energy such that energy-loss in
the target scans the resonance

2. Measure the number of recoils in the final focal
plane and the beam intensity (e.g. via scattering)
to get the yield:

Y = Nrec/(antotal)
3. Determine all of the efficiencies, transmission

factors, and live times that go into the total
efficiency:
Ntotal = qusepTMCPnMCPnICflive

4. So long as AE gy get™> [ess Wy XY
5. Prefit- Calculate N (ov)

22



Resonance Strength Components: ory e Jetl Tl

Direct determination of Partial Widths @+ DEL+D T
' 771, thus excited state decay half-lives are great if we can get them.

* e.g.” the doppler-shift attenuation method for [, I%F(3He,t)'"Ne

- ' aarr—
* or transfer reaction + decay branchings for F“ , 10
(% 100 +
) 50 |
* Here, for the holy-grail of X-ray bursters, "O(a,y)"’Ne | /| / U _/Vn
14 14.5 15 15.5 16 16.5
vl > 172 ::" V3 100 . Dat Triton Energy (MeV)
- ._L — 13f1s 4.03 MeV B,=2.9+2.1x10* | 20
NG \ 4k 30 + . o~ 2.912. |

Counts
(4 ]
o
[

E < th < 5

B I70(3He n]/) N e4 03MeV 600 | 4.55 MeV B,0.07:002 |
0 1111111111111111 | 300 | 4 300
4050 4060 4070 4030 4090 | .
* 0 0.5 1.0 1?5 0 055 1..0 1t5 20
Stable beam examples, but can E (keV) ONCNES
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Resonance Strength Components: OO /5 W 9 ¥
Indirect determination of Partial Widths @ADL+ T

* Various bits of sorcery exist to extract widths from nuclear reaction analyses,
typically involving a healthy dose of theory

e.g.do/d2—CS— T, e.g. Trojan horse method

:;'-] T ¥ T I T ¥ T ¥ T ¥

30 k L] This work 2] a >
o —— ADWA ecalculation . .
= 28 \ < ...to mimic A+x —C+c
= 20
~ A N <
E 1.5 B
:‘g“* 1.0 C

0.5 P —— N | | IAfﬂmﬁnoetaLARNPS2Ol8

0.0 l E : .

0 5 10 BB .. 12C+12C for T las, stars,and XRSBs
0.... / deg C.Wolf et al. PRL 2019 |
This work I ‘A

[

=

_
b

—— Previous uncertainty
-~ REACLIB v2.0 (il10)
—- REACLIB/30

—t

=y

-
=

5% (MeV b)
3 =

N <ov>/em3s~'mole™

2BAl(p,y) for XRBs

10! 5 100 2
Temperature / GK

&N m 1wy
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EBSS2026 — Experimental Nuclear Astrophysics — Zach Meisel (AFIT) 24



Neutron Captures on Exotic Nuclides

* Neutrons are particularly problematic for direct measurements because they
don’t make a great target ...and to-date haven’t made a target at all

* The neutron-target concept aims to pass a radioactive beam through a cloud of
thermalized neutrons, ideally recycling the beam via a storage ring

e Even if successful, lots of inaccessible
B stable
space on the nuclear landscape B
Particle 'régaggégfi;;gipln
Tungsten spallation target detaclen
D,0 moderator : ;:EEEEEE’ ....
Revolving ...::::: ''''' .
Could access lots of the
R. Reifarth et al. PhRvAccBeam 2017 __,,;"!?m I-process, but no r -process
| ' . !gﬂ
Electron cooler  Schottky pickup < S. Dellmann et al. EPJA 2026 NEUTRONS
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Surrogate Neutron Captures on Exotic Nuclides

* We can mimic (n,y) on very exotic nuclides via (d,py), if we assume we’ve formed
the same compound nuclear state

* In practice, this requires some theory gymnastics, but seems to get the job done

Desired Reaction .
A. Ratkiewicz et al. PRL 2019
e o> —
. . ". ." 100}
“® :
c
)
"'V\;.M E 10_1 _________
@
)
v -+ Kapchigashev (1964)
Surrogate Reaction .»' 8 10-2 *+  De L. Musgrove (1976)
---- ENDF/B-VIII.O
Weisskopf-Ewing Approximation
‘:D’ CC> 4—. ._. —— 9Mold, p) Surrogate Data (this work) A
103 , :
B* 1072 1071 10°
. Wary Neutron Energy (MeV)

J.Escher et al. RMP 2012
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Data to Constrain Neutron Captures on Exotic Nuclides

* When the compound nucleus level-density is high-enough, “amnesia” tells us that
its enough to determine the ingredients of a Hauser-Feshbach calculation and
then calculate the cross section

Reaction of Interest Easier to Perform Reaction

b N B* decay
E-\ or
X +a Reaction

System Energy >
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Measurements to Constrain Neutron Captures on Exotic Nuclides

* For exotic beams, a tool of choice is the Oslo method

Courtesy of A.C. Larsen

Unfolded

Syl e g vl g gy o g ] g a Lo e e v w by v bais o wag La g 1

2 4 6 8 10 2 4 6 8 10
E, [MeV]
0. Get yourself an (Ey,E,) matrix (>20 000 coincidences)
1. Correct for the y-detector response [Guttormsen et al., NIM A 374, 371 (1996)]
2. Extract distribution of primary ys for each E, [Guttormsen et al., NIM A 255, 518 (1987)]
3. Obtain level density and y-strength from primary y rays [Schiller et al., NIM A 447, 498 (2000)]
4. Normalize & evaluate systematic errors [Schiller et al., NIM A 447, 498 (2000),
Larsen et al., PRC 83, 034315 (2011)]

il With LaBry(Ce)
4 from Milano &

[Data from Larsen et al., PRL 111, 242504 (2013)
and J.Phys.G: Nucl. Part. Phys. 44, 064005 (2017)]
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Measurements to Constrain Neutron Captures on Exotic Nuclides

* For exotic beams, a tool of choice is the Oslo method, which can be enacted via

B-decay or inverse kinematics. The key is to get E, and E,.

* The main sticking point is usually normalization, which often requires theory

A.Simon et al. NIMA 2013

ACKCHYUALLY
SE :

AAFT @ NS
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Level Density p(E) (MeV™)

102

10

B. Greaves et al. PRC 2025

==

I
10° ;
S —

al uncertainty u ngsmoc GS
Epedprneaueermtyng n GSF
91Sr data from SuN using st ooGS

e in GSF

“ISr data from SuN using feal
Known discrete levels

...please don’t call this “indirect measurement of a reaction cross section”.
It’s constraining ingredients of a reaction cross section calculation. Good stuff, but not the same thing!

2 4
Excitation Energy E, (MeV)

T—0
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Psych! Masses strike again for Neutron Captures on Exotic Nuclides

* For heavy neutron-rich nuclides (specifically A= 1 10), there is a tight correlation
between the 5-100 keV Maxwellian-averaged cross section (MACS) oacs and the
two-neutron separation energy, S,,(Z,N) = ME(Z,N —2) + 2+« ME(n) — ME(Z,N)

Couture, Casten, & Cakirli PRC 2021
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- « Rare Earth, Even-Odd { ® canpbe estimated ® o essoosoiese
— v Rare Earth Odd-Even IERERIEEERIRER RS BN EEE N PR LA
; 6000| , Te-Xe-Ba, Even-Even “ 76 b
QL = Pt-Os, Even-Even 5 ® & Ainihose
; e (Ce-Nd-Hg, Even-Even = ® *;****l*-
o 4000 v Actinides, Even-Even E 70 - ok m‘"'."_ i i S
0 O I, Cs (Te-Xe-Ba, Odd-Z) = P L
2 & Eu, Lu (0dd-Z, Odd-N) < Firfignted
2000 g ossuap
© i E G 4 e i o
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© 1 1 o oekukexex
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Effective S, [MeV]
Neutron Number
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Not-so-exotic Beams

ZAFT @

T YR

Ny

v o
A’ A

Al (Gemini)

" i

generated .

S T ) i i e - S e wilh ot T R o A o el W

4_¥ p, T - ¥y= = - - Ln, S,

..because I’'m hip, with the times, and bad at finding photos of a trusty old sedan next to a supercar.
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This is the Exotic Beam Summer School,
but Not-so-exotic Beams are Still Essential

* When it comes down to it, stable beams are just plain better.

* You get much higher intensities, much more precise beam energies, and much smaller
beam spots, for much cheaper.

* ...with the pesky caveat that it only applies to stable isotopes

* In nuclear astrophysics, (probably) most stable-beam experiments involve directly
impinging protons, deuterons, or a-particles on a target and either measuring the
immediate (prompt) radiation or the (delayed) decay radiation from an activated
target.

* However, many stable beam experiments use different (and often heavier) species to
populate an exotic isotope off-stability

* Many techniques are similar to those described thus far, but others are possible.
I'll mention a few that | think are particularly notable, but I'm sure I’'ve missed more.

32
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Activation is a Workhorse of Stable-target 0 Measurements

I I I
‘ Rise to secular equilibrium
121 ! -—- — initial rise
' — — —Beamoffattit=1,234,56

—A->t .
1 . Az(tpost—irr)e crpost=ir
12 — Ot
) . 11712(1 —e 7‘-2tl‘r1‘)

i
.‘.4
ro \
.I." \
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{ N N
)
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{ N ~
\‘_ ~— - -
0 | | | | - + — - = = ]
8 9 10
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wy Can Be Measured Really Accurately with Resonance Scans

N ARARERRRRRAR 00% : * All you need is very precise control &
5 15;' e N diagnostics of your beam energy, excellent
_ 0F sy 50 : knowledge of the stopping-power (&) of
R AE=50keV the beam in your target material, and a

N o prompt-radiation detection system of very
(@) 400 40 °00 >0 o0 well known efficiency N

4 . . : oo || notocey || oy

* These are of course always| "

d. o b N ’ (\
easy conditions to obtain 0% >
/ &/ )

C. lliadis, Nuclear Physics of Stars (2015)

:'é College Humor
D
g Y AR i WVR,i
max,AE— oo 2 gl
ER

. " _ |

400 450 500 550 600 E —F. .
(b) E (keV) Y=Y maxAE-00 — R
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Neutron Beams are in the Liminal Space Between Exotic & Not

* Neutron beams are tough to wrangle because of the lack of charge and the
nuclear-reaction origin of the beam

* Sometimes serendipity intervenes, like with “Li(p,n), where the neutron-spectrum
from a ~1.9 MeV proton on ’Li looks a lot like the s-process MB-distribution

* In principle, energy tuning assemblies could be used for nuclear astrophysics
(e.g.for kilonovae), but in practice they’ve been limited to nuclear applications

B IPPRPPRS Ep =1912 + 1 keV J. Bevins et al. Nuclear Instruments Methods A 2019
— E,=1912+ 20 keV ——

—
rll_

d Breakup Source
[ memmteeaa- ETA Modified

— — kT =24 keV

o
(=]
T T T

NEUTRONS [n/keV]
=]
l'ml I

=
'S

0.2

Normalized Neutron Flux [n/cm?/s/In(dE)]

R. Reifarth et al. Nucl. Inst. Meth. A 2009

lllJlr‘H"“""*-:..-J-._.i 10-5 | i | i . . :
% 20 40 60 80 100 120 140 160 180 200 0 5 10 15 20 25 30 35 40
NEUTRON ENERGY [keV] Encrgy [MeV]
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Details for Afficionados

4 ALWRYS II/THHT.

mu.unvs MESS UP SIIHIE HIIHI]IHIE '
— MUNDANE DETAIL, MIC lll-'llﬂ
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It Turns Out That the Laboratory isn’t a Star

* Stars are plasmas and your set-up (probably) isn’t

* Factors we may need to consider to turn your great measurement into a
useful astrophysical rate are ionization/excitation and screening

Is this a stellar plasma?

The Brave Fighter of Sun Fighbird

AT @ INSSE - EBSS2026 — Experimental Nuclear Astrophysics — Zach Meisel (AFIT)
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Weak Rates Can Be Radically Altered at High-T and/or High-p

* Probably the most striking case is 2°°Tl, where bound-state B-decay can proceed
when 2%°Tl is fully ionized.

* For many other cases, thermal population of excited states and partial
ionizations can open-up new phase-space that dramatically enhance weak rates.

a b

* Conversely, capture m e ——> srocess pah 20
] Electron capture r-process decay 138 days

of atomic electrons ) o decay

Bound-state B~ decay

Highly charged decay

/2%

(] sonly
isn’t possible in
83 83 —
_ 20581+ typ =291 days
f I I . . d m—p> Electron capture 20.1 Eyr 5.01 days 81 QB =311 keV
y -1/27
L[] L] § 0 _ . _
Con Itlons. ' Pb ZSZPD :"‘ ' Pb :=" 222Pb g 205pyB1+ 5/2
E') 82
17.0 Myr, 194 Min 2
< (]
)]
=
<
204 o 208 o Neutral decay
il ¥ - /27
3.78 years 4.20 min 50 o t, =793 days - 5/0-
Qp = 52.9 keV
202 203 204 205 7] t,,,=17.0 Myr
BOHg BOHg BDHg BDHg c;)fz 506 keV
=50.6 ke
46.6 days 5.14 i Ec

205T|0+
81

G. Leckenby et al. Nature 2024  3g
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Reaction Rates Can Be Altered by High-T

* Thermonuclear reaction rates can be substantially modified by the thermal
population of the ground-state of the “target” nucleus.

* The ratio between the stellar and laboratory rate is known as the
Stellar Enhancement Factor (SEF) [though the “enhancement” can be <17,
which depends on the spin-distribution and level-density of the “target” nucleus

* Substantially-populated excited states with long lifetimes (compared to the problem
timescale) must be tracked as separate nuclei and are known as astromers

10

r r T — T v v — 1] 1076 — . et . o i —
i . . . : Misch, Sprouse, & Mumpower ApJL 2021 —— %zn  —— ®Tc  —— 0 —=— 1285p —— BiTe 195
- Charged particle reactions with : ‘d v Wsn  ae NSh  u- Ea
[ g | o 10-8 ;___*_,.;_,_ S, . 5 5cd 121g, u. 125T@ . l44pp 1 181
L ] < [ g By e K n 129g, .- 12770 oo 195
1 A540 - 210-1 S K 126 e 127 -+ o5pr | 167
2 N
+ 1 -4 9 153
- o s AT W 2
« 0 *he v 10! L \ <
LI_ . . - - i I H I l i % N Y 139 o
w1 H —HH | - g s
) ' T l ”|; S 10-1 . 125 2
- = 1 - iy ] E -
. A i % 111
- ® - = 3 === | g 10~} ‘-
. £ ‘ 97
7]
<107}
h: 83
1020 L \ : X i S _’“"_""—""'-ffh-'f_:”"— N 69
0.1 L. 107% 1072 10° 107 10? 107
. Time (days)
0.1 1 10
Figure 2. Influential r-process astromers ranked by their AIR. We show isotopes with AIR values that appear among the top five at some point in our simulation.
Tem per‘atu r‘e [G K] Color indicates approximately the r-process abundance peak the nucleus resides in: first (blue), second (red), or third (green).
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Stellar y-induced Rates aren’t Much Like Laboratory Rates

*Laboratory photodisintegration only . mw — Comtuon

takes place on the target’s ground state.

*However, in the astrophysical " R~ 11111 \
environment reactions mostly proceed | |
through photo-disintegration of excited | ,)
states of the “target” nucleus.

Qvalue

*The best-bet is to measure the reverse
reaction in the lab instead.

\ 4 v ¥ energy

*Photonuclear reactions in the lab still -
useful, but to constrain statistical model Rauscher NucPhysNews 2018

inputs (YSF and p, )

2 YW YA
| & IvA

=
")
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to stellar rate
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Screenlng Enhances Laboratory &Astrophysmal Rates

..but Not in the Same Way

* At energies well below the Coulomb barrier,
measurements show an enhancement in the cross
section due to atomic electrons in the target
screening the Coulomb potential

* The same type of effect is expected in astrophysical

plasmas

..but is quantitatively very different.

* Salpeter screening is usually assumed. It is pretty
small (and roughly zero for resonances [lliads PRC 2023]), SO
only relevant for very high-precision rates

(e.g. solar fusion)

* At extreme densities, like in neutron-star inner
crusts, screening becomes most of the ballgame

S(E) [MeV-b]

EBSS2026 — Experimental Nuclear Astrophysics — Zach Meisel (AFIT)

13 '- ‘ 3He(d.p)*He.

j ‘i‘mﬂg -

F Str|eder et aI Naturw:ssenschaften 200I

1 10 100
E [keV]

Kravchuk & Yakovlev PRC 2014

12C+ 12C

/// on off g cm-]
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Tying into Astrophysics

THE JOURNEY OF A THOUSAND MILES SOMETIMES ENDS VERY, VERY BADLY.

EBSS2026 — Experimental Nuclear Astrophysics — Zach Meisel (AFIT)
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Turning Data into

extrapolation

a Rate

interpolation

C. lliadis et al. ApJS 2026

extrapolation

* Rate evaluations usually involve more than Ly
*

one measurement and almost always require

some theory assumptions

* If you measured o, you could use Rauscher’s
exp2rate.f90 code to get a rate,

* or, if you think your reaction is in the
statistical regime, fit your cross section data
with Talys and then use those Talys inputs to
calculate an astrophysical rate

* Otherwise, buckle-up and cozy-up to ETR25

Astrophysical S factor

CLASS |

“| [noresonances)

MNonresonant nuclear model:
microscopic, potential,
or R-matrix model
Data treatment:
Bayesian fit
Example
D{p,7)*He

CLASS I

«3 51| [mainly non-interfering resonances]

Nonresonant nuclear model:
microscopic, potential, or
R-matrix model

ui 3 .
381 : Unobserved resonances:

transfer measurements (low E)
nuclear statistical model (high E)
Data treatment:
Monte Carlo sampling
Example:
2%5ji(p, )P

CLASS I

[mainly interfering resonances)

MNonresonant nuclear model:

il o R matrix
-7l 11| Observed/unobserved resonances:
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Energy

R matrix (low or high E)
Data treatment:
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Reaction Networks

*Astrophysical environments typically
contain many nuclei, each of which could

in principle interact with the other
(in practice usually only the photons and light projectiles matter)

*To see what happens, we need a reaction network

*The basic idea is to see how the abundance .,
changes for each isotope at each step in time [ L=~
based on the production and destruction
via all mechanisms and often to include the
energy generation from said reactions

———= EXOERGIC STRONG REACTIONS
—=== EXOERGIC WEAK DECAYS

*For each species i,

dyY;

d—tl — |:Z YijpNA<O-U>jk—>i + z }\.l—>in T |:Z YiYmpNA(O_U)im—mny -+ z }\'i—ﬂ’lYl
1,k . l )
"™ Production ™ DestructioR
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Astrophysics Models Provide Complementary Insight

Analytic Flow  Post-Processing Single-Zone XRB Multizone XRB Higher-D XRB

—_—
Calculation Type

Increasing Value for Comparisons to Observational Data

Increasing Value for Understanding the Underlying Physics

Spreadsheet ~|s Computation ~Imin Computation ~Iwk Computation  Currently Impossible*

—_—

*with large nuclear reaction

COmPLItatiOnal COSt networks & burst time-scales
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Sensitivity Studies Provide Critical Guidance

* We can figure out what’s worth measuring and how much good our
measurement did by turning the nuclear data “knobs” on our model and assessing
the impact . This should be iterative as we get more data.

JusT BECAUSE YOU'RE NECESSARY DOESN'T MEAN YOU'RE IMPORTANT.

Nuclear Astrophysics Machine:

Astrophysicg >
Parameters

Astrophysics Astro. Model
Model Output

—

Nuclear
Results ,
Astronomica
Observation
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Before Concluding, Appreciate all the Theory We Rely On

The first gulp from the glass of measurement will turn
you into an experimentalist,
but at the bottom of the glass theory is waiting for you.

EBSS2026 — Experimental Nuclear Astrophysics — Zach Meisel (AFIT)
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Thanks for your attention, here’s some Further Reading

* If your interest is piqued, but you want to know where you can really learn
about experimental nuclear astrophysics, consult the following:

Essential Texts: Recent Reviews:
W Journal of Physics G: Nuclear and Particle Physics

Cauldrons 1n [ eS| |Horizons: nuclear astrophysicsin the 2020s and beyond
the Cosmos

H Schatz, A D Becerril Reyes, A Best, E F Brown, K Chatziioannou, K A Chipps, C M Deibel, R Ezzeddine,
s D K Galloway, C J Hansen « Show full author list
N u c IE a r P h ys I c 5 Published 15 November 2022 « © 2022 IOP Publishing Ltd
Journal of Physics G: Nuclear and Particle Physics, Volume 49, Number 11
Citation H Schatz et al 2022 J. Phys. G: Nucl. Part. Phys. 49 110502
uf St a r 5 DOI 10.1088/1361-6471/ac8890

Home > The European Physical Journal A > Article

Nuclear astrophysics

Review | Open access | Published: 09 March 2026

Volume 62, article number 45,(2026) Cite this article

Past EBSS & NNPSS
presentations.
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