Using high energy density plasmas for nuclear
experiments relevant to nuclear astrophysics
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Exploration of Basic Nuclear Science and Nuclear Astrophysics Atxe

using HED plasmas is a nascent field with much potential

High-Energy Density (HED) plasmas generated in laser-driven implosions provide a unique
environment for studying stellar-relevant nuclear reactions

Recent experiments have provided the first exciting results on the solar 3He+3He, BBN-
relevant T+3He and complementary T+T reactions

Ongoing efforts focus on probing the solar SHe3He—a+p+p reaction at more stellar-relevant
conditions (OMEGA E;=165 keV, solar E;=21 keV) and at lower proton energy

Future work includes developing the platform for CNO-relevant measurements (e.g., the
p+'SN-a/y branching ratio) and for studying neutron capture on s-process branch-point nuclei
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In contrast to accelerators normally used for nuclear physics piC
experiments, lasers create conditions similar to stellar cores
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M. Aliotta et al, NP A (2001).
U. Schroder et al, NIM B (1989).
H. J. Assenbaum et al, ZP (1987). 5
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Capsule implosions at the OMEGA and NIF lasers create
HED-plasma conditions that are similar to the interior of a star
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Stellar evolution simulations by Dave Dearborn (LLNL).
NIF simulations Harry Robey and Bob Tipton (LLNL).
OMEGA simulation P. B. Radha (UR). 6
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Neutron fluxes achieved at the NIF are higher than anywhere else
on earth by several orders of magnitude

- — Example:

4e17 neutrons/implosion
Burn duration <100 ps
-2 4e27 n/s

capsule

Burn region size ~100um
- ~103% n/s/cm? in capsule

Hohlraum radius ~3mm

- ~10%’ n/s/cm? on hohlraum wall
10 um fill-tube

Such fluences are directly relevant for
~ — s- and/or r-process studies?3

1H. Abu-Shawareb et al., Phys. Rev. Lett. 129, 071001 (2022); A. Zylstra et al., Nature 601, 542 (2022).
2S. LePape et al., Phys. Rev. Lett. 120, 245003 (2018)
3C. Cerjan et al., J. Phys. G: Nucl. Part. Phys. 45, 033003 (2018)




At the NIF in particular, all these conditions come together in one

experiment

PSIC

k, T=1-20 KbV
@ = 103134y’ g/cm?es
1019*23 cn

\\ Dense

p£2500 g/cm?)
P = 10% e/cm?s
1b25 cm-25-1

-25-1

High Neutron Flux
@ =10%33 cm2 g1
(fluence=102"-24cm-?)

lllustration from Cerjan et al.,
J. Phys. G: Nucl. Part. Phys. 45 (2018):

10P Publishing Journal of Physics G: Nuclear and Particle Physics

J. Phys. G: Nucl. Part. Phys. 45 (2018) 033003 (111pp) https: //doi.org/10.1088,/1361-6471/aaB693

Topical Review

Dynamic high energy density plasma
environments at the National Ignition
Facility for nuclear science research

Ch J Cerjan', L Bernstein', L Berzak Hopkins', R M Bionta',

D L Bleuel', J A Caggiano', W S Cassata', C R Brune’,

J Frenje'l, M Gatu-Johnson’, N Gharibyan', G Grim',

Chr Hagmann', A Hamza', R Hatarik!, E P Hartouni',

EA Henry], H Herrmann®, N Izumi', D H Kalantar',

H Y Khater', ¥ Kim®, A Kritcher', Yu A Litvinov’, F Merrill*,
K Moody', P Neumayer’, A Ratkiewicz',

H G Rinderknecht' @, D Sayre', D Shauqhnessy], B Spears‘,

W Stoeffl', R Tommasini', Ch Yeamans', C Velsko',
M Wiescher“, M Couder® , A Zylstra4 and D Schneider’'

Existing and future nuclear diagnostics at the laser facilities enable exploitation of
these plasmas for study of reactions relevant to stellar and big bang nucleosynthesis
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Gamow-peak energies are directly related to HED-plasma ion
temperatures and S-factors are directly related to cross sections

Gamow
3He®He, T,,,= 4 keV factor

Intensity

Gamow-peak energy E = & @
(average c-m energy): G

|
10
Edu(keV)

Gamow peak energy JEAE
Es=45 keV S-factor: S(E;) zi@x E.e¥ ¢

10



Exploration of Basic Nuclear Science and Nuclear Astrophysics
using HED plasmas is a nascent field with much potential

PSIC

High-Energy Density (HED) plasmas generated in laser-driven implosions provide a unique
environment for studying stellar-relevant nuclear reactions

Recent experiments have provided the first exciting results on the solar 3He+3He, BBN-
relevant T+3He and complementary T+T reactions

Ongoing efforts focus on probing the solar SHe3He—a+p+p reaction at more stellar-relevant
conditions (OMEGA E;=165 keV, solar E;=21 keV) and at lower proton energy

Future work includes developing the platform for CNO-relevant measurements (e.g., the
p+'SN-a/y branching ratio) and for studying neutron capture on s-process branch-point nuclei
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Initial experiments have focused on probing the

PSIC

complementary 3He+3He, T+3He and T+T reactions

3He+3He

3He+3*He — o + p + p is responsible for nearly
half the energy generation in our sun:

Proton-proton I chain

* The 3He3He S-factor determines the pp-
I/(pp-1l + pp-Ill) branching ratio and is
important for neutrino oscillation physics?

T+3He

T+3He can proceed through several
different branches:

T+3 He > a+p +n
T+3He - a +d
T+3He — ®Li + v

* An anomalously high S-factor for
the gamma branch has been
hypothesized to explain °Li
abundance in primordial material
— this was ruled out (Zylstra et
al., PRL 117, 035002 (2016))

T+T

T+T — o+ n + nis a mirror reaction
to 3He3He

* Basic nuclear physics governing
few-body reactions with 3 particles
in final state not well understood

* Also important for ICF (contributes
to the neutron spectrum)

The unique ensemble of T+T, T+3He and 3He+3He spectra provides
insight into final-state interactions in six-nucleon systems

) Adelberger et al., Rev. Mod. Phys 83, 2011

12




T+T

A NIF measurement of the T+T neutron spectrum at E; = 16 keV

PSIC

provided new insights about the T+T reaction ...

~230m CH 116 pasic physics governing this 6-nucleon

reaction are not well understood:

T+T —» 7?2777 —
SHe + n
SHe* + n
(nn)

4He + n+n

Tion ~ 3.4 keV
E; ~ 16 keV

week ending

PHYSICAL REVIEW LETTERS 2 AUGUST 2013

s

Measurement of the 7’ + T Neutron Spectrum Using the National Ignition Facility

PRL 111, 052501 (2013)

D.B. Sayre,!** C.R. Brune.2 J. A. Caggiano.! V. Y. Glebov.? R. Hatarik,! A. D. Bacher.” D. L. Bleuel.! D.T. Casey.!
C.J. Cerjan," M. J. Eckart,' R.J. Fortner," I. A. Frenje.”* S. Friedrich," M. Gatu-Johnson> G.P. Grim.,® C. Hagmann.'
1.P. Knauer,” J. L. Kline,® D. P. McNabb," J. M. .V[c.\lzmey.l J. M. Mintz," M. J. Moran," A. Nikroo,” T. Phillips.l 1. E. Pino,"
B.A. Remington," D.P. Rowley.' D. H. Schneider,' V. A. Smalyuk,' W. Stoeffl,' R.E. Tipton,"

S.V. Weber," and C. B. Yeamans'

'Lawrence Livermore National Laboratory, Livermore, California 94550, USA
2 . . . Al

state particles matters

» Conclusive evidence of n-a interactions at E; = 16 keV

* R-matrix modeling indicates that interference between final-
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"Neutron time-of-flight spectrometer, Clancy et al., SPIE proceedings (2014)
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T+T

...but left some questions unanswered: The NIF resulit at
E; = 16 keV is different from Wong’s result? at E.,, = 160 keV

PSIC

4.0

dN / dE [au]
N
o

0.0°

Wong at 90° (1965)
Sayre (2013)

~ R-matrix modeling (Hale)
R-matrix modeling (Brune)

SHe resonance

L~

0 2 4

6 8 10

Neutron energy [MeV]

The Sayre and Wong spectra may indicate that the reaction mechanism is changing
with Eg (ref 3), or the difference might be explained by an angular-distribution effect

'Sayre et al, PRL (2013).
2Wong et al, NP (1965).
3Bacher et al, FewBody Meeting (2015)
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T+T

To address these questions, an OMEGA experiment was designed to
probe the T+T spectrum over a range of Gamow-peak energies from 16 to 50 keV

PSIC

~3.0 pm SiO2

T(99.8%)
D(0.2%)

Gatu Johnson et al., Phys. Plasmas 24, 041407 (2017)

9 atm fill
0.6 ns square laser pulse
All beams to TCC
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T+T

The data set clearly indicates a difference in spectral shape A

as a function of Gamow peak energy?

3 pQ SiO2
Neutron energy (MeV)
- 10 8 6 4

°He ground state
interaction N

Raw data
E;~50 keV

E;~16 keV

350 400 450 500
Oscilloscope time (ns)

'Gatu Johnson et al., PRL (2018)
°Neutron time-of-flight spectrometer, Forrest et al., RSI (2012, 2016)



T+T

.y : : PSIC
The data set clearly indicates a difference in spectral shape
as a function of Gamow peak energy?
3 uQ SiO2
0.8 T | ' I
[ R-matrix fit to E;~50 keV data
o 1 EFS0KeV  Eg3keV  Eg16keV
> 127 1 24451 lax 27.7+1 63 _18.6+1 6
© 0.4 12 2 0 0 0
'c% 1722 1 -16.840.1sa -17.520 2etat -18.240. I stat
122 2 218+5qx -1 28+ 8¢ =292+ T ot
0.2 3/27 1 9.8140.03st 0.08+0.04 st 8.8530.03stat
3/ 2 223+3ga 24244 1 24043 5tat
nn I 13.840. 24 15,120 2t 14,720 25t

|
400

I |
500 600 700
Neutron time-of-flight (ns)

°He ground state peak strength increases as
a function of energy

'Gatu Johnson et al., PRL (2018)
°Neutron time-of-flight spectrometer, Forrest et al., RSI (2012, 2016)
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T+T
The data set clearly indicates a difference in spectral shape A

as a function of Gamow peak energy?

3 pQ SiO2

0 R-matrix fits to OMEGA data

PHYSICAL REVIEW LETTERS 121, 042501 (2018)

400

300
:. M. Gatu Johnson,"” C.J. Forrest,” D. B. Sayre_.] A. Bacher,' ].-L. Bou.rgude.i C.R. Brune,” I A. Cuggia_nu." D.T. Cu.sey.}
J.A. Frenje,' V. Yu. Glebov,” G.M. Hale,” R. Hatarik,” H. W. Herrmann,” R. Janezic.” Y. H. Kim,” J. P. Knaver,”

~ 250 E ~16 kev 0. Landoas.” D. P. McNabb,” M. W. Paris,” R.D. Petrasso,' J. E. Pino,” S. Quaglioni." B. Rosse,” J. Sanchez,’
G T.C. Sangster,” H. Sio,' W. Shmayda,” C. Stoeckl,” . Thompson,” and A. B. Zylstra’
'Massachusetts Institute of Technology Plasma Science and Fusion Center, Cambridge, Massachusetts 02139, USA
*Laboratory for Laser Energetics, University of Rochester, Rochester, New York 14623, USA
3Lawrence Livermore National Laboratory, Livermore, California 94550, USA
*Indiana Universiry, Bloomington, Indiana 47405, USA
SCEA, DAM, DIF, F-91297 Arpajon, France
SOhio University, Athens, Ohio 45701, USA
"Los Alamos National Laboratory, Los Alamos, New Mexico 87544, USA

Experimental Evidence of a Variant Neutron Spectrum from the T'(¢.2n)a
Reaction at Center-of-Mass Energies in the Range of 16-50 keV
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® 200
c 150
100

ten

™| (Received 2 August 2017; revised manuscript received 20 March 2018; published 27 July 2018)

50

0 2 4 6 8 10
Neutron energy (MeV)

o

* R-matrix analysis assumes contributions from 0+ state (s-wave) only; p-wave may also contribute
* |f this is the explanation, then it is likely that an energy dependence will exist also for the mirror

3He+3He reaction

'Gatu Johnson et al., PRL (2018) 18
°Neutron time-of-flight spectrometer, Forrest et al., RSI (2012, 2016)



s - |
The S-factor for the *He’He reaction impacts the ppl/(ppli+pplll) branching

ratio, and provides an important constraint on neutrino physics'

'"H+'H — 2H +e'*+v
H+'H — 3Het+y z SHe+3He — “He+2 'H ppl

SHe+*He — "Be +y «—> ’Be+e — 'Li @
\ Li+'H — ‘He +*He ppll

"Be+'H — 8B +y
’B — 5Be t+e
’Be — ‘He +*He ppll

(=

Net reaction: 4'H —*He+2 e"+2 v+ 2y + 26.73 MeV — neutrino loss

Uncertainty in the 3He3He S-factor directly impacts uncertainty in
calculated neutrino fluxes from solar models

DVinyoles, Ap. J 2017

2)Brune, Solar Fusion Il workshop, 2022 .



PSIC

The S-factor for the 3He3He reaction impacts the ppl/(ppll+pplll) branching
ratio, and provides an important constraint on neutrino physics'

'H+'H — 2H +e*+v
H+'H — 3Het+y Y SHe+3He — “He+2 'H ppl

SHe+*He — "Be +y «—> ’Be+e — 'Li @
\ Li+'H — ‘He +*He ppll

"Be+'H — 8B +y
3B — 3Be +e
SBe  — ‘He+'He pplII

Net reaction: 4'H —“*He+2 e+ 2 v+ 2y+26.73 MeV — neutrino loss

Uncertainty in the 3He3He S-factor directly impacts uncertainty in
calculated neutrino fluxes from solar models

DVinyoles, Ap. J 2017
2)Brune, Solar Fusion Il workshop, 2022

Adelberger et al., Rev. Mod. Phys 83, 2011
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peak

Accelerator S-factor measurements assume
a spectral shape for the 3He+3He proton
spectrum which is most likely inaccurate?
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The S-factor for the *He’He reaction impacts the ppl/(ppli+pplll) branching

ratio, and provides an important constraint on neutrino physics'

Adelberger et al., Rev. Mod. Phys 83, 2011
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< E E = L i
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085 090 095 1.00 105 110 1.15 3 Ll , , 1
®('Be)/®('Be),,, 0.01 / 0.1
Solar Ecy (MeV)
Gamow
Current assumed £5.2% uncertainty on solar 3He3He S-factor peak

has a 2.3% impact on the calculated solar neutrino flux
Accelerator S-factor measurements assume

a spectral shape for the 3He+3He proton
spectrum which is most likely inaccurate?

DVinyoles, Ap. J 2017
2)Brune, Solar Fusion Il workshop, 2022
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Initial measurements of the 3He+3He proton spectrum have
been made at OMEGA at E;=165 keV

PSIC

SHe+*He—a+p+p
proton spectrum

108 E-.=165 keV
25 [ |G | |

X

2.0 |

1.0 |

Yield / MeV

00 — — — — — — — — — — “Boub

2'3 ”m —->
Sio,

week ending

PRL 119, 222701 (2017) PHYSICAL REVIEW LETTERS | DECEMBER 2017

Proton Spectra from *He + T and *He +3He Fusion at Low Center-of-Mass Energy,
with Potential Implications for Solar Fusion Cross Sections

A.B. Zylstra,l':k J.A. Frenje,: M. Gatu Johnson,2 G.M. Hale,1 C.R. Brune,3 A. Bacher,4 D.T. Casey,5
C.K: Li,2 D. M(:Nabb,5 M. Paris,1 R. Di Petrasso,2 TG Sangster,6 D:B. Sayrf:,5 and F. H. Séguin2
'Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
*Plasma Science and Fusion Center, Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139, USA
*Ohio University, Athens, Ohio 45701, USA
*Indiana University, Bloomington, Indiana 47405, USA
SLawrence Livermore National Laboratory, Livermore, California 94550, USA
(’Laboramry for Laser Energetics, University of Rochester, Rochester, New York 14623, USA
(Received 1 April 2017; revised manuscript received 7 July 2017; published 29 November 2017)

_05 | | | | |

Proton energy (MeV)

1Zylstra et al., PRL (2017)

2Wedge-Range Filter proton spectrometer, Séguin et al., RSI (2003)
3Magnetic Recoil Spectrometer, Frenje et al., RSI (2008)

4Charged Particle Spectrometer, Hicks, MIT PhD thesis (1999)
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These initial 3SHe+3He OMEGA measurements indicate
differences compared to T+T results

PSIC

SHe+*He—a+p+p
E,=165 keV

&
25 10

Yield / MeV

Proton energy (MeV) R-matrix analysis with
feeding factors based on
Wong T+T data
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These initial *He+°He OMEGA measurements indicate

differences compared to T+T results

PSIC

SHe+*He—a+p+p
E,=165 keV

&
25 fd0

Yield / MeV

_05 | | |

Ym

Proton energy (MeV) R-matrix analysis with
feeding factors based on
Wong T+T data
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These initial *He+°He OMEGA measurements indicate

differences compared to T+T results

PSIC

R-matrix analysis with

3p43
EHfIGEek_i/aerer feeding factors based
¢ © on Sayre T+T data
05 X 108
' [ [ | T |
> ’ [,
v 15} 7 g -
= \
— 10} 7 il
ke / v
.E 0.5 —] @: N
0.0 .l
-0.5L | ' l | |

Proton energy (MeV)
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These initial *He+°He OMEGA measurements indicate

differences compared to T+T results

PSIC

3He+3H . R-matrix analysis with
erne—arpTp feeding factors based

Es=165 keV / on Sayre T+T data

2.5

Yield / MeV

_05 | | |

Proton energy (MeV)
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These initial *He+3He OMEGA measurements indicate
differences compared to T+T results

PSIC

x 10°
2.5 | | I T I T
2.0 )
> There are also differences
§ 1.5 between the two R-matrix
~10 models
o
Q
= 0.5
0.0
_o0.5 L I ] | ] |
0 2 4 6 8 10 12

Proton energy (MeV)

These results illustrate the poor understanding of few-body reactions.
 Are the differences due to an E; dependence?
 If so, what would this imply for the 3He3He cross section?
« S-factor inferred from accelerator data can vary 8% depending on spectral model used
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Exploration of Basic Nuclear Science and Nuclear Astrophysics
using HED plasmas is a nascent field with much potential

PSIC

High-Energy Density (HED) plasmas generated in laser-driven implosions provide a unique
environment for studying stellar-relevant nuclear reactions

Recent experiments have provided the first exciting results on the solar 3He+3He, BBN-
relevant T+3He and complementary T+T reactions

Ongoing efforts focus on probing the solar SHe3He—a+p+p reaction at more stellar-relevant
conditions (OMEGA E;=165 keV, solar E;=21 keV) and at lower proton energy

Future work includes developing the platform for CNO-relevant measurements (e.g., the
p+'SN-a/y branching ratio) and for studying neutron capture on s-process branch-point nuclei

28



DU

Next steps in the *He+3He effort are to push to more solar-relevant
energies, and to measure the proton spectrum at lower energy

A DS experiment leverages NIF to push An OMEGA experiment leverages new detector
towards solar-relevant Gamow-peak energies: technology to push to lower proton energy:
6
Adelberger et al., Rev. Mod. Phys 83, 2011 2.5 ;‘ 10 : . : | :
12 LI I T T T LI I| T T '
- 2.0
11 ~ Large >
~~ B i G)
S 101 uncertainties = 1.5
< B S ) ~
'; 9 Bound elegtron screening ke 1.0
§ 8 — cannot b¢ avoided in < 0.5
o v acceleratorr measurements 0.0
;6 N .
t; 6 ] | | | |
9 L ~0.5 1
5 0 2 4 6 8 10 12
7] L
4 Proton energy (MeV)
3 1

Bending magnet

I [ SR 7 2 |
0.01 0.1 New optimized U
Step Range Filter Q
Solar ECM (MCV) (SRF) design:* / i | G | | o \ X Adjustable
magnet

Gamow ( (, 205 | 145 85 |25 aperture
um um um
eak .
P Tantalum steps Tooom | i || G
fielded in front
T, AEEE MagSpec
L
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The NIF experiments leverage the higher laser energy available at NIF
to drive larger capsules, producing enough yield at lower T,  /E_

ion

PSIC

SiO,

CH
18 um
3 # 4.7 pm " \g\
9
© -
7~

Y~n; xn,x<ov(T,)>xVxt

on

Gatu Johnson et al., Phys. Plasmas (2018)
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The NIF experiments leverage the higher laser energy available at NIF
to drive larger capsules, producing enough yield at lower T,

ion

IE.,,

PSIC

: CH
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p % 4.7 um & 5.0E+13 T
A [
‘%_’ R 4.0E+13 +
fs)]
2 % - I
< k) I
) %, G 30E+13 1
> [
O -
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- [
1.0E+13 1
0.0E+00
Y~n; xn,x<ov(T,)>xVxt

Gatu Johnson et al., Phys. Plasmas (2018)
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The NIF experiments leverage the higher laser energy available at NIF
to drive larger capsules, producing enough yield at lower T,

ion

PSIC

. CH
SiO, 18 um
p P -
# 4.7 um \g
©
e Z
7~

Y~n; xn,x<ov(T,)>xVxt

on

Gatu Johnson et al., Phys. Plasmas (2018)

S-factor (MeV barn)

Adelberger et al., Rev. Mod. Phys 83, 2011

LI |
Large
uncertainties

accelerator

NIF measurements

Experiments relied on WRF
as the primary diagnostic

Bound elegtron screening
— cannot be avoided in
measurements
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The more recent OMEGA experiments were specifically intended beC
to obtain proton data at lower energy using new detectors
Si0, Implosion platform optimized for high yield and
% 3 um inimal tral distortion?)
650 31 3He3He minima spec ral distortion :
%) spectrum Shot # Fill D He D.D DD T,
) type yield* |yield** | (keV)
Si0,
* 3um 101917 3He 2.0e7 - -
%0 7-IOI'I
% 101918 3He 2.2¢7 - -
- 101919 3He 1.0e8 - -
TIM Diag (3He/D3He) 101921 3He 7467 _ _
TIM1 Framing camera
101922 D3He - 2.4el0 ~1e9
TIM2 Tri : WRFx2, SRF
rdent R S 101923 DHe - 27¢10 ~1e9 16505
TIM3 | MagSpec *Based on average of TIM2 POS4 and POS12 WRF data, fielded 26¢cm from TCC
**Yield lower than predicted = larger uncertainty, and T, , measurement only worked
TIM4 | WRF on 101923
TIM5 SRF/PXTD
TIM6 | SRF/Clear LOS
YGatu Johnson et al., Phys. Plasmas (2017) 33



DULC

Three high-efficiency proton spectrometers are being leveraged to
measure the 3He+3He proton energy spectrum

Magnetic Spectrometer (MagSpec)

Wedge-range-filters (WRF) Step-range-filters (SRF)
Low-energy cut-off: ~5 MeV CR-39 detec
-"" i o New optimized U !
Step Range Filter I Bending magnet
(SR design:* /B |2l |8\
Adjustable
205 | 145 | 85 | 25 \ magnet
um um | um | um aperture
Tantalum steps G | [ m | o / /
fielded in front 235 | 175 | 115 | 55
Of CR39 um um um um
\\_’/

Removable pointer

WRF analysis for NIF shots:
Brandon Lahmann and Justin Kunimune 34
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DU

WRF spectrometers have been used as a workhorse for many years,
but recent data raise questions about impact of x-rays on response

2.5E+07 T

26cm Shot 77957

2.0E+07 +
1.5E+07 1

1.0E+07 1

Yield / MeV

5.0E+06 +

0.0E+00 + . . . : nE :
4 6 8 10 12 14 16
Proton energy (MeV)

WREF analysis for NIF shots:
Brandon Lahmann and Justin Kunimune
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DU

WRF spectrometers have been used as a workhorse for many years,
but recent data raise questions about impact of x-rays on response

2.5E+07 T

26cm Shot 77957

2.0E+07 +
1.5E+07 1

1.0E+07 1

Yield / MeV

5.0E+06 +

0.0E+00 + . . . : et :
4 6 8 10 12 14 16
Proton energy (MeV)

Rinderknecht et al., RSI 86, 123511 (2015):

2.0E+07

Simulated dose (Gy): A
0Gy ‘
5 Gy

1.5E+07

(N/MeV)

50 Gy
100 Gy

1.0E+07 |

ton Fluence

o
& 5.0E+06 |

!

i

!

y !

y !

) !

) )

[ 1

i ) )

i 1
4 )

'R Pl

AN P

[P )y

i ]

¥ ;o

. P
\ '

] " t

i) / \

0.0E+00 M i e, | P e LY DN Ty 1

6 7 8 9 10 11 12 13 14 15 16
Proton energy (MeV)

WREF analysis for NIF shots:
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DU

WRF spectrometers have been used as a workhorse for many years,
but recent data raise questions about impact of x-rays on response

2.5E407 1 X-ray dose and energy spectrum inferred from x-ray
»ozsor | 26cm Shot 77957 penumbral imaging (PCIS) data obtained on NIF shots:
OE+07 +
= r
= 1.5E407 §
S [ Dose at 50cm
~ HOEOT | N200211-002
5.0E+06 | 10‘6 PCIS
10 T
i .E spectrum TN
0.0E+00 A | | == w4 ‘ ' /After 100pum A
4 6 8 10 12 14 16 10"
Proton energy (MeV) 510"
10" I
Rinderknecht et al., RSI 86, 123511 (2015): 10" Absorbed in_
20807 Simulated dose (Gy): 4 L |'|I| CR39
‘
15E+07 | 10° l;'{..'ll .
1006y H 1’ LI SRR PR Y.

1.0E+07 | Photon er118rgy [keV)

Proton Fluence (N/MeV)

Total dose 11.0 Gy
(Total dose at 10cm: 275 Gy)

5.0E+06 |

a4 \
e, | W Y L2 LY DUy Y 1\ ren s

0.0E+00 ™

6 7 8 9 10 11 12 13 14 15 16
Proton energy (MeV)

WRF analysis for NIF shots: N
Brandon Lahmann and Justin Kunimune *
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Question about x-ray impact on WRF response is
being addressed in the MIT accelerator lab

MIT x-ray

cource e Use x-ray source to expose assembly to x-rays

Use accelerator to add protons at three different energies

Critical to know x-ray dose
» Skylar is working on this using a 2 Am source, image
plates, and a new image plate scanner
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DU

An SRF design optimized for 3He+3He proton measurements was
developed for the OMEGA campaign; its response is being characterized

| L ey

* A 16-step filter design is used for maximal energy coverage

* A Monte Carlo simulation toolkit was developed to simulate
SRF response

0.125 A

* Results are being compared to accelerator exposures for
validation

0.075 A

Yield per MeV (arb.)

0.025

Input
0.000 1 — Synth SRF

2 4 6 8 10
Energy (MeV)

125 keV D Beam

*T.M. Johnson et al., in preparation for Rev. Sci. Instrum. (2023) .



DULC

The new MagSpec* detector is now available for use at both OMEGA
and the NIF, with in-situ calibration efforts ongoing at OMEGA

Nominal simulation

CR-39 detector

Magnet pole gap

1 1
0 ! : 10f
1 1

Collimator Nose Cone

|
Slit holder

. -10 L L I | -10 L L L J
Adrian et aI., Rev. 220 -10 0 10 20 -20 -10 0 10 20

Sci. Instrum. (2022) Z(mm)

MagSpec was first fielded on the 2020 NIF DS campaign, but due to a design problem
the D3He protons interfere with the 3He3He spectrum for that initial implementation

41

*J. Pearcy et al., to be submitted to Rev. Sci. Instrum. (2023)



NIF DSI(

Measured proton spectra, differentially filtered x-ray penumbral imaging, and
x-ray burn history are being used'’) to constrain NIF implosion conditions cH

18 um

>
2
Average WRF Measurements for %
N200211-003 (19% D content)
X b N200211-003-999 SPIDER signals
2500L\" R N e e N R N I A (11 300
—— Ge (240 m) -
2000 —— Zr(11.5 ym) — 250
: —— Zr(97.0 ym)
m Ag (42.5 (m) -
---- Measured Laser 200
1500 =
[_|
— 150 &
_ =
3 1000 £
— 100
500 — -
n J ik L | O P ot | L \_
0° DJ 4 5 0

Time, ns

' ' P.J. Adrian, PhD thesis, MIT (2023)
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NIF DSI(

The penumbral x-ray images are used to constrain the hot-spot volume (V,.),
and the SPIDER burn history data gives the burn duration (1)

Ge (24.0 um): BT = 2.846 += 0.068 ns; BW = 372 ps

ps
8

- =

~+21

f—l?

Zr (11.5 um): BT = 2.838 + 0.106 ns; BW =363 "/_
+14

!
+31

"r—27

Zr (97.0 um): BT = 2.828 * 0.076 ns; BW =393

=

Ag (42.5um): BT = 2.836 = 0.094 ns; BW = 389 5
| I I LI ‘ LI I I | I LI T I T LI I I I I I

2500 — —

CCD Counts
o
%]
=
=
[T

! NI |
4.0 4.5

18 um
CH Ablator
RHe 10.2 atryg

1) P.J. Adrian, PhD thesis, MIT (2023) 43



Exploration of Basic Nuclear Science and Nuclear Astrophysics Al

using HED plasmas is a nascent field with much potential

High-Energy Density (HED) plasmas generated in laser-driven implosions provide a unique
environment for studying stellar-relevant nuclear reactions

Recent experiments have provided the first exciting results on the solar 3He+3He, BBN-
relevant T+3He and complementary T+T reactions

Ongoing efforts focus on probing the solar SHe3He—a+p+p reaction at more stellar-relevant
conditions (OMEGA E;=165 keV, solar E;=21 keV) and at lower proton energy

Future work includes developing the platform for CNO-relevant measurements (e.g., the
p+'SN-a/y branching ratio) and for studying neutron capture on s-process branch-point nuclei
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There is a rich set of opportunities to study nuclear reactions
using HED plasmas at OMEGA and the NIF

PSIC

Charged-particle induced reactions:

T(t,2n)*He (analogue to 3He(3He,2p)*He) [1]
T(3He,np)*He, T(3He,d) “He, T(3He,y)tLi (BBN) [2]
He(*He,2p)*He (pp-I) [3]

D(p,y)3He (Brown dwarfs, protostars) [4]
T(d,y)°He [5]

4He(D,y)5Li (BBN)

4He(T,y)’Li (BBN)

4He(*He,y)’Be (Solar)

®Li(p,a)*He (BBN) Published
"Li(p,a)*He (BBN) Ongoing
"Be(p,y)®B (Solar) Proposed
"Be(a.,y)1'C (BBN) Near future?

1"B(p,a)®Be (Basic nuclear)
SN(p,a)12C/ 15N(p,y)1€0 (CNO)
'°B(p,a)’Be [8]
12C(p,y)"°N [8]
““N(p,y)">O [8]

Proposed for
NIF

Neutron-induced reactions:

* n-d and n-T at 14 MeV [6]

* D(n,2n) at 14 MeV [7]

* T(n,2n) at 14 MeV

« Various (n,y) processes

« Li(n,2n), Be(n,2n), other (n,2n)
processes

Plasma effects:

* Screening

« NEET/NEEC

* s-process relevant reactions
* r-process relevant reactions

1: Casey et al., PRL 2012; Sayre et
al., PRL 2013; Gatu Johnson et al.,
PRL 2018

2-4: Zylstra et al., PRL 2016; Zylstra
etal., PRL 2017

5: Kim et al., PoP and PRC (2012)
6: Frenje et al., PRL 2011

7: Forrest et al., NIM A 2018

8: Wiescher et al., Front. Phys 2022

Proton-proton chain

CNO cycle

45



A recent Frontiers in Physics “Research Topic” collects
articles on ongoing work at this new frontier

PSIC

& frontiers | Research Topics Table Of 04  Editorial: Using high energy density plasmas for nuclear
experiments relevant to nuclear astrophysics
zatu Johnson, Gerald Hale, Mark Paris, Michael Wiescher and
contents e ' e o

06 Screening Effects in Stars and in the Laboratory

Marialuisa Aliotta and Karlheinz Langanke

U Si ng h | g h ene rgy de N Sity 15 Prospects for Neutron Reactions on Excited States in

High-Density Plasmas
plasmas for nuclear jan 3. Thompso

21 Radiochemical capabilities for astrophysics experiments at

EX pe I’I me ﬂtS re l.eva nt tO the national ignition facility
n D. Despotopulos, Narek Gharibyan, Kenton J. Moody

n UClea r astrophySICS _ arles Yeamans, Carol Velsko and Dawn A. Shaugh ,

28 Efficacy of inertial confinement fusion experiments in light
ion fusion cross section measurement at nucleosynthesis

Edited by relevant energies

Maria Gatu Johnson, Michael Wiescher, Mark Paris, Alex Zylstra and Gerald Hale A. J. Crilly, |. Garin-Fernandez, B. D. Appelbe and J. P. Chittende

39 Threshold effects in the "B(p,«)’Be, *C(p,y)*N and “N(p,y)**O

Published in "
Frontiers in Physics reactions
M. Wiescher, R.J. deBoer and J. Gorres
47 Lasers for the cbservation of multiple order nuclear reactions

Jeffrey Burggraf and Alex Zylstre

57 Gamma-based nuclear fusion measurements at inertial
confinement fusion facilities
Z. L. Mohamed, Y. Kim and J. P. Knaue

71 Towards the first plasma-electron screening experiment

Daniel T. Casey, Chris R. W B. Zylstra, Charlie J. Cerjan,

81 High deuteron and neutron yields from the interaction of a
petawatt laser with a cryogenic deuterium jet

https://www.frontiersin.org/research-topics/29357/using-high-energy-density-plasmas-for-nuclear-
experiments-relevant-to-nuclear-astrophysics
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PSIC

Exploration of Basic Nuclear Science and Nuclear Astrophysics
using HED plasmas is a nascent field with much potential

« High-Energy Density (HED) plasmas generated in laser-driven implosions provide a unique
environment for studying stellar-relevant nuclear reactions

« Recent experiments have provided the first exciting results on the solar 3He+3He, BBN-
relevant T+3He and complementary T+T reactions

« Ongoing efforts focus on probing the solar 3He3He—a+p+p reaction at more stellar-relevant
conditions (OMEGA E;=165 keV, solar E;=21 keV) and at lower proton energy

« Future work includes developing the platform for CNO-relevant measurements (e.g., the
p+'SN-a/y branching ratio) and for studying neutron capture on s-process branch-point nuclei
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