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A velocity variance analysis was developed to explain the 3-D flow effects on ion-
temperature (7;) measurements and the modal dependence of T, asymmetries in ICF
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¢ A method using six line-of-sight (LOS) ion-temperature measurements was developed to determine
the full temperature map and account for the contribution of anisotropic flows

e The contribution of isotropic flows and the thermal temperature can be determined using both DD
and DT ion-temperature measurements

e The minimum of DD neutron-inferred ion temperature was derived from DD and DT ion-temperature

measurements along the same single LOS and demonstrated a strong correlation with the
experimental yields in the OMEGA implosion database

e Analytical expressions were derived to infer the yield-over-clean in terms of mode-1
ion-temperature asymmetries

ICF: inertial confinement fusion
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¢ Introduction to the ion-temperature measurement (7; ) asymmetry
¢ Impact of anisotropic flows on T; asymmetry

e Impact of isotropic flows on inferring the minimum DD
and thermal ion temperatures
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¢ Introduction to the ion-temperature measurement (7; ) asymmetry
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The variation of apparent ion-temperature measurements along
different lines of sight (LOS) is uniquely determined by the behavior
of the variance*** of the hot-spot fluid velocities
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Isotropic and anisotropic flow effects
Tros = Trysk +M pTVar|Veyia - d|
— —
~ Total width of the neutron energy spectrum
Vp = V141MeV T Vem T Vrel T Vfluid Signal broadening
dLos E:
i Vem: Velocity of the DT center-of-mass (CM) frame
dN/dE, _ V.el: relative velocity of D,T ions in the CM frame
A Broadening by . fluid velocitv in the lab f
flow effects Viuia- fluid velocity in the lab frame

d: unit vector along LOS

varlf] = (f-F)’) = (ar?), aF = /-

14.1 MeV *T. J. Murphy, Phys. Plasmas 21, 072701 (2014).
TC15207 **D. H. Munro, Nucl. Fusion 56, 036001 (2016)
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The variation of apparent ion-temperature measurements along
different lines of sight (LOS) is uniquely determined by the behavior

of the variance*** of the hot-spot fluid velocities
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Thermal temperature’

—
T10s(0, ) = Tgrysk + AT os (6, P)

Influence of isotropic and anisotropic flow effects

Un = V141 MeV T Vem T Vrel T Vfluid Signal broadening

TC15207

dLos D

v

..............

Vem: Velocity of the DT center-of-mass (CM) frame

dN/dE,
A

Broadening by
flow effects

V.el: relative velocity of D,T ions in the CM frame
Viuig: fluid velocity in the lab frame
d: unit vector along LOS

varlf] = (f-F)’) = (ar?), aF = /-

>E,

14.1 MeV

*T.J. Murphy, Phys. Plasmas 21, 072701 (2014).

**D. H. Munro, Nucl. Fusion 56, 036001 (2016)
t H. Brysk, Plasma Phys. 15, 611 (1973).




Magnitudes of hot-spot flows in the deceleration-phase simulations are large
enough to cause significant variations in ion-temperature measurements
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Simulation methods Infer Ti at different LOS
DEC3D* mode-1 simulation and compare with /IRIS3D
5.0 ® Spectrum
. S del
Mass | Generate the synthetic E: o 7;(,)35,3 )
density neutron energy spectrum**1 S 45r .
e ;
£ a0l -
Temperature - _(E —f)z ..g
Te 2.4 t0— cell 20° '~
2.45 keV » fros(Eyn) = z Y » 3.5 —
total i
cell ,
___________________________________________________________________ | 0.0 1.5 3.0

LOS angle O (rad)

Te (keV)

-_2.5
—1.5
—0.5

* K. M. Woo, et al. Phys. of Plasmas 25, 052704 (2018)
** F. Weilacher, et al. Phys. of Plasmas 25, 042704 (2018)
t V. N. Goncharov, et al. Phys. of Plasmas 21, 056315 (2014)

TC14356a




The modal dependence of T, asymmetries was determined using 3-D simulations
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Impact of hot-spot residual kinetic energies
1.5 | | | | | | | | | | | | |
—1 14l o T]Merred/Tihermalspectrum model
E o TiMerred/Tihermalgpectrum model
S| 13+ 3-D -
~
> 3-D
B | 12] 3P :
g | 3lD 3-D
£
~| 1.1} -
1_0 | ] : | ] I ] ' ]

| | I ; . L L
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Legendré mode ¢

3-D Legendre mode: Y{-4# Y{o Y0s Yiii YO

TC14357a

T, asymmetries are characterized by isotropic and anisotropic flows
« Low odd-mode numbers give large T, asymmetries because of anisotropic flows

 Low even-mode numbers give T, > Tihermal PE€CaAuse of isotropic flows
 3-D modes are more isotropic than 2-D modes

7% dv/v, perturbations with YOC ~ 0.4 to 0.6




Mode 1 exhibits a large T, asymmetry and small isotropic flows
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Impact of hot-spot residual kinetic energies
1.5 | | | | | | | | | | | | I
€ —1 14l o Tierted/Tthermalspectrum model
~ € @ Tnferred,rthermal gnectrum model
£-| 1.3} 3-D : 5
~
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° | 1.2} v ]
..f:_’ 3-D
~| 11 8
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Legendre mode ¢

3-D Legendre mode: Y2 Y78 Yt YPSR VIS8

-30-20 -10 0 10 20 30
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Mode 2 exhibits a small T, asymmetry and large isotropic flows
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Impact of hot-spot residual kinetic energies
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Three-dimensional modes exhibit lower T; asymmetries than 2-D

UR
LLE
3-D spikes/bubbles along the rotational axis Impact of hot-spot residual kinetic energies
1.5 | | | | | | | | | | | | I
' ' ‘ ' —1 14l S— e Tinferred)Tihermalspectrum model
ym=0 ym qg) o) T:",fﬁ{,';ed/ Tihermalgpectrum model
Yr=10 2= 12 S| 1.3} 3-D =
~
3-D
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The six components of the velocity variance determine
the full T; distribution in 4
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Ty os = Ty, + Mpyvar(Veyig- d)

Geometrical factors
var(Vgyig - dros) = 6119191 + 0229292 + 0339393 + 20129192 + 20239293 + 26319391 from LOS locations

Directional variance o;_; Covariance o;; g1 = sinf cos¢
= sin@ sin
Residual kinetic energy Azimuthal asymmetry 82 ¢
g3 = coso

Six hot-spot flow parameters: directional-variance and covariance

ou = (= oy~ s

= (A Vi A‘Uj)

4

Non-translational velocity fluctuations

Burn-averaged brackets

K. M. Woo et al. Phys. Plasma. 25, 102710 (2018).




The 3-D reconstruction of apparent ion temperatures using the six components

of velocity variance agrees with the ion temperatures inferred from IRIS3D
UR
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Compute the six hot-spot Reconstruct the T; distribution using Compare with T; inferred
flow parameters from the ‘ pinferred _ pthermal , p o o o ‘ from synthetic neutron
DEC3D hydrocode i = 1i DTYij9iJ] energy spectra

Model: TiHerred (g, ¢b) IRIS3D: Tiiferred (g, )
I T 4.0
3.9
£
© 3.8 >
g I
p (g/cm3) 3.7
ggi T. (keV)
163 ° 90 : : 3.6
0.3 l}:g /(4 27 T 27
¢ (rad) ¢ (rad)

Example of a multimode simulation




Outline

UR

LLE

¢ Impact of anisotropic flows on T; asymmetry
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The full T; distribution can be reconstructed using six LOS measurements
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T;nferred — T%hermal + MDTaij.gigj
The departure matrix
T, distribution is close to zero « 1
from Six LOS A EEEEEESEEEESEEESEESSENSNENSENNSEENSNENESENENEN) GSESESEEEEEEEEEnnsnnsnssnnsnnnngfammmEEns
| > Ty(0,¢) = My(0,0) - Mids-To+ (1 — My M) - Ty
T I I I I I
2.0 e e Spectrum model 0®
6 []Etl.% L 4 IRIS3D .I.ZI. 4
— ~ 4.5+ rp |06-LOS model e .
i 8 o 3
= s> [ <
) ‘Oqc-,&: 4 0 — I)EP Gg ]
S gt
3.5 i 3 -
| ‘I | | |

|
0.0 0.5 1.0 1.5 2.0 2.5 3.0
OLOS (rad), ¢ =0

TC14362a * Mode-1 simulation
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The six-LOS reconstruction map was used on OMEGA implosions and found
to be in good agreement with the hot-spot flow measurement
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Flow measurement*
from the first moment
of the spectrum

15.9m |
T,=3.45 keV [ P53

T =

H10 :
5.36 keV

Flow direction (113 km/s)

TC15241

* Flow measurement by O. Mannion
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The T, asymmetry of mode 1 determines the fusion yield
degradation (YOC = Y; /Y, p)
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Ti asymmetry for mode 1:* Total residual kinetic energy.

Tmax _ - E3D _ ElD
= 1 + 4RKEt0t/(1 - RKEtOt) m — K'Stag KrStag
T in tot Ein flight
K max

The YOC and RKE,,, is related**T to the T; asymmetry for mode 1:

YOC =~ (1 - RKE,)>

1 (M _ 1) I’
YOC = |1 g = fit = (Tay/Tonin) ™
_(@ _ 1) +1
4 Tmin _

* K. M. Woo, Ph.D. thesis, University of Rochester, 2019.
** A. L. Kritcher, et al. Phys. Plasmas 21, 042708 (2014).
t K. M. Woo, et al. Phys. Plasmas 25, 052704 (2018).
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The analytic curve shows a good agreement to explain the strong correlation
between the yield degradation and mode-1 T; asymmetries
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| | | | | | |
09| myp=0
c O
8 A m=0
S o7& ® Yi-q
E) ] O Y2 0>4
_g 0 @) + len==20
T 0.5 [fIK —YOC = (Trmax/ Tmin)~ 153
= 3
0.3 - _
| | | | | | ] ]
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
leg)%rred /Tlinnlfnerred

In experiments, the fitting exponent® is in between 1.25 and 1.43.

* V. Gopalaswamy, NO5.00004, this conference.
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e Impact of isotropic flows on inferring the minimum DD
and thermal ion temperatures
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The isotropic part of the velocity variance is required to find the true thermal
temperature from the minimum ion temperature
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Minimum T; > thermal T; . . . .
T, asymmetry Removal of isotropic velocity variance .
r | | | I —1© Yén_ v
3 5 _ LOS - - _
Var[vﬂuid . dLOS] = Ojso + O aniso min 1.15 y’ o T?ppro.inf /Tt_hermal () Yén_o
Tth \ axis l,mén,IR153D6LOS 4 m= Q/2
1.10 P~ oy
@
X
Define the isotropic part of the velocity variance < 1.05 [

— M = 3 T. . -o0; 1.00
Oiso = Min lvar[vﬂuid : dLOS]Ln min_ 7iso  ~

~~

Tth ~ inf —~
0-95 [ Yaxis |: [T:g?il;l(,)ll;;ISBD 6LOS_ o-isojl/Tgherllnal | N
Solve for the thermal temperature by 0 > 4 6 3 10 12
subtracting the isotropic part of velocity
variance from the minimum temperature Totases Legendre mode £

Tthermal = Tmin— MpT Oiso

Normalized temperature: T = T/M




In experiments, measuring the minimum DD temperatures enables the inference
of the isotropic velocity variance and the true thermal temperature
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Multimode simulation Isotropic velocity variance
DT DT DT J
Tmm Tth + MDT<aiso>
3.6
> To%, = ToY +Mpp (ohe)
g min — DD \Tiso
3 32} ' '
£ Remove the isotropic part
2 ing the DD T,..;
= using the min
~ 2.8 |
DD
( 150) (Tmln th )/MDD
24 L °% | | | xaxis (xm) Y,
225 275 325 3.7 (Tep) = (ngn_ ngﬂ) / [1_ DT]
Derived Tinermar (keV) Mpp Mpp
Assumptions (T?hD) ~ (T ) and (o) = (g2g)
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The minimum DD ion temperature is inferred by performing DD
and DT ion-temperature measurements along the same LOS
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OMEGA ion-temperature
measurements

_q DT/DD
dpetal/13.4 m
dHi0
215.8 m
15.9m .
di2.4m W Radial flows
d10.4 m

/ Viso = Vr

LLE

Anisotropic velocity variance

TB("}‘S — TDT + MDT <O'LOS >J

min aniso

LOS _ DD LOS
TDD — Tmin + MDD (Ganiso>

A

Remove the anisotropic part in
DD temperature using DT measurements

M
DD _ LOS LOS DT DD
Tmin - TDD - (TDT _Tmin ’
Mpt

The minimum of DT temperature is obtained
from six LOS (as described earlier)

Definition Mpp = m, + mye, Mpr=m,+m,




In OMEGA cryogenic implosion experiments, the derived DD minimum
ion temperatures are strongly correlated with the yields as ~T*
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Minimum DD T;
| | | | | | | |
16— Ysit=aT P, b=23.96 _
SD = 0.237 |
<« 1.2 m -
° Mis: T
X
= 08 | =
p .
0.4 -
] ]
15 20 25 30 35 4.0 45 5.0
Derived TDP

min (keV)
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Summary/Conclusions

A velocity variance analysis was developed to explain the 3-D flow effects on ion-
temperature (7;) measurements and the modal dependence of T, asymmetries in ICF
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¢ A method using six line-of-sight (LOS) ion-temperature measurements was developed to determine
the full temperature map and account for the contribution of anisotropic flows

e The contribution of isotropic flows and the thermal temperature can be determined using both DD
and DT ion-temperature measurements

e The minimum of DD neutron-inferred ion temperature was derived from DD and DT ion-temperature

measurements along the same single LOS and demonstrated a strong correlation with the
experimental yields in the OMEGA implosion database

e Analytical expressions were derived to infer the yield-over-clean in terms of mode-1
ion-temperature asymmetries
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Appendix

The variation of apparent ion-temperature measurements along different lines of sight (LOS)
is uniquely determined by the behavior of the variance*** of the hot-spot fluid velocities
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var|[Vgyiq - d| = <|A1—7>fluid ' a|2>

Residual kinetic energy
Square of the velocity
fluctuation vector

LLE

 Radial flows
—> Viso=Vr -+ Counter-flowing
fluid motion

T |

TC15240

* T. J. Murphy, Phys. Plasmas 21, 072701 (2014).
**D. H. Munro, Nucl. Fusion 56, 036001 (2016)
t H. Brysk, Plasma Phys. 15, 611 (1973).




Appendix

The isotropic flow velocity is not measured in the hot-spot flow
velocity vector reconstruction
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Neutron velocity measured along a given LOS

VLos = V141 MeV T Ve + Vpel TV d

| | | |
| | | |
Vo

Expand the fluid velocity into isotropic and anisotropic components

—

U = Vjso T Vaniso

Burn-averaged neutron velocity

(B)LOS) =Dy (1—7)iso ‘ a) + (Tjaniso : a) = Vg + (Tjaniso : a)

F—

Expand the isotropic flow velocity into parallel and antiparaliel
components with respect to the LOS unit vector

(1—7)iso : a) = (Tji-;o : a) + (Tji_so ) a) = (7_7>iso ) a) - (ﬁiso ) a) =0




Appendix

The general expression for the isotropic velocity variance is derived
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Neutron velocity measured along a given LOS

var(v- @) = ((%-@)°) + (- 2)" = {(Biso * A+ Faniso * @)°) + (Baniso - &)’

Expand the fluid velocity into isotropic and anisotropic components
— 75 —> -3 — —~\2 — -3 — -5
<(v : d)2> = <(viso : d)z + (vaniso : d) + 2(viso : d) (vaniso : d)>
_) N2 . s ~
= (vizso> + <(vaniso ’ d) > + 2<(viso ) d) (vaniso ’ d))

Expand the cross term

—~ -~

<(T;il-so ’ a) (Tjaniso ) a)) + ((vi_so ) a) (vaniso ) a)) = (viso (T;aniso ’ d)) - <viso (ﬁaniso ’ d)) =0

-~

Therefore  var(v-d) = (vZ,) + var(Dapiso - d)




Appendix

The ability to determine the true minimum ion temperature depends
on the number of LOS
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Tyg, + M(AV,-A V) N
z
A -
7
X
\ >y E> T + M(A vy-A D)

T+ M(A VAV <X 5

T15215

The sum of T; measurements at three orthogonal directions is rotational invariant; this implies the T;
measurements at a given set of LOS is related to another set of LOS by a coordinate transformation

—

3Ty, + M(A D) = 3Ty, + M(A ¥ -A ¥) by substituting =R - ¥
—-

Conservation of the total hot-spot fluid residual kinetic energy

X, ¥, Z are rotated axes




Appendix

The measurements of DT ion temperatures cannot be applied to solve for the
thermal temperature because the apparent temperatures contain isotropic flows
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The orange parts form M, o
n, 1 g9 4dgy9, 9.9, 299", 29'49', 29,9 T T
T, 1 g4%9% 9%9% 9%9% 29%9% 29%9% 29%9% MprOx Mpr10iso
T, 1 @¢%9° d*9°% 9%9% 29°9% 29°9°, 2¢9°.9° Mbrodyy Turbulence Mpr0is
. 1 g4%% d49% 9%9% 29%9% 29%9% 29%9% Mpro, | > Mpr0iso
Ts 1 d¢%9°% 9°9° 9%9°: 29°%9° 29°9°% 29°.9°x Mbprox 0
Te 1 9¢%9% 9%0% 9%0% 2¢%9°% 2¢9%9° 29%g°%  Mproy, 0
T, 1 d.9x 99, 9.9. 29,9, 299, 297,9°x Mpro, 0

UNIVERSITY

Apparent ion temperatures
for turbulence at all LOS’s

Tyos = Ty, + Mp10ise




Appendix

The consequence of introducing DD ion-temperature measurements leads
to a complete solution for the true thermal temperatures
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This 7 X 7 matrix is invertible with a nonzero determinant

LOsH10  T,OT 1 a'x9'x aa'y g9, 2g9',9", 2g',g", 2g'.9", T
LOS,">8m T,.hT 1 9%9% g4,9% 9%9% 2g%,g%, 2g%,9%, 29%,9°x  Mpr0yy
LOS;™9m  T0T 1 9°9° a9 g°.9°% 2g%,9°, 2g°,g°, 2g°,g°%  Mproy,
LOS,2m  T,°T 1 9*9% g‘,9%, g*.9% 2g%.g7, 2g,9%, 2g%,9°c  Mpro,,
LOSs'04m  TO0T 1 9°x9°« g°,9°% 9°.9° 2g°,9°, 2g°,9°, 29°,9°%  Mproy,
LOSgPetal  TePT 1 9°%9°% g°,9°% 9°.9% 2g°,9%, 2g%,9°, 29°9°%  Mproy,
LOS;34m TP0 Ry Rwg’x9’x  Rwmg’,9’ Rwg’:9’: Rw29’,9°y Rw29’,9°: Rw297.9°x Mpro,

T

Add more Tpp here,
and compute the pseudo inverse

Rr = TthDD/TthDT
Ry = Mpp/Mpr




Appendix

OMEGA implosions exhibit a small amount of isotropic flows as shown
by comparing the minimum DD and DT ion temperatures
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Isotropic flows ] ] o
| . Define the residual kinetic energy

| | . .
for isotropic flows
DT/DD
Tgl'li‘n = Tglli)n + ATy, / 4+ 0.2Mp1{0iso) gastessnessstissssssstissssssstissssssssissssssssissssssssisssesss :

5 Tgl]i)n = Tt + Mpp(Tiso) _
| | | : :
— y=x Toin = Tth + Mp1(0iso) = Ttn(1 + frie)
— - y= 0.97X lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
S
5 4 — —
52 _ kinetic energy of isotropic fluid motions  Mpy(0is,)
gh'é )i Srie = ion thermal energy T T
® 3r -
2
| S
a 7DD /7DT _ 1+ (Mpp/Mprt)fRrKE
min min 1 +fRKE
2 L —
| | |
2 3 4 5
TC15216 TI]::I'Ii‘n (kev)

Definition ATchT/ PD = DT _ 7DD




