Five talks will provide an overview of direct-drive

OMEGA cryogenic implosion results
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1. Overview of stagnation properties from direct-drive cryogenic OMEGA
iImplosions (speaker: Valeri Goncharov via WebCon) - ~40 min

- Key physics issues relating to stagnation (1D and multi-D)

- What are the important quantities that characterize stagnation and
what are 1D/multiD effects on these quantities?

- Wish list of simulations and diagnostics
2. Hot-spot size (speaker: Sean Regan) - ~20 min
- Comparison of observables to simulated observables
- How do we measure hot-spot size in OMEGA implosions?

- 1D versus multi-D effects?
- What facility/target improvements are planned to improve
observed stagnation properties
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Five talks will provide an overview of direct-drive

cryogenic results
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3. Confinement Time (speaker: Sean Regan) -~20 min
- How do we measure neutron rate and extract a burn width?
- What improvements are needed in measurements and analysis?

4. lon temperature (speaker: Jim Knauer) — ~20 min
- How do we measure ion temperature? (# measurements etc.)
- What improvements are needed in measurements and analysis?
- How do we extract a value?
- Do we see dependence on viewing direction?

5. Areal density (speakers: Jim Knauer and Maria Gatu-Johnson) — ~25 min
- How do we measure areal density? (# measurements etc.)
- How do we extract a value?
- Do we see dependence on viewing direction?




Stagnation physics of ICF implosions
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3-D simulation of temperature and density
near peak burn of OMGEA cryogenic implosion

lon temperature Density
!5}3‘

National Implosions Stagnation Physics
Working Group Meeting at
V.N. Goncharov LLNL, October 27-28, 2015



One of key questions is how much energy couples into
the hot spot
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Hot spot gains its energy from pdV work and shell
Kinetic energy
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Hot-spot failure mechanisms
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« Too much mass in the hot-spot (vapor) prior to deceleration
- short-scale mix/jets mix cold DT and ablator into hot-spot

- Excessive shell relaxation (rarefaction) at the inner fuel boundary (EOS,
secondary shocks ...)
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Hot-spot failure mechanisms
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« Too much mass in the hot-spot (vapor) prior to deceleration
- short-scale mix/jets mix cold DT and ablator into hot-spot

- Excessive shell relaxation (rarefaction) at the inner fuel boundary (EOS,
secondary shocks ...)

- This leads to an increase in hot-spot internal energy at peak burn, but
reduces pressure, rR, and yield



Hot-spot failure mechanisms
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« Too much mass in the hot-spot (vapor) prior to deceleration
- short-scale mix/jets mix cold DT and ablator into hot-spot

- Excessive shell relaxation (rarefaction) at the inner fuel boundary (EOS,
secondary shocks ...)

- This leads to an increase in hot-spot internal energy at peak burn, but
reduces pressure, rR, and yield

* Incoming shell density is too low (ineffective piston)

- short-scale mix at abl frolg)t, plrehleatl incI:rezl;lse effective shell adiabat
(both fuel and ablator)
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Hot-spot failure mechanisms
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Too much mass in the hot-spot (vapor) prior to deceleration

short-scale mix/jets mix cold DT and ablator into hot-spot

Excessive shell relaxation (rarefaction) at the inner fuel boundary (EOS,
secondary shocks ...)

This leads to an increase in hot-spot internal energy at peak burn, but
reduces pressure, rR, and yield

Incoming shell density is too low (ineffective piston)

short-scale mix at abl front, preheat increase effective shell adiabat
(both fuel and ablator)

Excessive long-wavelength shell modulation growth during deceleration
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Hot-spot failure mechanisms
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Too much mass in the hot-spot (vapor) prior to deceleration
short-scale mix/jets mix cold DT and ablator into hot-spot

Excessive shell relaxation (rarefaction) at the inner fuel boundary (EOS,
secondary shocks,...)

This leads to an increase in hot-spot internal energy at peak burn, but
reduces pressure, rR, and yield

Incoming shell density is too low (ineffective piston)

short-scale mix at abl front, preheat increase effective shell adiabat
(both fuel and ablator)

Excessive long-wavelength shell modulations during deceleration

Hot-spot confinement by shell is compromised, V. increases while
majority of the shell still moves in, leads to RKE



Hot-spot energetics

There is residual kinetic energy at peak neutron
production even in 1-D
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Hot-spot energetics

15%-20% of shell kinetic energy is not converted at
peak burnin 1-D
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Hot-spot energetics

Hot-spot energy during deceleration increases as Cr?
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Peak convergence

| Hot-spot disassembly




Hot-spot acceleration reaches maximum at Cr~14
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Code simulations and experimental data suggest a

strong performance degradation in the final stage of
hot-spot formation
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Higher hot-spot mass at the onset of deceleration leads
to larger hot-spot energy at peak burn
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Larger vapor mass leads to A shell with more vapor mass

stronger shell deceleration stagnhates at a larger radius
10 . . . 10 250 , I I 120
,\\4 Larger vapor
_ — 200 100 _
? % 0 &
G 2 © =
E S 3 150 S
z S 2 °0 5
B @ G 100 @
: g 2 g
50 20
0 0

0 40 80 120 160 50

Radius (u#m) Radius (um)



Internal energy partition between shocked shell and hot
spot depends on shell aspect ratio at peak burn
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Higher hot-spot mass at the onset of deceleration leads
to larger hot-spot energy at peak burn
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Higher hot-spot mass at the onset of deceleration leads
to larger hot-spot energy at peak burn,... but reduced

target performance UR
LLE
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Measurements relevant to hot-spot formation physics
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Inflight shell density profile (especially gradients on the back)

Affects initial hot-spot mass
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Piston effectiveness (low shell density leads to early hs stagnation)
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Measurements relevant to hot-spot formation physics
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* Inflight shell density profile (especially gradients on the back)

- Affects initial hot-spot mass

- Piston effectiveness (low shell density leads to early hs stagnation)

« Cold shell position and geometry

- Helps resolving hot-spot energy partition by inferring volume of
“dark” central region

Hot spot, Vs 3.p < Ve 1D

ov
f2'ls <T2> Vhs

Neutronrate ~P

Central region,
lVc,:s-D > Vc, 1-D

Hot-spot pressure
—5/3
evolves as Py,g ~V;




Measurements relevant to hot-spot formation physics
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* Inflight shell density profile (especially inner surface gradients)

- Affects initial hot-spot mass

- Piston effectiveness (low shell density leads to early hs stagnation)
« Cold shell position and geometry

- Helps resolving hot-spot energy partition by inferring volume of

“dark” central region

“True” (hydrodynamic) ion temperature excluding effect of bulk flow

Helps resolving pot-spot energetics



OMEGA Direct-Drive DT layered cryogenic implosions:

hot-spot size, neutron rate, ion temperature
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OMEGA Direct-Drive DT layered cryogenic implosions:

hot-spot size, neutron rate, ion temperature —
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OMEGA Direct-Drive DT layered cryogenic implosions

Diagnostic development for 50 Gbar campaign
16 channel, gated Kirkpatrick-Baez microscope (KBFRAMED)
Neutron temporal diagnostic (P11NTD)

Path to 100 Gbhar

Laser, target, diagnostic upgrades

UNIVERSITY




Collaborators
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OMEGA cryogenic implosions are hydrodynamically
scaled from symmetrically-symmetric, direct-drive

ignition designs uR
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A technique to reduce CBET by increasing the initial
target diameter while keeping fixed the single beam

laser spot size ($=820 um) was examined .
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CBET reduces the drive pressure by
40% on OMEGA and 60% at the National
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A primary DT neutron yield of ~5 x 1013 with a pR of
~200 mg/cm? has been recorded in this campaign
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pR is diagnosed with a neutron time-of-flight (nTOF)
detector and the magnetic recoil spectrometer (MRS)
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Difference in the areal density along the two lines of sight is attributed to
a spatial variation in the areal density due to non-uniform laser drive




Hot-spot pressure is inferred from the measured
hot-spot size, burnwidth, (T;), and neutron yield
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Measured Pps2 Depends on Measured
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T| and Vhs
- Neutron time-of-flight Bulk flow broadening;
' (nTOF) detector 3 lines-of-sight (LOS); +0.3 keV
Yield nTOF, Cu activation 5% error
o NTD, neutrons 10% width error
Sydor framing camera (SFC), x rays Frame timing
Time-resolved Kirkpatrick—-Baez
Vhe (KB), SFC3 +0.2 to 1.0 um

Prot spot>120-150 Gbar for direct-drive hot-spot ignition
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KBFRAMED and P11NTD were critical diagnostics to

infer the hot-spot pressure
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KBFRAMED: 30 ps resolution, 6 um spatial resolution

P11INTD: 40 ps impulse response time

UNIVERSITY
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Framed X-Ray Imaging| of/ Cryogenic Target
Implosion Cores on OMEGA
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KBFRAMED is a 16-channel Kirkpatrick—Baez (KB) x-ray
microscope that provides time-resolved images of the core

around stagnation
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Gate width: ~30 ps ~OMEGA KB
Image to image: 15 to 60 ps microscope chassis A
Spatial resolution: ~6 &m :
Energy range: 2 to 8 keV

Framing
camera

mirror

16 imaging pairs
per assembly

Optic assembly

EZ2996b F. J. Marshall, J. A. Oertel, and P. J. Walsh, Rev. Sci. Instrum. 75, 4045 (2004).




The KBFRAMED fixed port installation allows the framing-

camera electronics and film back to be operated in air
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OMEGA Diagnostics

KBFRAMED optic magnification and framed resolution
have been measured using an x-ray backlit grid on OMEGA
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KBFRAMED OMEGA shot 76806
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Resolution (FWHM* of the PSF**) = 6 um
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KBFRAMED records an image (At = 30 ps)
of the stagnating core every ~15 ps
in the 4- to 8-keV photon-energy range
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The cryogenic-target implosion, hot-spot size is
determined from an elliptical super-Gaussian fit
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OMEGA shot 77064 KBFRAMED core image near peak compression
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Comparison of 17% of peak intensity contour (R17) for
measurement and simulation
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Comparison of rho-R with 1/R? scaling using R17
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A Neutron Temporal Diagnostic for High-Yield DT Cryogenic
Implosions on OMEGA
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The NTD measures the neutron production rate

and bang time
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The P11-NTD delivers the instrument performance required
to support the current and future LLE cryogenic campaign
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OMEGA Target Bay
wall periscope

1 -
CryoNTD /

front end

OMEGA target chamber

ROSS
OMEGA/OMEGA EP wall /camera
penetration enclosure -y, . tables

Streak camera is positioned
outside of shield wall

Performance metric Performance status

Minimum burnwidth 50 ps
Bang-time measurement accuracy +50 ps
Detectable DD neutron-yield range 5x10%9to 1 x 1013
Detectable DT neutron-yield range 5x1010to 1 x 1015
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The neutron production rate is inferred

from the unfolded scintillator signal
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Data reduction

CCD image lineout
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With the standard 3-ns sweep window, P11-NTD
has a measured impulse response of 40+10 ps
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—Shot 77474 150 um
. —Shot 77475 175 um
_.g 10,000 - —Shot 77476 155 um
S —Shot 77478 160 um
= == Shot Fit 50 ps FWHM*
®
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£ 5,000 -
©
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Time (ps)

¢ Using an intrinsic width of the x-ray signal, 25+10 ps, the measured
width of ~50 ps deconvolves to an impulse response of 40+10 ps

* The absolute timing of P11-NTD is calibrated against NTD
with an accuracy of ~50 ps
Ex4305 *FWHM: full width at halt maximum
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Comparison of measured and simulated neutron
burnwidth
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The neutron rate gives more insight than the neutron burn width




The onset of neutron burn truncation occurs earlier for
Implosions of larger diameter targets
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Tion for DT cryo campaign inferred from nTOF

detectors compared with 1-D prediction

uUR
LLE

500 ey e BEREEZZ L BEEEELE D :

~
>
O
-

~—

|

2
|_

Better understanding of

[ Tion analysis is needed .
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Minimum Tion is used to infer hot-spot pressure




Three-dimensional simulations predict an early burn
truncation because of long-wavelength, hot-spot
distortion growth
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Larger targets have less beam overlap, more drive nonuniformity,
and higher level of long-wavelength, hot-spot distribution
compared to smaller targets — lower Py 4 for larger targets.
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The observed increase in energy coupling with target
diameter does not result in a higher hot-spot pressure
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A peak hot-spot pressure of 56£7 Gbar was inferred for the smaller targets




Peak hot-spot pressure of 567 Gbar was inferred in

current DT cryo campaign
LLE

Loy '] Path to 100 Gbar
S * Precision laser power balance
! « Laser beam zooming (CBET
—————— - mitigation)
' « Target metrology for um-scale
surface debris

B ] « X-ray imaging along multiple
@F %% %{%% @' ) lines of sight

o
]
.i...

Measured Py o0 (Gbar)
on
-
|
|
o
._,_I

b » Better understanding of Tion
[ . analysis
) S i T e 3-DnTOF
0 >0 100 150 « X-ray backlighting/Compton
Simulated Py gpor (Gbar) radiography of compressed shell

 Time-resolved x-ray continuum
measurement to infer Te(t) of hot
spot




OMEGA T,,,(Brysk, Ballabio) and rho-r
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Work presented from OMEGA nTOF team
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V. Yu. Glebov, C. Forrest, C. Stoeckl

Laboratory for Laser Energetics
University of Rochester
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Summary

OMEGA nTOF detectors measure T,,, (Brysk/Ballabio)

and the cold fuel areal density UR
LLE

« Measurement of the ion temperature with nTOF detectors is evolving

— Data are now fit with an exponential convolved with a Gaussian

— A forward fit analysis using a measure IRF is in development
(Used for 13.4 m data)

* lon temperature for non-cryogenic targets have an error of 3%
* lon temperatures of cryogenic implosions show an angular variation

 The areal density is directly proportional to the down-scattered
neutron yield from the neutron-tritium (n-T) elastic scattering

* A background measurement and a transport code to model the
individual neutron contributions is required to fit the nTOF data

« OMEGA NTOF systems will focus on measurement of 1st and 2"d
moments of DT and DD neutron spectra peaks




Outline

OMEGA T,,,(Brysk, Ballabio) and rho-r
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« Tion measurements
e Rho-r measurements

!!!!!!!!!!!




OMEGA has 6 nTOF detectors that can measure the DT

peak along different lines of sight
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OMEGA nTOF detectors
used for cryogenic
experiments

* 15.8 m nTOF

*12m nTOF

*5.2m nTOF

* 5.4 m PD040

«5.0m CVD

« 8 X4nTOF

— BemnGkE

5.4-m|PD040j

12-mnTOF-H N
- 510:m[{CVD4

5:2-mnTOFE::

8 x4 nTOF
13.4'm




Outline

OMEGA T,,,(Brysk, Ballabio) and rho-r
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« Tion measurements
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Several methods can be used to evaluate the ion

temperature from an ICF implosion -
LLE

« A simple approach to infer the ion temperature is to fit the neutron peak
with exponentially modified Gaussian.*

-- Performed on all nTOF detectors except the 13.4 meter nTOF.

« A more sophisticated function with additional decay terms convolved with
a relativistic thermal broadening can be used to infer the ion temperature.

-- Integrated into the analysis on the NIF. (R. Hatarik , J. Knauer)

« A more complete method to infer the ion temperature requires the detector
IRF and simulations of the neutron transport through the detector.

-- Presently used to measure the Ti of the DD on the 13.4 meter nTOF.

* T.J. Murphy et al., “Rev. Sci. Instrument.” 86, (610) (1997)




The absolute DT Ti was inferred from directly measured
neutron IRF of 5.0mCVD in low T, low yield DT shots at
40 cm from TCC
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Shot 56853
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The nTOF yield and Ti errors depend on measurement

statistics
UR

LLE

1. nTOF signal is proportional to neutron energy deposition
2. Divide by average energy per neutron for detected neutrons

3. Statistics for error must be modified for pulse-height
distribution in detector !

2
AFE
Ornr=.14=—=| VN
N \E)
4. For scintillator based nTOF detectors this is about !

ON =2J/N

Thus, 10% error requires 400 detected events
5% error requires 1600 detected events
3% error requires 4.4 E3 detected events

1. R.A. Lerche et al., RSI, 61, 3131 (1990)

B ROCHiS TR B




There are enough neutron statistics in all N TOF

detectors at DT cryogenic yield ~ 4x1013

uRr
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Plastic scintillator CVD diamond detector

40 mm G x 20 mm thick 10mm J x 1 mm thick
5m 12.4m 15.8 m 5m 75m 15.8 m
AQ 4x10-6 6.5x10-7 4.0x10-7 AQ 2.5x107 1.1x10°7 2.5x108
Nh|;o12 2 9x105 4.8x10% 2 9x104 Nh|;p12 4.2x103 1.85x103 4.2x102
Nhl,q013 | 1.2x107 1.9x106 1.2x1068 Nh|sq013 | 1.68x10° |  7.4x10% 1.68x10%

In the tables : AQ - detector solid angle, Nh|1012 — number of “hits”
in the detector produced by 102 neutrons

We need at least 4.4x10° detected events to satisfy 3% shot to shot precision
requirements.




The Ti ratio in different LOS is close to one for DT room-
temperature targets with high-adiabat implosions

UR
2012 to 2014 data '-'-E*
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The Ti ratio in different LOS can very by a factor of 2 in
low-adiabat DT cryogenic implosions
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The 15.8mnTOF and 12mnTOFN detectors measure ion

temperature with precision of better than 3%
UR
LLE

12 )
e A 1.6
T T; data ' Ti15.8mnTOE / Ti 12mnTOFN
@) 10- Function Y =X 1.4
lE g I 4
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0 _ 04- Average 0.993
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All data on this slide were recorded during room-temperature target implosions

Fiche #




The Ti ratio in different LOS varies more in cryogenic
Implosions then in with room-temperature targets
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2015 room-temperature targets 2015 cryogenics targets
167 Ti 15.8mnTOF / Ti 12mnTOFN 16 Ti 15.8mnTOF / Ti 12mnTOF
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Large differences in the Ti in different LOS in cryogenics implosions suggests
bulk fuel flows because of perturbation growth or nonuniform drive




Four approved projects for FY2016 will improve

lon temperature measurements on OMEGA LR

LLE

Two additional LOS for DT ion temperature (Ti_LOS)
Move PD040 from 5.2 mto 10 m to 15.8 m from TCC
Move 5.2nTOF from 5.2 mto 10 m to 15.8 m from TCC

Petal nTOFs for DT ion temperature (Petal nTOF)
Petal NnTOF in front of 8x4nTOF and in second LOS
Will measure DD and DT Ti in the same LOS

Second LOS for nTOF pR measurement (2nTOFrhoR)
Will measure pR
Will measure DT yield and Ti
Will measure DD yield and Ti

3dNTOF
6 CVD diamond detectors along 3 nearly orthogonal axes
Shared lines-of-sight with 15.8 m NTOF and 12 m NTOF

Fiche #
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A different method to infer Ti is using forward fitting
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« MCNP is used to simulate the neutron spectrum.

« To model the response of the detector system from neutron signals,
Xray IRF is convolved with the neutron transport function and
Energy function(folded from energy domain to time domain).

X ray IRF MCNP(DD) Energy Function Convolved result

x 10"

1.2

I
w
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o
o
[++]

*

=
wn
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Normalized dH/dt
Normalized Signal
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© = Ry R U @ N
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C. Forrest is using forward fitting to infer DD ion temperature
from 8x4nTOF (13.4 m) detector

| UNIVERSITY
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Comparison of DD ion temperature measured in two
different detectors with different methods

13.4 Meter lon Temperature
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Tion DD Tion DT
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The 3dNTOF project has evolved from the OMEGA

NTOF system and will provide complimentary data
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Three nearly orthogonal axes
used

« P2 -P11 (15.8 m nTOF)

* H8 = H13 (12 m nTOF)

« H4 — H17

Data will compliment

— T

existing OMEGA nTOF data T DD[I

» Measure velocity of bulk 5'4-m PD040
fusion plasma motion 12minTOEH oy : { SUGP

* Provide additional 52 mInTOFL: 2

3dN"T;OF axes

measures of the DT Brysk
ion temperature

* Provide a platform for
measures of the DD WA
Brysk ion temperature 134 mi

CVD diamond is the technology used for the 3dNTOF project




Outline

OMEGA T,,,(Brysk, Ballabio) and rho-r

uUR

LLE

e Rho-r measurements
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The areal density is directly proportional to the number
of elastically scattered neutrons
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Compressed fuel 200 mg/cm2
. Backscattered —Primary D-T | ﬂ
120 102 | Primary D-D (. 1
f Primary T-T ; |
—n-T Elastic Scattering |
" —n-D Elasic Scattering |
o : 5 :
Detector =
10'5_ e B , SRR SO PTRPOPOT SO , . , e , s 1 -
Cold fuel 2 4 6 8 10 12 14
Energy (MeV)
E
ES 4A ( 92) YES . NA pR fdJ dE*
= COoS — =
E, (1L+A)?2 Vor  M,"" ), dE

The scattering angle determines the energy of the scattered neutron

* S. Skupsky, “J. Appl. Phys.” 54, (4) (1981)




The 13.4 meter nTOF detector records neutrons in the
energy region from 1-6 MeV
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Energy (MeV)
6 5. 4. 3 . . 2, .
0351 1 T Amblent (#72830) A background for the nTOF signal
{ |~ Primary DT Is constructed from near-zero
0.3 | Primary T-T I . . . :
\ | - Primary D-D areal density implosions with
0231 fixed components:
T 02
% .
015 Pr!mary D-T
Primary D-D
01 Primary T-T
0.05+
0 —
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Scattering components are included to fit the time-of-
flight spectrum from cryogenic implosions
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Energy (MeV)
[T —#= | Theprimary D-T neutrons elastically
x| and in-elastically scatter off the fuel
ol ~distribution generating two additional
T sl | NEUtron components:
~— Din2n)p
Elastic Scattering
n-D and n-T

Neutron-induced breakup
D(n,2n)p

Time (ns)

The elastically scattered component at the kinematic edge from 3.5 to
4.0 MeV is adjusted to achieve a best fit by minimizing the error sum
from the experimental data
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The n-T scattered yield is calculated from the signal in
the region from 3.5to 4.0 MeV
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Energy (MeV) . .
01440 39 38, 37 36 35 34 . 33 Extracting the n-T scattering
- et component is used to calculate

the scattered yield

The n-T yield is directly related to
the areal density

Y N, 3 *0do
nT — A—pR ——dE
Ypr  My5 55 dE

490 500 510 520 530
Time (ns)

The primary D-T yield is very sensitive to the inferred areal density.
-- The primary yield is used to normalize the 13.4 meter data

-- An areal density is then inferred from the (Y ,/Y;) ratio
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The response of liquid Xylene (oxygenated) has been

measured using x-rays from a 10 ns pulse on a goIdULoiI
LLE

— Xylene Un-Oxygenated (Hatarik 2012)
— Xylene Oxygenated (Lauck 2009)
3| — X-ray IRF (OMEGA 2014)

Light intensity

0 50 100 150 .200 250 300
Time (ns)

The light output from un-oxygenated Xylene (blue) has decay
characteristics typical of most organic (plastic) scintillators

* R. Lauck, “IEEE Trans. Nucl. Sci.” 56, 989-993 (2009)
** R. Hatarik, “Rev. Sci. Instrum” 83, 10D911 (2012)
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Re-evaluating the nTOF areal density with the adjusted
background gives better agreement with the MRS
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The last background measurement was on

April 2014 with TIM-4 Empty.

Inferred the areal density with TIM-4 occupied
and un-occupied using the same background.

The primary yield from the 12 meter nTOF was
compromised on several campaigns.

UUUUUU

A background measurement was on August
2015.

The analysis was re-evaluated using the
corrected yields and the updated background
with and without TIM-4 occupied.



The FULL neutron source distribution illustrates the

regions where the scattered neutrons probe pR.
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Detector

nD and nT scattering is less clear

10-12 MeV 8-10 MeV

[

@]
(MELIOR)
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The FULL neutron source distribution illustrates the

regions where the scattered neutrons probe pR.
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Detector

2-4 MeV 1-14.1 MeV




Current OMEGA yield may make precision NTOF on
OMEGA problematic
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OMEGA cryogenic targets — 1 detector at 13.4 m
* DT Yield 5 1013 neutrons

 Relative solid angle (Q/4x) 10> =5 108 incident neutrons
« Spec detection efficiency ~ 10% =5 107 detected neutrons

 Signal dynamic range ~ 7 102 (4X larger at NIF)

Current OMEGA NTOF development will focus on DT and DD
peak location and width (15t and 2" moments) along the same
line-of-sight

« 1stmoment — bulk velocity of fusion plasma

« 2"dmoment —residual kinetic energy?! of fusion plasma

IT. J. Murphy, Phys. of Plasmas 21, 072701 (2014)




Summary/Conclusions

OMEGA NTOF detectors measure T, , (Brysk/Ballabio)

and the cold fuel areal density UR
LLE

 Measurement of the ion temperature with nTOF detectors is evolving

— Data are now fit with an exponential convolved with a Gaussian

— A forward fit analysis using a measure IRF is in development
(Used for 13.4 m data)

* lon temperature for non-cryogenic targets have an error of 3%
* lon temperatures of cryogenic implosions show an angular variation

 The areal density is directly proportional to the down-scattered
neutron yield from the neutron-tritium (n-T) elastic scattering

* A background measurement and a transport code to model the
individual neutron contributions is required to fit the nTOF data

« OMEGA NTOF systems will focus on measurement of 1st and 2"d
moments of DT and DD neutron spectra peaks




PSIC

The OMEGA MRS measures the neutron spectrum from
~4-18 MeV

3-16 MeV (d)

J.A. Frenje et al, Rev. Sci. Instrum. 79, 10E502 (2008)

J.A. Frenje et al, Phys. Plasmas 17, 056311 (2010)

D.T. Casey et al., Rev. Sci. Instrum. 83, 10D308 (2012)
MGJ 10/22/2015 D.T. Casey et al., Rev. Sci. Instrum. 84, 043506 (2013)



PSIC
Yield and pR are inferred from the data using a forward fit
approach
MRS data from shot 78959
1.E+01 E 1.E+05 g
3 LE+00 | [ @ Total fit
= : Total 1.E+04 |
= 1E01 | 3
e =
2 [ - [
S 1.E-02 + £ 1E+03 |
=S ; | > :
n i Q :
- 1.E-03 DS-fuel O I
o ; LE+02 | i DS-fuel
5 ' - TT
2 1E-04 | :
Primary \ : Primary
1.E-05 + | 1E+01 ‘i ‘
0 5 10 15 6.5 8.5 10.5 12.5 14.5

Neutron Energy [MeV]

MGJ 10/22/2015

Deuteron Energy [MeV]

Yor = (4.140.3) x 1013
pR=203+18 mg/cm?



DSIC

Fit components for the pR analysis are calculated from the cross
sections for n,D, n,T & n,H elastic scattering and D(n,2n) & T(n,2n)

Component for
f,=0.48, f;=0.51, f =0.01

300 6.0E-05
250 - 5.0E-05 -
>
! (/)
| / 4.0E-05 -
S, 200 ; E Total
) T / n, D N
2150 | nt/, £ 3.06-05 -
\ [ U
-g ||| /" ,I’, ED T
i \ los 2.0E-05 -
100 4, 4o o <
, \ “\ \\\ 4,: ’ d n , H D
50 r-=t---ke---—moo AL e 1.0E-05 -
, \. \,\/- e v
T s L e D(n,2n) H
0 - = 0.0E+00 : ,
oT(n,2n) s 10 15 0 5 10 15
Neutron energy (MeV) Neutron energy (MeV)

This assumes a hot-spot model

MGJ 10/22/2015



DSIC

A TT component, locked in intensity relative to primary DT,
Is included in the fit for improved accuracy

MRS data from shot 78959

1.E+01 ¢ F
i 910 | '
O 1.E+00 E 810 +
< : S
— I 710 |
= 1eo01 | Total 3 :
= g 610 |
~ . - ;
o 1.E-02 ¢ *2 510
(O] S S N
A o 410 |
1.E-03 © z
S 310 +
é 1.E-04 210 4 :
110 1 { Primary H
1.E-05 10 =
6.5 8.5 10.5 12.5 14.5
Neutron Energy [MeV] Deuteron Energy [MeV]

e The TT component shape is as given by Sayre et al. (PRL 2013)
 The intensity is locked relative to DT, considering the known D:T fuel ratio

MGJ 10/22/2015 4



A systematic error of 7.8% for the DT neutron yield has been
determined for the MRS configuration (CD-Low-Res)

MRS setting CD-Low-Res Abs. unc % unc
Foil distance to TCC (R,) [cm] 10.1 +0.2 +2.0
Foil area (A;) [cm?] 13.0 +0.4 +3.1
CD-foil thickness (t) [um] 265.2 +2.0 +0.8
Magnet aperture area (A,) [cm?] 22xcos(14.2°) +0.2 +0.9
Magnet distance to TCC (R,) [cm] 225 +0.2 +0.09
d-number density (n;) [cm3] 7.6x10%2 + 1x10%1 +1.3
nd scattering cross section (at 0°) [mb/sr] 501 +12 +2.4
Interception correction* 0.86 +0.03 +3.5
Transmission at 14 MeV** 0.79 +0.03 +3.8
Total systematic uncertainty for Y., +7.8
\2
o o
e () (0 ) ) )
Yin Ry Ay s Aa Ra n; do(1n.0%)
A2 J

*D.T. Casey et al., Rev. Sci. Instrum. 83, 10D308 (2012)
**D.T. Casey et al., Rev. Sci. Instrum. 84, 043506 (2013)



A systematic error of 6.4% for the dsr has been determined for
the MRS configuration (CD-Low-Res)

Primary nd cross section (at 0°) [mb/sr] 501 +12 +2.4
Down-scatt nd cross section (at 0°) [mb/sr] 891 + 39 +4.4
Transmission function uncertainty* +4.0
Total systematic uncertainty for dsr +6.4

*D.T. Casey et al., Rev. Sci. Instrum. 84, 043506 (2013)
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MRS and nTOF pR measurements complement each other

———— Eenned

m : 5:4-m|PD040
12-m|nTOF-H ferele; N -
: « 5:0:m[CVD

52-mnTOE:

MRS (119,308)
13%'m

nTOF (117,162) The MRS pR result is based
ATOE measures the on the E ~ 8-11 MeV range

backscatter edge (~180°) — ~40-80° cone

MGJ 10/22/2015



DEC

In a hot-spot model and considering elastic scattering only,
there is a direct kinematic relationship between neutron energy
and sampled region of the shell

16

n,T

n,D

E.. [MeV]
(@)} (0/e]

N
|

0 30 60 9 120 150 180
O1ap [°]
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280 The transmission function T(Er) accounts for particles

that slip-off the detector array for the OMEGA MRS

a) OMEGA b) NIF
500 Sum of shots 61415 + 61418 L0 Shot N100923
<— CR-39 —> o < CR39 —>
700 -
80 -
600
C } 70
€400 £ 50
3 =
300 S 40 7
30 -
200 + Detected
20 -
100 ’\ 7\ 10

0 - ! } : } : } : } : T : 0 ! } } : } : } = !

6 -4\ 2 0 2 4 6 6 -4 2 0 2 4 6
Y [cm] Y [cm]

Not detected

T (for primary neutrons) = 0.79 T (all energies) = 1.0

DC 9/20/2012



Sys Error
Different models of the magnetic field produce different transmission

functions on the ~3% level, indicating a possible source of systematic error

OMEGA Med resolution foil used in TT meas
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*Here recoil energy has been converted to neutron energy DC 9/20/2012
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