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Overview of semi-analytic MagLIF model (SAMM):
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Poc — ZOIS — Pe

=  System of ordinary I, =

differential equations that L

are straight forward to P = Is — I — pe/Rioss

solve with MATLAB, IDL, . C

Mathematica, etc. j, = e L1,
= ~20 seconds/simulation on Lo + Ly

my laptop fg:p9+p3z9_pl_ql_p3‘-27rrg-h
= Parameter scans of ~3000 mi/2

simulations in ~5 minutes ~ §, — L t 4+ PB ~ PByy omry - h

my /2

using Sandia cluster .
Eg:deV+Pph+Pa_Pr_Pce_Pci

l

dT,
dr r=rgy,Ty=Tpg
Ndj = nanj(ov)g - (1 —04;/2) -V, (j =d,1)

dp. = —2mr,f(wT)
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Drive (circuit model . Is— 1 —o./Ry
driven by open-circuit > po=— O —
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— g — g
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dT,
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I, =
L
. Is — Il — P Rloss
CIOC — O /
j oo Pe” L
l pu—
Lo+ L
_|_ — — —
iy = Pg T PB., pl2 491 — PB, 27y - b
Dynamics (fuel and liner) ———»> mi/
* p, = ideal gas + Birch- i = + 4 +PB, —PBy, 21 - h
Murnaghan cold curve my /2
(used for analytic fits to E -P . +P,+P _P _P._ _P.
SESAME tables) g pd‘; i ph T Sa T A T fee T Lt
* ¢, ~ simple v” dependence B =— (57’ + Qz) Vi+ Pr+ Po + Py + I2R,
l
- dr,
bp. = —2mr,f(wr) =2
! dr r=rgy,Ty=Tpg

Ngj = nanj(ov)g - (1= 64;/2) - Vg (j = d,t)
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. Pg +PB., — Pl — q — PB,
— g .9 - h

Tg — Ty

7 = PL+ qQ+PB, — PB,, 97 - h
ml/2

Energetlcs (fuel and liner) —— Ey = Ppav + Ppn + Po — Pr — Pee — P

. P, =Basko : 2 E : 2
« P.= Grey model with emissivity & E, = ( + qz) Vi4+ P+ Pee + Py + I} Ry

opacity integral over T & p profiles 3 Vl
* P_, = Epperlein-Haines . dT’
- P, = Braginskii dp. = 2711, f(wr) =2
« I2R, = From assumed distribution: dr r=ry,, Ty=Tg

Be(,,.) —_ rﬂ(&skm) ) )
| Ngj = nan;{ov)e; - (1 —04;/2) - Vg (j =d,1)

and Maxwell’'s equations
(results somewhat sensitive to )
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ml/2
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. 2 F .
Elz— ——l‘|‘Ql W+Pr+Pce+Pci+Ii?Rl
3V
B, flux loss due to the bp. = =271, f(wr) dly
Nernst thermoelectric : I dr |,—p  7,=Ty

effect (Braginskii) Ngj = ngn;(ov)g - (1 —64/2) -V, (j=d,t)
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L
. IS_I - C RO.S'S
e = z Cc,o/ z
i = wo — LiI,
Lo+ 1
iy = Pg T PB., 7;512— 49 — PB, 2y h
i) = PL+ Qi+ PB, — PBy, 9w - h
ml/2
Eg:deV+Pph+Pa_Pr_Pce_Pci
. 2 F .
El:—(——l+QZ)‘/l-|-PT+Pce-|-Pci+Il2Rl
3V
: dT,
bp. = —2mr,f(wT) —9
! dr r=rg,, T,=Tpg

DD & DT Fusion Burn =——————> Ndj = ngn;(ov)g - (1 —04;/2) -V, (j=d,t)
* Analytic <ov> (Bosch & Hale)
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Overview of semi-analytic MagLIF model (SAMM): ) s

j.= Poc Zols — pc We found that we needed to discretize the liner
L to obtain more reasonable convergence ratios
Do = Ls = I = e/ Rioss « This is particularly important for near term,
 C low preheat energy solutions
= P LI
Lo+ Ly
f:pg-i-szg—pl—ql—pBl'%r.h o o |
g ml/2 g + 7.’:l,z' _ Pin,i Qin,i Pout,i Qout,i ) 27rrl,i B
,;;l:pl+CIz+pBl — PBy, oy - h my/n |
m/2 (1=2,3,...,n)

EQ:deV+Pph+Pa_Pr_Pce_Pci

. 2El . 2Elz .
— |\ 555 Lr 1 ce Iy Ez— , i Vz
—E_W’ma‘%‘% =P =¢-—f2“R1—> ] <3V2,z‘+ql’) 1,

. ' 2
bp. = —27r,f(wr) — i + (Pr+ Pee + P+ ITR1) /1

dr |,—, 1,=T5 (i=1,2,....n)
NdJ —”dn.7<(w> (1_5dj/2) g (j=4d,t)




SAMM captures the general 1D behavior presented ) s,
in the original 2010 MagLIF paper*

Dynamics, Energetics, and Circuit Response
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S. A. Slutz et al., PoP (2010). SAMM

* S, A. Slutz et al., Phys. Plasmas 17, 056303 (2010).



SAMM can be used to illustrate the overall )
efficiencies of MagLIF:
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"Point Design" with DT fuel, 68 kJ preheat, 30 T
and 95-kV Marx Charge (~25 MJ stored)*

Energy Delivery and Output Overall Machine Efficiency
1.5 T T T T T T 6 T T T T T
Etarget,EM (liner+fuel) —_ Etarget,EM (liner+fuel)
Etarget,kinetic (Imer+fuel) 5F T Etarget,kinetic (Ilner+fuel)
—W W
fuel 3 fuel
1} Efuel 'o; 4t Efuel
— 7
g — Efusion E, — Efusion
— o
> £ 3
: p
L 2
05F — == =========--~ ] S
©
=
------------- 1-------------
0 0

60 80 100 120 | 140 160 60 80 100 120 140 160
Time [ns] Time [ns]

= S. A. Slutz et al., Phys. Plasmas 17, 056303 (2010).



SAMM can be used to rapidly explore the MagLIF ) i
parameter space:

(a) Initial Axial Field, BZO =15T 10M
E) B
9 9
= —
o )
m’& LTJ&
> =
o0 o0
Q Q
= =
/M 83|
b 3
S S
& £
Initial Fuel Density, pgo [kg/m3] Initial Fuel Density, pgO [kg/m3]
First Integrated experiments: === ~2015; ===
~2 kJ laser ~6 kd laser, 30 T
80-85 kV Marx charge, (also 90-95 kV Marx charge

10-15 T, DD fuel and maybe DT fuel)




SAMM can be used to rapidly explore the MagLIF ) i,
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parameter space, however:

(a) Initial Axial Field, BZO =15T 14

Semi-analytic
model where all mp
fuel is uniformly

ph
ph

Preheat Energy, E | [kJ/cm]
Preheat Energy, E | [kJ/cm]

preheated Rad. collapse Rad. collapse
for high initial for high initial
[ | fuel densities fuel densities
Initial Fuel Density, pgo [kg/m3] Initial Fuel Density, pgo [kg/m3]
Bz=15T Bz=30T
~ DD Yield [n/cm] DD Yield [n/cm]
- d 50
LASNEX simulations 4
with uniformly - -
L S 30
preheated fuel from 2 2
r=0tor=05r, 2 £ 20
(LASNEX contour plots "
courtesy of R. A. Vesey) o

rhofuel [mg/cc] rhofuel [mg/cc]




SAMM can be used to rapidly explore the MagLIF T

parameter space, however:

(a) Initial Axial Field, BZO =15T

Semi-analytic

model with

uniformly —
preheated fuel and
brems turned off to
recover solutions

for high initial fuel

d ens |t| es Initial Fuel Density, pgO [kg/mB]

Bz=15T
D_D Yield [n/cm]

Preheat Energy, Eph [kJ/cm]

LASNEX simulations 40

with uniformly =

preheated fuel from e

r=0tor=0.5r, £ 2

(LASNEX contour plots O |
courtesy of R. A. Vesey) o~ TmReSREREER

rhofuel [mg/cc]

20

Eheat [kJ/cm]
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Preheat Energy, Eph [kJ/cm]

Initial Fuel Density, pgO [kg/mB]

Bz=30T
DD Yield [n/cm]

rhofuel [mg/cc]

810"

6+10"

4410

210"




Radial fraction of fuel preheated dramatically affects ; s,
high initial fuel density solutions via bremsstrahlung

Laboratories
= Uniformly heating all of the fuel leads to radiative collapse for high initial fuel densities

= Uniformly heating only the fuel from r=0to r~ 0.5 r, leads to a blast wave and bores out a
low density hot spot that dramatically reduces bremsstrahlung losses

=  Most significant for high currents (future accelerators),
where optimum yields are affected, though could affect near

term experiments as well

Ar=6 B=30 Be Vmarx=240
' 1=60 MA :

| (future accelerator)

1000

100
- Not
rad. =———>

collapse, just

DT Yield (MJ/cm)

Rad. =—> .
f beyond optimal} |
10 : collapse initial density ]
[ rlas/rgas=.16 (too low ]
i preheat temp)
1 rlas/rgas=.99
1 10
Density (mg/cc)



“Blast wave” solution implemented to handle radial
fractions of fuel preheated

=  Fuel split into two parts that evolve:
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= Hot spot region
=  Cold, dense shelf region

= Entire fuel is still at constant pressure radially

=  Shelf temperature is brightness/radiation
temperature, 7

N
in

()

Fuel Temp.
= Shelf provides a buffer region between the
hotspot and the liner wall

Fuel Temperature [keV]
- __in

=
th

=  Shelf mass ablation model given by:

E = SNkT :
 o— 2 My . P af
—m 3 (Thot_Tshelf) therm 'S
E
= Shelf reduces brems losses since radiation ‘g Fuel Density
model is given by: 2 2}
" . o\ 4 z
Proa = Apr . ni(1)ne(r) 27/ T4(r) [1 — <Tgfr)) ] rdr 1f
Prag=(1—a)oTh - Ay % 10 20 30 40

Radius [um]




SAMM with new fuel shelf ablation model, brems, )

. . Laboratories
and only a fraction of the fuel uniformly preheated:
(a) Initial Axial Field, BZO =15T < 10M (b) Initial Axial Field, BZO =30T < 10M
8 8

Semi-analytic = =
model with = =
uniformly - -
preheated fuel 5 5
from 5 5

r=0tor=0.5 ry

Initial Fuel Density, pgO [kg/m3] Initial Fuel Density, pgO [kg/m3]
Bz=15T Bz=30T
~ DD Yield [n/cm] DD Yield [n/cm]

(&)
o

50

LASNEX simulations 40
with uniformly
preheated fuel from
r=0tor=0.5r,

\
(LASNEX contour plots
courtesy of R. A. Vesey) Lo STEEEEET

rhofuel [mg/cc] rhofuel [mg/cc]
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SAMM with all fuel uniformly preheated and brems: () s,
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Semi-analytic
model where all mp
fuel is uniformly

ph
ph

Preheat Energy, E | [kJ/cm]
Preheat Energy, E | [kJ/cm]

preheated Rad. collapse Rad. collapse
for high initial for high initial
C fuel densities fuel densities
Initial Fuel Density, pgo [kg/m3] Initial Fuel Density, pgo [kg/m3]
Bz=15T Bz=30T
DD Yield [n/cm] DD Yield [n/cm]
50 1\ d 50
LASNEX simulations % 40
with uniformly = ~
5 30 § 30
preheated fuel from 2 2
r=0tor=0.5r, £ 20 .
(LASNEX contour plots P I 10
courtesy of R. A. Vesey) ok SRS o
0 2 4 6 8 10 0

rhofuel [mg/cc] rhofuel [mg/cc]




Some other recent additions into SAMM include: ) s
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= Effects of prescribed mix and/or dopants on radiation and thermal

conduction losses and ionization energy:
. 72.407

E’ion,s(Zs) = Ry ' (Znue 8_%2181)1/2.407

Zs — mln(20 Tg,k:eVa Znuc,s)

= Laser deposition with simple inverse bremsstrahlung analytics:

I(2(t)) = I (1 _ m)/

1 —UYlaser
Zf(t) - g O(taot(lt) )

1
J

= Mass and energy end losses using simple sound speed arguments:

Q= (3/4)4 ITH po(r) - cs(r) - 2mr - dr

rg — min(rLEH,rg)




SAMM provides some reasonable guidance for ) e,
present MagLIF experiments:
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10 20 50 100. 200 500 1000 2000
Eg2bs (J)

HYDRA Simulations by A. B. Sefkow — For more details, see:
= A.B. Sefkow et al., Phys. Plasmas 21, 072711 (2014).
= M. R. Gomez et al., Phys. Rev. Lett. (submitted).

= Talk by M. R. Gomez, Session 4, at 8:30 AM




MagLIF Scans for Z300 & Z800: ) s,
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See talk by W. A. Stygar, Session 6, at 2:30 PM

Z2300:

= 300 TW delivered
= 47 M) stored
=49 MA

= 130 nsrise

_,._.._
g [

= 35 m in diameter (size of Z today)

2800: —
= 870 TW delivered
= 130 MJ stored

" 64 MA

= 120 nsrise

s
|
=
=
=

= 55 min diameter




MagLIF Scans for Z300: )

(a) Initial Axial Field, B =15 T (b) Tnitial Axial Field, B =30 T (¢) Initial Axial Field, B =50 T
100 100 100
I 80
= 80 = 80 | 805 T g )
~ = 1 R 0=
L;; 60 L;D 60 § 60 L;D 60 50 &
p 5 f 85 40 B
Ifl 40 Uﬁ 40 1 40 & LS 40 2
g 3 | SR 30 &
5 s | % B 4
5 10 15 20 25 510 15 20 25 5 10 15 20 25
Initial Fuel Density, Pyo [mg/cc] Initial Fuel Density, Pyo [mg/cc] Initial Fuel Density, Pyo [mg/cc]
7 L] L] L]
i
I
. i I
= 47 MJ stored in Z300 6 |
= 5.1 MJ absorbed by target 5t
. 1 frog ]
= 38.2 MJ fusion energy (w/ 9 kJ preheat)  af " (mm)
. —1,__ /10 [MA]
= 77.7 MJ fusion energy (w/ 20 ki preheat) .|| — I';:ice
- CR~23_32 | — — — Peak Burn -
u =
B,,=30T | _




MagLIF Scans for Z800: )

(a) Initial Axial Field, B =15 T (b) Initial Axial Field, B =30 T (c) Initial Axial Field, B =50 T
100 100 100 250
S 80 ZOOE Z 80 E g 80 2005
Lﬂg 150.:“_3 U—]ﬁ o .—"’% U—]ﬁ .:q!}
> 60 ~ = 608 ~ = 60 150 >
5 B 5 : B3 &
= 8 & ‘ g & 8
2 40 100 £ @& 40 S B 40 100 5
B = 8 = g =
< S 5 |} £ 5 g
& 20 05 & 20 g & 20 2
5 10 15 20 25 5 10 15 20 25 5 10 15 20 25
Initial Fuel Density, Pyo [mg/cc] Initial Fuel Density, Pyo [mg/cc] Initial Fuel Density, Pyo [mg/cc]
7 L] L] L] L]
= 130 MJ stored in Z800 oI
= 9.8 MJ absorbed by target 5
r, . [mm]
. fuel
= 221.9 MJ fusion energy (w/ 30 klJ preheat) .} (. mml
Iner
—1 /10 [MA]
= CR~20-31 N
— — — Bounce
— — — Peak Burn
=B,=30T
2.
1.
0 ]
2 25 3

Time [s] x10~7




Summary & Conclusions )
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= The development of this semi-analytic model has been a fun, useful, and
insightful exercise

Led to the realization that bremsstrahlung losses are significantly reduced when only a
fraction of the fuel is preheated (e.g., uniformly from r=0 to r=rg/2) as opposed to
heating all of the fuel uniformly; this is due to blast wave redistribution of fuel mass,
which significantly affects the radial temperature and density profiles within the fuel
(we have now developed an analytic solution to this problem in the model)

Led to a better understanding of electron and ion conductivity fluxes radially with the
fuel, and the handoff from ion conductivity to electron conductivity near the liner wall

Discretized liners are required to obtain reasonable convergence ratios

Parameter scans using this model illustrate that using the preheat energy presently
available at the Z facility will be risky at first, but more robust solutions should be
possible within the next three years, as the ZBL laser energy is increased from ~2-kJ ~4 kJ
to ~6 kJ and beyond, assuming that we can couple the laser energy to the fuel!

= This model’s accessible physics and fast run times (~20 seconds/simulation
unoptimized) is a useful pedagogical tool, especially for students,
experimentalists, and researchers interested in MagLIF

=  We hope to publish and distribute this model to those who may be
interested
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We are working toward the evaluation of a new ) e,
Magnetized Liner Inertial Fusion (MagLIF)* concept

Laboratories

__+ “

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)

[0 B, coils L
) ,.Lbeam‘ ZBL
T preheated
° 2. ZBL preheats the fuel to | fuel
2 ~100-250 eV to reduce the
4 N | E:elguggdscc())mpressmn to 5 Compressed
6]l-4 2 0 2 4 6 ~ —_ i
Dist. [cm] ,, v B, field
Z power flow T T

(A-K'gap) 3.7 drive current and By field implode the liner .
(via z-pinch) at 50-100 km/s, compressing the
fuel and B, field by factors of 1000

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).



1D & 2D simulations of MagLIF suggest 1D-like )
behavior up to an aspect ratio of 6*

Laboratories
density density

0
o

Yield (MJ/cm)
>  in

e
t

1000 2000

0 2 4 6 8 10 12 14
Aspect Ratio = Rj/AR

AR = Router ,0

AIQO

0.58 mm

9(_

K |5-6:5mm | Thus, we restrict the range of

V‘ validity of our 1D semi-analytic

“3.47 mm model to liners with AR < 6

" S. A. Slutz et al., Phys. Plasmas 17, 056303 (2010).



Radiographs at a convergence ratio of ~5 show )i,
remarkably good stability for inner liner surface
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Note: MagLIF requires final compression
to on-axis rod

2D Simulation from
S. A. Slutz, et al., PoP (2010)

Experiment*

" R. D. McBride et al., Phys. Plasmas 20, 056309 (2013).



The Z pulsed-power facility combines a compact MJ-class ) e
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target physics platform (the Z accelerator) with a TW-class
laser (ZBL)

2-kJ Z Beamlet Laser (ZBL)
for radiography and

10,000 ft?

y - < \ # 9
o’ > s s vl
> == g ‘
N 3 -
N & P, L) - « ¥
\ TR & \ N/ o> \,i - i '
4

-

,
./
e

10 to 50 MGauss drive fields
1-100 Mbar drive pressures

~ 15% coupling to load

22 MJ peak stored energy
26 MA peak current
100-300 ns pulse lengths




MagLIF Timing Overview

~ 100-ns implosion times
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~ adiabatic fuel compression (thus preheating the fuel is necessary)

~ 5-keV fuel stagnation temperatures

~ 1-g/cc fuel stagnation densities
~ 5-Gbar fuel stagnation pressures

MagLIF Point Design (Reproducing Slutz 2010 PoP Fig. 4)
PR S I S U SR SR ISR T S S [ SN SR A S N T S S S S S S S S S '

3.5 ———

2.5

1.5-

0.5

Liner Outer Radius [mm]
Fuel Radius [mm]
Current/10 [MA]
Fuel Temp [norm.]
Fuel Density [norm.]
Fuel Pressure [norny
Fusion Rate [norny

Laser preheating time

/

i

140 160

20 40 60 80
Time [ns]

100 120

MagLIF Pomt DeS|gn (Reproducmg Slutz 2010 PoP Flg 4)

2.5 1

1.5

0.5 1

Liner Outer Radius [mm]
Fuel Radius [mm]
Current/10 [MA]

Fuel Temp [norm.]

Fuel Density [norm.]
Fuel Pressure [norm.]
Fusion Rate [nor

100 110 120

Time [ns]

130 140




Preheat is necessary for the adiabatic ih) e
compression and heating of MagLIF fuel

PO
MagLIF Point Design (Reproducing Slutz 2010 PoP Fig. 4)
3.5....I....I....I....I....I....I....I....
3
2.5

1 — Liner Outer Radius [mm]
5] Fuel Radius [mm]

1 Current/10 [MA]
Fuel Temp [norm.]
Fuel Density [norm.]
Fuel Pressure [norny
Fusion Rate [norny.

1.5

Laser preheat time

/

0.5

i

0 - T T T

I I I I
0 20 40 60 80 100 120 140 160

Time [ns]

Laboratories

(Cy=R,/R

stagnation)

MagLIF Point Design (Reproducing Slutz 2010 PoP Fig. 4)
PRSP U SR ST SR ST S [N TR S SN U S T S AU SO SR T NSRS S [ S S ST R

2.5

1.5+

1 — Liner Outer Radius [mm]
Fuel Radius [mm]
Current/10 [MA]

0.5 Fuel Temp [norm.] L
I Fuel Density [norm.]
Fuel Pressure [norm.]
] Fusion Rate [nor
0 T T

T T T T T T
70 80 90 100 110 120 130 140 150 160
Time [ns]

» Typically for ICF (e.g., NIF), faster implosions shock-heat the fuel, not so for MagLIF
« Magnetization is used to keep the preheated fuel from cooling off during the implosion




