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The High-Density Plasma at National Ignition Facility

The closest analog to explosive stellar conditions
in the laboratory and in particular
the closest laboratory neutron analog to
astrophysical r-process

192 laser beams, 351 nm deuterium-tritium
1.9 MJ, 500 TW peak (DT) filled capsule
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N221204: ignition achieved
3.1 MJ fusion yield / 2.05 MJ 351nm laser light

experimental neutron tomographic reconstruction
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Discovery Science proposal P-000523: “A noble-gas accelerator
mass spectrometry platform at NIF for nuclear astrophysics” :

‘ introduce seeds of Ar in DT fuel and observe (n,2n) and
neutron capture reactions

Shot N221002
192 laser beams
1.2MJ, 390 TW

Capsule:
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Discovery Science proposal P-000523: “A noble-gas accelerator
mass spectrometry platform at NIF for nuclear astrophysics” :

‘ introduce seeds of Ar in DT fuel and observe (n,2n) and

neutron capture reactions
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42Ar motivation:
40Ar(2n,y)*2Ar,
a “mini-r’ process

- three long-lived neutron induced products: 3°Ar(268 y), 41Ar(110 min), 42Ar(33y)

- Ar is a noble gas: can be reliably collected using a stable 33Ar carrier

- 39,421 detection at ultra-high sensitivity by atom counting
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Atom counting with

noble gas accelerator mass spectrometry (NOGAMS)
at ATLAS (Argonne): a brief

abundant isotope
beam current: (enA)
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4 Ca—— = A ] . = 3 -
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S ionization chamber
™ BOOSTER LINAC
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NIF shot N221002: 22 Oct 2022
40Ar(n,2n)39Ar measured
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NIF shot N221002: 22 Oct 2022

4271 detected (Nov 2024)
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Present scenario: D+T ->n+a E,~14 MeV
tertiary reaction in flight n+T ->t+n: ET ~ 10 MeV

(within 160 ps) T +40Ar -> p + *2Ar : F0Ar(t,p) 42Ar
new-HYDRA expt.
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Summary

1. Quantitative determination of neutron induced reaction yields on 4Ar seeds in a

stellar-like high-density plasma
2. The origin of the 42Ar events observed is attributed mainly to a charged-particle
reaction in flight, first time observed:
d(t,a)n(t,n)t(*%Ar,p)*2Ar
3. The implosion of a pure DD capsule is considered to search for a two-neutron
capture reaction.

Thank you for your attention.






Preliminary results: N221002
42Ar/38Ar= (1.0 £ 0.3) x 10714
N(“2Ar) = 1.6 + 0.5 x 10° atoms
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ILL2: 2Ar NOGAMS calibration sample (2023)

2Ar/Ar (NOGAMS) = (1.09 + 0.12) x 10"
42Ar/Ar (activity+dilution) = (1.16 + 0.05) x 101
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NOGAMS September Monthly Update September 24, 2024

Best-to-date two-dimensional half-sphere HYDRA simulation for N221002 (DT-gas loaded Ar)

N221002
Subscale Symcap Experiment Simulation
DT-n yield 1.49E+15 3.34E+15
Peak Burn (ns) 6.87 6.87
DSR (%) 0.52 0.67
T, (keV) 431 4.02
Burnwidth (ps) NA 162
Ar in gas fill 2.520E+15 2.522E+15
30ar  2-8(1)e*10 3.28621E+10
: : 41Ar 2.00E+07 7.80998E+06
m:rc])mpa:lme \K NA 4.70612E+08
with neutron 42Ar ™ { g(5)0+6 NA 0.0755 (i.e. 0)
capture unless
o ~ few 100b 38Ar NA 2.21030E+05
37S NA 2.29266E+08

39C1 NA 3.13837E+05



new-HYDRA simulations: T/D ratio study

N221002 N221002 T/D
Exp
T/D=50/50 50/0/50 80/20 T0/30 20/80 30/70
DT-n Yield 1.49E+15 201E+15 149E+15 1.69E+15 1.T6E+15 243E+15
J9Ar 2 8(1E+1H | 20E+1 ). 35EH9 1.O4E+1( 1.O3E+]1I | 46E+11
41Ar 2.00E+07 T.73E+06 6.23E+06 9.34E+05 6.82E+06 9.T0E+06
42Ar 1.6(5)E+06 8.45E+05 1.O1E+06 6.55E+06 3.31EH)5 1.21E+05

/

our next shot
Fall 2025,
we’ll be back...
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Discovery Science proposal P-000523: “A noble-gas accelerator
mass spectrometry platform at NIF for nuclear astrophysics” :

‘ introduce seeds of Ar in DT fuel and observe (n,2n) and
neutron capture reactions
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Collection of reaction product atoms:

- inject a known volume of 38Ar carrier in NIF chamber just after
shot, pump chamber into a cryogenic trap system to separate Ar
(Radiochemical Analysis of Gaseous Samples (RAGS) apparatus
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HYDRA simulation for a Ar-doped DT implosion at high power
Ch. Cerjan, LLNL, private comm.

39Ar 2.706E+12
375 1.931E+10
41Ar 7.204E+08
39cl 2.236E+08
4ocl 3.858E+10
38Ar 3.696E+09
365 2.080E+08
38cCl 2.456E+07

42Ar 1.550E+03



HYDRA simulations: Ch. Cerjan (LLNL)

 The primary implosion experiment simulation tool used for NIF experimental design and
analysis.

— ALE (Adaptive Lagrange-Euler)
— Finite element based (quadrilateral in 2D or hexahedral elements in 3D)
— Massively parallel

— PYTHON user scripts may be readily linked.

*  Physics capabilities are extensive.

— Consistent numerical treatment of the hydrodynamic equations, diffusive radiation
transport, and diffusive electron conduction.

— Substantial flexibility exists for different EOS and conductivity model choices.
— Implicit Monte Carlo photon transport.

— Particle Monte Carlo neutron, charged particle, and gamma-ray generation and
transport.

— In-line or post-processing radiochemistry available (KUDU).

* A static three-dimensional model exists that correlates implosion diagnostics and quantifies
the stagnation properties.



NOGAMS September Monthly Update September 24, 2024

Best-to-date two-dimensional half-sphere HYDRA simulation for N221002 (DT-gas loaded Ar)

N221002 NIF diagnostics
Subscale Symcap Experiment Simulation
DT-n yield 1.49E+15 3.34E+15
Peak Burn (ns) 6.87 6.87
DSR (%) 0.52 0.67
T, (keV) 4.31 4.02
Burnwidth (ps) NA 162
Ar in gas fill 2.520E+15 2.522E+15
39Ar 3.28621E+10
41Ar 7.80998E+06
40Cl1 4.70612E+08
42Ar 0.0755 (i.e. 0)
38Ar 2.21030E+05
37S 2.29266E+08

39C1 3.13837E+05



Atom counting with

noble gas accelerator mass spectrometry (NOGAMS)
at ATLAS (Argonne): a brief

abundant isotope
beam current: (1019-10" )| =
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electron magnetic spectrograph rare ion
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resonance | identification:
ion source: linear accelerqtlon dispersion <0.1-1 hA1
ony.  (eupereenducive 1, "z
charged o separation of The techniqgue measures
positive a m/q filter isobars and an absolute isotopic ratio:
ions | @ parasitic ions r = rare/abundant
?nejggg:'a”y number of rare atoms =

N(rare) = r x N(abundant)



A test experiment; 3°Ar detection
38Ar(n,y)3Ar with thermal neutrons from Soreq nuclear reactor
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Auxilliary experiment: “9Ar(n,2n)3°Ar first cross section measurement (14 MeV)
at TU Dresden/Helmholtz Zenter Dresden Rossendorf

T(D,n)*He reaction at sphere: stainless steel fast-neutron monitors:
Rossendorf (HZDR) volume: 4.18 cm? 27Al, %Nb
~6.6(1)x10" 14 MeV ncm2 content : “Ar (5N) gas

4.5 hours pressure: 20 bar

36



Auxilliary experiment: 49Ar(n,2n)3°Ar first cross section measurement (14 MeV)
at TU Dresden/Helmholtz Zenter Dresden Rossendorf
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(LLC) at Bern University
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First determination
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TENDL23: 579 mb

manuscript
in preparation



NOGAMS September Monthly Update September 24, 2024

Best-to-date two-dimensional half-sphere HYDRA simulation for N221002 (DT-gas loaded Ar)

N221002
Subscale Symcap Experiment Simulation
DT-n yield 1.49E+15 3.34E+15
Peak Burn (ns) 6.87 6.87
DSR (%) 0.52 0.67
T,,, (keV) 4.31 4.02
Burnwidth (ps) NA 162
Ar in gas fill 2.520E+15 2.522E+15
39ar 280181 3.28621E+10
measured by y spect, 41Ar (~,110 min) 2.00E+07 7.80998E+06
after shot, 41K line 40C1 - 4.70612E+08
at 1294 keV 42Ar 0.0755 (i.e. 0)
38Ar 2.21030E+05
37S 2.29266E+08

39C1 3.13837E+05
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A unique “?Ar calibration sample: produced at the high-flux reactor

of Institut Laue-Langevin (Grenoble, France) at ®y,0rmal™

1.1 x 10" cm2 s1

4.7 days irradiation in a quartz ampoule: 49Ar(n,y)*1Ar(n,y)*2Ar(32.9 y)

i 73 Cad2 Cad3 Cadd
0 4 0
?09 92 /0 ﬁg 0.647 0.135 1]36
Ar 3 B k4l ! :1.31.
\é" 17+ 32
6.7302
j v IO T
'Y ¥ B N N
-
F FI{ |!‘]1I8I T T T T T T T T T T T
- Ru
300[ measurement time = 18.86 hr
42K
: 40K 1525 keV
» 2001 1460 keV
2 C
>
o —
© m
=
100F >
2
L »
0 1460 ' 1500 1520 1540

1440

1460 1480

1500

energy (keV)

0* 329y

42Ar
Q,, = 599 keV/

p-= 100 %

2 1236h
42K

Q,, = 3525.3 keV

L)

7+

: 15246
|1E 1%
.0 0.0




count rate (counts/hr)

A unique “?Ar calibration sample: produced at the high-flux reactor
of Institut Laue-Langevin (Grenoble, France) at ®y,o;ma= 1.1 * 1072 cm2 s
4.7 days irradiation in a quartz ampoule: 49Ar(n,y)*1Ar(n,y)*2Ar(32.9 y)
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count rate (counts/hr)

A unique “?Ar calibration sample: produced at the high-flux reactor
of Institut Laue-Langevin (Grenoble, France) at ®y,o;ma= 1.1 * 1072 cm2 s
4.7 days irradiation in a quartz ampoule: 49Ar(n,y)*1Ar(n,y)*2Ar(32.9 y)
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A unique “?Ar calibration sample: produced at the high-flux reactor
of Institut Laue-Langevin (Grenoble, France) at ®y,o;ma= 1.1 * 1072 cm2 s
4.7 days irradiation in a quartz ampoule: 4Ar(n,y)*1Ar(n,y)*2Ar(32.9 y)

0* 329y

Ca42 Ca43 Cadd 2Ar o= 100%

0+ Q,, = 599 keV

0.647 0.135 1]36 2 1236h |

K41 ! gﬂzh 1 5 3 2K [

A2+ "1t Q,, = 3525.3 keV
6.7302 s
Ardo [JEVEN E 42Ar=8.55 £ 0.25 Bq Iﬁz*-ﬁ

1l19.34 m 181 %
0+ 0*
. 0.0

99.600

42¢ca
o
R
after quantitative dilution with "atAr: -l
42Ar/*OAr (ILL2 calibration sample ): ¢ ~ | —
= (1.16 £ 0.05) x 10" - - | W§, ‘
ILL2 shipped to Argonne for NOGAMS y : =



Ne/air= 18 ppm, 2'Ne (0.27%), from ion

ILL2 sample at Argonne: “2Ar tuning

source residual gas as 107 Torr
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NIF sample N221002: 2023 experiment, same 42Ar setting
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Nov ‘24 experiment: dedicated to 42Ar search

Timeline:

-11/11-20: lon source was run with UHP (Ultra-High Purity) Ar
gas and 4CAr8* monitored at ECR3 cup

-11/20-24: sample TR5B (NIF N221002), *2Ar running, 53.5 h
-11/24-26: sample "3Ar (see below), “*2Ar running, 25.9 h

-11/26: ILL2 #2Ar calibration sample, 2'Ne , 42Ar running.



AE, (channel number)

AE, (channel number)

0 2000 4000 6000 0 2000 4000 6000 8000
.N221 002 1 ILL2
_B=9754 gauss 42Ar8+ 1 B=9754 gaUSS 42Ar8+ |
- .- 11 events 249 events|]
- . e 830,12" . -
. - 83c,,12*
‘——l—#‘ -+ } } T S T e e S B B 30
nat 5 - { Simulation -25
-B=9754 gauss 1B=9754 gauss 1~
i 42AI’ ' 20 %
L : ' {152
- LLIL()
i | -. 10 <
63 12+
Cu 15
. alfR™ 63CU T
0 2000 4000 6000 0 5 10 15 20 25 3(9

AE, (MeV)



Preliminary results summary

- 42pr unambiguously identified in sample N221002:
427r38Ar= (1.0 £ 0.3) x 10714
N(42Ar) =1.6 £ 0.5 x 10% atoms

Extraneous presence of “2Ar or crosstalk effects are ruled out.

- 42Ar calibration sample ILL2 OK:
calibration (activity+dilution): *2Ar/*0Ar= (1.17 + 0.05) x 10"

NOGAMS: 42Ar/40Ar= (1.09 + 0.12) x 10"



42Ar: 3 “rare” nuclide

R. W. Stoenner, O. A. Schaeffer, S. Katcoff, Science

(1965)
Half-Lives of Argon-37,
Argon-39, and Argon-42

Abstract. The half-lives of three argon
isotopes _have been carefully deter-

mined, with the following results: Ar??
35.01 = 0.1 days; Ard?, 269 = 3 yvears
Ariz 320 = || years. By combinin

the Art® value with earlier data, a
crosy section of 0.5 = 0.1 barn is cal-
culated for the reaction, with thermal
neutrons, Ariinq)Adrid,

427 s extremely rare in nature

Ca4l Ca42 Cad3 Cad4
LO3E+Sy

w2 0+ - 0+

[EC 0.647 0.135 2.086
K40 K41 K42 K43
1.27TE+0 y 12360h | 223k
4 an+ e 32+

ECH
93,2581 'Enu'.r 6.7302 i3 B-
Ar3s Ar3o Ard0
260 y
2-

Ardl
109.34m
2

Cl41
3845
(1232)+

A4
20y
0+

Cads
162.01d

-

Ar43
537m
(312.512)

Cad6

(123
0.004

Ard44

11.87m
0+

Cl43

33s

42Ar/Ar in Earth atmosphere: 42Ar/Ar= 9.2 Jfézl_'é x 10721 (Barabash et al., 2016)



Neutron-induced reactions in a
high-density inertial confinement
plasma at National Ignition
Facility

* neutrons?
 high-density plasma?
- National Ignition Facility?

« proposal, experiment, results: a progress report
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