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We are working toward the evaluation of a new ) e,
Magnetized Liner Inertial Fusion (MagLIF)* concept

Laboratories
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1. A10-50 T axial magnetic field (B,) is —
applied to inhibit thermal conduction losses
and to enhance alpha particle deposition

Liner (Li, Be, or Al)

Cold DD or DT gas (fuel)

B, coils ZBL
ZBL

preheated

2. ZBL preheats the fuel to fuel
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required compression to
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Compressed
/ B, field
717,

Z power flow

(A-Kgap) 3. Z drive current and B, field implode the liner
(via z-pinch) at 50-100 km/s, compressing the
fuel and B, field by factors of 1000 in ~100 ns

With DT fuel, simulations indicate scientific breakeven may be possible on Z
(fusion energy out = energy deposited in fusion fuel)

* S. A. Slutz et al., PoP 17, 056303 (2010). S. A. Slutz and R. A. Vesey, PRL 108, 025003 (2012).
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Recent experiments on OMEGA already have
shown benefit of applied B-fields on temps/yields*

Spherical target geometry not
optimum for realizing maximum
performance gain with a solenoidal By
B-field, due to field line intersections
with cold pusher.

Backlighter
target

Spherical
Nevertheless, modest et
gains in measured ion
temperature (15%) and /
yield (30%) are reported ™"
for magnetized (80 kG )
seed field) direct-drive
DD shots. Compressed

B-fields near 40 MG.

B,
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Compression >
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MagLIF’s cylindrical geometry,
higher predicted stagnation B-
fields and lower hot spot
densities suggest greater
performance enhancement with
fuel magnetization, including
possible suppression of the
Knudsen loss mechanism.

*P. Y. Chang et al, PRL 107, 035006 (2011). M. Hohenberger et al, Phys. Plasmas 19, 056306 (2012)
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Modified tail ion local loss model illustrates the St
e ° "1 lNaat}Lorg?(llries
breakdown of enhanced losses at high energies

Review Molvig et al local loss model*:
8]‘; 0]% 1 MU%' 0 2 0]2 E
at —*—’U,LL az 21/?,7, ’U3 a,U/ ( ,LL ) 8,& —|_ (X (f f)
\ J
|

Planar tail ion kinetic equation:

Advection + pitch-angle scattering act 02 f; L
diffusively (spatially) on short timescales ~D 022 2 Ji (local loss approximation)
NA_ZZ )\2 o U%z 5/2 t i
N i Vi 31/5 (strong energy scaling) /\
*er = myv? /2T, Steady-state local loss model: » Los Alamos

8 NATIONAL LABORATORY
fz f N 5k: i EST.1943
Oe,

1 VF; 1 A2

N2 = ~ Thermal Knudsen number
K 3 L2 ’L’L ’L’L L2 ( )
Leads to 9 Ty . ‘/\2\ Enhanced tail ion depletion!
asym.ptotlc fr ~ \/ Z eXp <_5’f'\_\ gNng /) Maxwellian at low energies,
solution: T+ Ngey, T - consistent w/ assumptions

* K. Molvig et al, Phys. Rev. Lett. 109, 095001 (2012).
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Modified tail ion local loss model illustrates the St
e ° ’11 lNaat}Lorg?(IJries
breakdown of enhanced losses at high energies

Modified local loss model for transport perpendicular to B:

Magnetized ions exhibit different spatial step size 02 1
during diffusive random walk, leading to a modified ——> D =~ pi vl ~ ZJZQ = 72
diffusion coefficient with a different energy scaling ci &g

Modified steady-state local loss model:
0
[fz - ~—fi ] N3 fi

2 M
Vi Vi 1L

2 ET12 7 12
wczl/’éiL L

NJ% = (Magnetic Knudsen number)

New model has no asymptotic solution at high energies.

In fact, exact solution is Maxwellian w/ modified temperature, violating the original
assumptions of our model (that only high energy ions deviate from the background
Maxwellian by enhanced losses, while low energy ions are unaffected).

Suggests that preferential loss of high energy ions suppressed by magnetic field,

mitigating Knudsen mechanism perpendicular to B.
I —————————————



Modified tail ion local loss model illustrates the
breakdown of enhanced losses at high energies

Estimated (approximate) threshold conditions for mitigation of Knudsen-
depleted reactivities via fuel magnetization (non-resonant reactions; e.g., DD):

Sandia
’11 National
Laboratories

1) Magnetization of ions near Np < ¢3/2
the Gamow peak energy: Ng ™~

2) Adequately large system
. . NB << 1/2
spatial scale: &

A1As

1/3
m) (T (ke\/)]_l/3 (Gamow factor)
1 2

¢ = 6.2696 (2, Z2)** (

Satisfaction of condition (2) implies that condition (1) can be satisfied easily for
values of Ny that normally would produce enhanced depletion (Nx ~ O(1)).

Remarkable result that we expect Knudsen reactivity depletion mechanism to
shut off with magnetic fields still too weak to magnetize bulk (thermal) ions.

This is what distinguishes our considerations from those in magnetic fusion:
we can have a highly collisional, essentially unmagnetized plasma and still
obtain a marked performance gains from the presence of relatively modest
magnetic fields, through the suppression of e~ heat conduction and Knudsen

-__________________________________________________________________________________________
*S. Atzeni and J. M. Meyer-Ter-Vehn, The Physics of Inertial Fusion, Ch. 1 (2004).



Modified tail ion local loss model illustrates the St
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breakdown of enhanced losses at high energies

Anticipated MagLIF regime found using 0D fully-integrated multiphysics

implosion code (Ryan McBride) Implosion

Laser preheat | Burn

. | \ {. \. /

. Disassembly

*Note that both
Knudsen mitigation
criteria are satisfied
during peak burn in

Knudsen number
o
=
[ 8]

MagLIF implosion 10
x10~ x310°
Np ’] _
1) N §§3/2 '%2.5— (b) 1255
K S =
1 g 21 2 5
= 1 =
2) Np < flﬂ i:)ol.s—_ 1.5%
51 12
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' /
" 0
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Tail-ion kinetic equations and model assumptions )

. . 8fa 6Za afa . » 8fa
lon Boltzmann equation: D +v-Vf, + -~ E - Gy Coa(fa) — Wea (v X b) v

) Hybrid coordinate system:
Model assumptions: Y y

e Tail ions non-interacting with one another, so can use
linearized test-particle collision operator and prescribe o = sinf
steady-state bulk density, temperature, etc. (= cosf

e Uniform applied magnetic field: B = Bz

* Cylindrically radial ambipolar electric fields: E = E(p)p

z

U3

* Adopt a hybrid cylindrical/spherical (spatial/velocity) 6D Y
coordinate system (right) i
P
In hybrid coordinates, Fokker-Planck form:
0fa 0 9, sin ¢/
o T g, Creosdfa) - 50 (ov ; fa)
1 0 (eZ,E ) 10 (e, E ) 0 e/ E sin ¢’
+ V2 ov ( My ov COS(/b fa) v@,u ( m, O-ILLCOS¢ fa) 8¢/ [( My ov + Wea fa
1 0 T, 10f V3 1 /0 of 1 0%f
— 3 - 7 —a - a w“Ta e 2 a a
Ya UTa%2 By [D(v) (fa i Mg v OV )] T F) [2 (&u (1= #) op Tz p? 0¢'?



Tail-ion kinetic equations and model assumptions

Further manipulations:
* Convert to dimensionless length, time, velocity, and potential
units based on 1 keV, 1 g/cc reference plasma.
Z2 Anpmoe*(Z2In Aap)o

14 = 3
S VAL mivhy(Ay,  (1/time)
vro = 4/ i;fo (velocity)
vTo0
Ao = —
10 Vo (length)
T,
Py = ?O (potential) ,
. . . v
* Transform velocity magnitude to energy variable: &, = u? = o
TO

 Define new dependent variable, I}, = (1/2)p5i/2fa, such that
number of particles in each differential volume element is given

by: AN = dpdey, dpdd’ F,

e Factor derivative terms into canonical Fokker-Planck form with
clear drag and diffusion contributions for each variable

* Yielding...

i\
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Tail-ion kinetic equations and model assumptions )

Tail-ion kinetic equation:

OF, 9] 9] 0 9] 1 02 1 02 1 0°
—Foby — = Foby — —F Fy — —FF, + = DysFo + ===5DuuFa + = 5=5De F
ot Op 9¢'” T T M Dey 2992 %¢ 2 Ou? 29e2 ¢
- F,=0¢e;" cos ¢’ “y o = Wea  (magnetic field only shows
r Zq 0 sin ¢/ 1/28in ¢’ / ¢ V,0  upingyrophase drag term)
¢—28p0_81/2—05k + a
Drag
— Zg, 0P o pm I,
terms f'u = 78_p51% CcoS gb/ 3/2 NF(&T]C)
k
2pmH < 1 > / a(b 1/2 /250 o S S
F.=—| =24, ( — ) [D(ey) — T,D (e)]| + Z,—0¢e,’“ cos i |
a ( 5]1/2 1, [D(ex) (ex)] ap "Ck ¢ : ? 7 |
- pmHa 1 id / :
Deo 2 Fleni—e :d—(i = Fs+ Dy Ta(t)
. . 1L, i (i i
Diffusion d D= p = F(er) (1 _ M2) o Fu + DT ( ):
terms £ g .
1Ak 1/2 :
1 D(c‘ik) :__f€+Dse I ()I
D.. —4pmH TyAaq < > 51/2 e T T :
k

_ Ay f
The formal solution to this equation can be found by solving an equivalent set of
single-particle stochastic differential orbital equations for an ensemble of test particles



Tail-ion kinetic equations and model assumptions )

Model advantages and limitations:
* Advantages:

— Test ion formalism + prescribed background plasma = FAST/parallelizable,
allowing detailed localized calculations of distribution functions and reactivities

— Can be generalized easily to include complex background profiles, including
inhomogeneous temperatures, densities, fields, and ion species concentrations.

— Could eventually be used in-line with rad-hydro codes, which would feed in a
profile, or be used to construct look-up tables for modified reactivities, etc.

* Limitations
— No self-consistent evolution of background plasma profile

— Low energy test ions converge to prescribed background profile (requirement
for model validity) only when background profile is a true bulk equilibrium and
all macroscopic fields (n, T, E, B) are represented accurately.

— Not yet clear if time-dependent burn processes can be modeled with similar
formalism. SDEs fully time-dependent, but background is formally decoupled.

* Ultimately, model and code will prove to be most powerful when used in
conjunction with full multiphysics particle codes (Lsp, VPIC)
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New SDE tail-ion transport particle code ) i

Code features:

Solves tail-ion transport problem in cylindrical and spherical geometries.
Includes effects due to presence of homogeneous applied magnetic field.

Calculates steady-state ion distribution functions in full 6D phase space (if desired)
for up to two different active ion species at the same time.

Uses test particles to perform an effective Markov-chain Monte Carlo calculation of
fusion reactivities for the active species, including (at this point) DT reactions and
both branches of DD reactions.

Adjustable fuel temperature and density, wall temperature, fuel composition
(arbitrary number of ion species), magnetic field strength, target size, diagnostic

intervals.

Outputs include sample particle trajectory data, time-averaged phase space
distributions, and spatially resolved fusion reactivities.

Written in C, parallelized with MPI. Have run on 1600 processors, highly scalable.
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Qualitative effects of B-field on tail-ion transport ) deo

Sample ion trajectories with varying magnetizations:

~—oo| Cylindrical system (N,~0.1) Spherical system (N,~0.1)

x = 0.1 90
x =1.0

P
Dk
NG
N

180
N

10

 Ergodicity evident, especially with weaker B

* Direct signature of marginal magnetization difficult
to detect from trajectories, but appears clearly in
ensemble statistics (addressed in next section)

270

wCCL

*x defined alternatively as : y =
Vya




Qualitative effects of B-field on tail-ion transport ) et
Distribution function vs. radial position: 5 keV, 1 g/cc, DD plasma, N, ~ 0.1, 10 eV wall
x =20

Cylindrical system Spherical system

! i -1

10 1

Gamow energy: Gamow energy:

f(P; Ek)
f(P, Ek)

10 10 "

-3

10

10 T T T
0 5 10 15
er (keV)

Red line: Maxwellian distribution
Green line: Analytical Knudsen solution (unmagnetized) [Molvig et al, PRL 109, 095001 (2012)]

* Knudsen tail-ion depletion more pronounced in spherical geometry compared to cylindrical geometry
* Analytical model seems to overestimate depletion scaling significantly, particularly for core plasma

* Evidence of distribution function anisotropy close to wall in spherical geometry case
* lon transport model assumptions validated, even very close to cold wall, esp. for cylindrical systems



Qualitative effects of B-field on tail-ion transport ) et
Distribution function vs. radial position: 5 keV, 1 g/cc, DD plasma, N, ~ 0.1, 10 eV wall

X =09
Cylindrical system Spherical system
107 107 '
Gamow energy: . Gamow energy:
18.4 keV 18.4 keV
= =
=101 =101
10° ; ; ; - . | 10° ; ; ; ; . |
0 5 10 15 20 25 30 0 5 10 15 20 25 30
er (keV) er (keV)

Red line: Maxwellian distribution
Green line: Analytical Knudsen solution (unmagnetized) [Molvig et al, PRL 109, 095001 (2012)]

* Knudsen depletion mitigated substantially with magnetization in cylindrical system
* Tail depletion improved in spherical system with magnetization, but not to the same extent as
cylindrical system, due to less ideal target geometry to take advantage of solenoidal B-field.



Qualitative effects of B-field on tail-ion transport

Cylindrical system: 5 keV, 1 g/cc, DD plasma. Strong B nearly eliminates Knudsen!

Global reactivity vs. Maxwellian: 0.80

=21

-4

-6

-8

-8 -6 —4 -2 0 2 4 6 8
X (Aumtp)

Global reactivity vs. Maxwellian: 0.85

Y </\mfp)

1

03
0.2
0.1
0

Jiov)av
Jovhaav

1

0.9

08

r 0.7

r 10.6

r 105

r 104

03
0.2
0.1

0
Jlov)av

Jlov)saav

Y (/\mfp)

Global reactivity vs. Maxwellian: 0.93
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6

4

2

0
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4
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0
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Global reactivity vs. Maxwellian: 0.95
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Qualitative effects of B-field on tail-ion transport ) i

Spherical system: 5 keV, 1 g/cc, DD plasma. Benefit from stronger B saturates!

Global reactivity vs. Maxwellian: 0.77

1 1
0.8 .
x =70

0.6 K
04 .
X =5 .
0

-8 -6 -4 =2 0 2 4 6 8 v

A (Amfp)

0 2 4 6 8 (ov)
Z ()‘Infp) (ov)Max

Global reactivity vs. Maxwellian: 0.65

26 £
g

~< ~
< g
~ ~

(ov) Max

*
-8 -6 -4 -2

Global reactivity vs. Maxwellian: 0.72 Global reactivity vs. Maxwellian: 0.77

08 0.8
0.6 0.6
04 04
0.2 0.2

{ov)

(ov) Max

0
2 4 6 8 (o -8 -6 -4 =2 0
_ ) (ov) Max 7 (>\mfp

-8 -6 -4 =2

0
Z (Amip
- _________________________________________________________________________________________________________________

2 4 6 8
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Exploring the dimensionless parameter landscape
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Cylindrical system: 8 keV, 1 g/cc, DD plasma: volume-averaged reactivity reduction

(Knudsen numbers for thermal D ions)

Predicted Knudsen mitigation criteria: I
NB 0.5
B« ¢3/2 N _
Nie ~° P an
0
(€= 3.1) - 107
-0.5
;" - 10.6
. s -1
MagLIF point 7 [ 10
design should MagLIF et - 04
exhibit suppressed ~ °Perating
Knudsen tail eeme -2
depletion via tail- By
ion magnetization ]]\\;B — 3y
K -3
-2 -15 -1 | -ogv 0 0.5 1 [lov)av
—_ 08104V Bt (0 haxdV
L nL Scan (N,, Ng)-space at Np =01 ( 11/2>
oL T1/2 fixed T, n by varying B, L. §
N UL
BT BL




Exploring the dimensionless parameter landscape (i) &,

Spherical system: 8 keV, 1 g/cc, DD plasma: volume-averaged reactivity reduction

(Knudsen numbers for thermal D ions)

Predicted Knudsen mitigation criteria: 2

1 L5
E§§3/2 N <€ ——

Ng £1/2 1
(€= 3.1)
r 10.6
r 10.5
Magnetized OMEGA .
experiments not in '

regime where B-field
impacts Knudsen
mechanism significantly

Clearly only a limited 25 2 154 -1 05 0 0.5 1 [(ow)av
benefit provided by logio N« Jtov)umdv
magnetic field in

spherical geometry. Np = 0.1 (L)
Essentially a transition
from 3D to 1D depletion
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lon distribution function anisotropy/ =) i,
inhomogeneity Laboratories
Unmagnetized cylinder: core plasma isotropic, edge plasma depleted near © ~ 0

X 10_6 ,
-55
0.8- 5
0.6 -6
0.4 14 F1-6.5
02
17
13
< o Core < ‘
\ -15
~02- L, plasma
-04 -8
-0.6 1 -85
08 9
0 T T T T —
10 15 20 25 U 5 10 15 20 25 30 35 40
er (keV) k er (keV) log o[ f (k)]
0.8 4 W
0.6 :
0.4 Fp 1S
02- .
L 16
S
—0.21 rE -7
04
-0.6 -8
08
-9

10 15 20 25 30 F(er) 5 10 15 20 25 30 35 40
er (keV) SRSk £k (keV) logyo[f (ex)]




lon distribution function anisotropy/
inhomogeneity
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Magnetized cylinder ( x = 5): same edge anisotropy, but confined to narrower region

10

10

6

5

- 14

X 10_6

=55
1 B

Core <
plasma

-85

-9

5 10 15 20 25 30 35 40
er (keV) log o[ f (£x)]

_ I_4

Edge
plasma

5 10 15 20 25 30 35 40
er (keV) log; o[ f (£4)]




lon distribution function anisotropy/

inhomogeneity

Distribution function for cylindrical DD plasma, 5 keV,
1 g/cc, unmagnetized, with 10 eV wall temperature
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55
50
45-
40-
= 354 -t -6

<]
Relatively uniform = 3] '
low energy ion R
profile in “core” 20
plasma — 15

10

Pile-up of low
energy ions
near cold wall

P (Amep) logolf (P €k)]

* Low-energy ion distribution deviates substantially from prescribed uniform, hot plasma background
near the cold wall, violating validity constraint for our model in this region.

* Uniform hot plasma bounded by a cold wall (with infinite temperature gradient across the
boundary) is not a true plasma equilibrium. Thus, test particles equilibrate to macroscopic forces

that don’t produce a perfect match to the assumed background conditions at low energy.
I —————————————
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Conclusions )

Heuristic model for tail-ion collisional diffusion perpendicular to a magnetic field
suggests magnetic field eliminates enhanced losses of high energy ions.

Full test-ion kinetic equations developed in hybrid cylindrical-spherical coordinates,
including applied B-fields, ambipolar E-fields, and arbitrary background plasma
temperatures, densities, and ion species concentrations.

Numerical code developed in C/MPI to solve SDE form of kinetic tail-ion equations in
both cylindrical and spherical spatial geometries.

Analytical Knudsen depletion model (Molvig et al, PRL 2012) seems to overestimate
the energy scaling of tail depletion, especially in core plasma.

Uniform magnetization is observed to restore full Maxwellian reactivities throughout
fuel region in cylindrical geometries.

Uniform magnetization provides positive but limited benefit in spherical geometries.

Estimated threshold conditions for onset of Knudsen mechanism mitigation with
magnetization seem to be correct.

Early magnetized OMEGA experiments do not appear to be a good test case to
explore mitigation of Knudsen depletion mechanism.

lon distribution isotropic in core plasma, while edge plasma exhibits only very minor
anisotropy and enhanced depletion for wall-directed velocities.



Future work )

* Further code development:

— Work on incorporating inhomogeneous temperatures, densities, and fields into
background plasma profiles.

— Investigate possibility of coupling with recently developed Monte Carlo code to
model neutron spectra from non-Maxwellian ion distributions [P. F. Knapp et al,
Diagnosing Suprathermal lon Populations in Z-Pinch Plasmas Using Fusion
Neutron Spectra, to appear in Phys. Plasmas].

— Investigate possibility of modeling time-dependent processes in sub-ignition-
scale ICF plasmas, such as burn product transport and secondary nuclear
reactions.

* |nvestigate potential to generate look-up tables for integration with rad-hydro codes

* Develop methods to extract background plasma profiles from existing rad-hydro and
particle-in-cell codes and use as input for SDE code.

* Explore steady-state numerical solution adherence to validity constraints in
increasingly inhomogeneous environments.

* In general, apply code to search for regimes exhibiting enhanced reactivity and
target performance in all relevant ICF settings.



