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Status report on computational modeling for
Magnetic Intervention (Ml):

* Refinements to the Bell Cusp (A. Robson) have
been examined using ion orbit calculations:

— Several options for the ring cusp dump regions have
been proposed (falls, pools)
* A hydrodynamic analysis of the response of the
liquid metal (Pb) pool and/or falls has been
sketched out.

— Several equation-of-state options have been examined
(QEQS, Soft-Sphere, Van der Waals, etc.).

— 1D hydrodynamic code development is underway.



Bell Cusp Concept

(A. Robson):
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« Bertie’s design has two
magnetic field
modifications
compared with the
original Ml cusp
scheme:

— Greatly increased coil |
currents at/near the
point cusp to reduce

the ion phase-space
acceptance

— An addition coil
modifying the planar\
ring cusp to form a '
bell cusp

This scheme opens up a number of possible ion dump scenarios, including
liquid pools, “water” (lead) falls, mists/vapors, etc.
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* lon channel width is
relatively narrow far
outside of the chamber.

R {cm}

» Additional transverse
spreading likely is due
to finite [ effects inside
of the chamber.

» Small-radius, well-
focused ion streams
are present along the
point cusps.
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Bell Cusp lon Deposition Profiles

* We use the orbit calculations to track in
time and space the energy striking the
dump region.

* The time-dependent energy deposited as
a function of depth is then estimated using
simple dE/dx ion stopping power functions.

* This gives a “depth-dose” profile that is the
input to the hydrodynamic response
model.



Escaping ion distribution at one plane in the
Bell Cusp:
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ion energy escaping the chamber
as a function of time.



Sample Surface Deposition Profiles
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Time-integrated depth-dose profiles for
escaping Bell-Cusp ions in Lead:
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For crude energy density at the surface of the liquid, divide these values

by your favorite cross-sectional area. (e.g. 12 m?)



Depth-dose profiles in 10 us groupings:

As expected, maximum deposition
occurs in first ~10 microns.

Significant energy is deposited
throughout the 80 us times
plotted.




3D views of the same data set on linear space and
time scales illustrates the exponential time decay.
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Material response calculations - ion beam
deposition into liquid metal pool and/or falls.

* We seek a time-accurate numerical model of the
response of a liquid metal layer to deposition of an
intense ion flux (beyond the small-signal approximation).

 The model must address the phase transition at the
vapor-liquid boundary as well as any shock propagation
out of the opposite side of the liquid layer (substrate).

« Similar modeling has been carried out for short-duration
(a few ns) energy pulses including MeV proton beams
[Rogerson:1985] and x-rays [Zaghloul:20035].

* A. Velikovich has looked at the problem is a shock wave
launched in 2-mm thick liquid lead propagating to a steel
substrate [Velikovich:2008]. This analysis indicated that

there the shock wave would not damage the steel. y



1D Viscous Lagrangian Hydrodynamic Model:

Mass Continuity: d_p = —p@,
dt OX
Momentum: pﬂ:—ap + 0 i@j,
dt OX OX\ OX
Energy: de P dp Z(deZ 1 8( 5Tj
ay: = + T K )
dt  p* dt  pldx) pox\ ox
Displacement: % =V,
dt

Here A is the bulk viscosity, and « is the thermal conductivity.
We assume these are scalars in the following finite difference formulas.
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Momentum Equation Finite Difference Form:

n+1/2 n-1/2 n n n n n n
Vi — Vi _ Pk+1/2 - Pk—1/2 4 A Vil Vi on . Vik =Ykt on
- = Px1/2 Lx-12
At Amk Amk Am|<+1/2 Amk—l/z
dm = pdx

1
Am, = E(Amk+1/2 + Amk—llz)
Definitions — see next slide.

1 _
Vk E_(Vl?ﬂ/z +V|? 1/2)
2

Unknowns are v"*'2 terms which form a coupled tri-diagonal system.
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Computational Grid:
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Finite difference forms for the displacement,
mass continuity, and energy equations:

xli'” — xi? +V£+1/2At”+1/2 Displacement
n+1 n+1
1 _ X — Xy
n+l1 Mass Continuity
Lk+1/2 AMy 5

For the energy equation, we assume EOS data in the form:

e=¢(p,T o€/0o
( ) as well as the derivatives / P

P=P(p,T) 0g/0T

The energy equation can be expressed in the following “temperature” form:

Yo, —P—+Ap| — | +x—| p—
om

oe dT s , v _ oV (avjz a( 8Tj
oT dt op” om  om om
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Finite difference form of the energy equation:
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The above uses the following definitions:
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Energy equation solution:

We anticipate solving the energy equation by first “guessing” the values of
T+1 (simply use the previous time step values) and then evaluate

del 9T, d¢l dp, and P at (k+1/2,n+1/2).

The tri-diagonal system is solved for T"*1, and then iterated until suitable
convergence is achieved.
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EOS Models:

« There are several choices available to us for EOS models of liquid
metals:

— QEOS [More:1988]: We are developing our own numerical
implementation of this model which handles liquid—vapor phase

transition and hot vapor equilibrium charge-states using the Thomas-
Fermi model.

— Soft-Sphere Model [Young:1977]: Liquid—vapor transitions.
Used by Zaghloul and Raffray [Zaghloul:2005] for examining response
of thin liquid (Pb) layer to prompt x-ray burst in an IFE chamber.

— DGSS [Giuliani:2008]: Debye-Gruneisen solid-state model combined
with the Soft-Sphere model developed by John Giuliani.

« There are significant discrepancies among the various model
results. These include the liquid-vapor phase boundary/saturation
pressure as a function of temperature, the critical temperature,
pressure, and volume. These differences should be sorted out to
give a consistent picture.



Sample EOS model data [Giuliani:2008]
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Caveats, issues

« Radiation transport — must be considered as well as part
of the overall analysis.

* Response of the substrate for the case of a thin-liquid
layer — can a shock induced by the ion deposition
fatigue/damage the substrate? (The Velikovich analysis
iIndicates that it will not be an issue.)

 All hydrodynamic calculations should be carried out for a
range of input energy-densities to account for
uncertainties in expected ion escape energies and
channel widths.
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Summary:

We are beginning a study of the hydrodynamic response
of a liquid metal layer to an intense ion energy pulse.

We have mapped out a finite-difference scheme for
solution of the 1D viscous Lagrangian hydrodynamic
equations including boundary conditions to model both
the liquid-vapor transition and the liquid-wall interface.

We are examining several EOS models applicable to
liguid metals (e.g. lead).

The ion energy pulse has been characterized as a
depth-dose profile using orbit calculations of the Bell
Cusp geometry.
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