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ABSTRACT

A magnetic lens has been designed which will focus 30
MeV Li+ ions emitted from a diode onto a DT filled target as
required in the LIBRA-LiTE fusion reactor study. Thirty such
lenses are located 2.05 m from the target. Each lens is a 5 turn
solenoid magnet, 0.5 m long with a bore of 0.18 m and an av-
erage B field of 1.2 tesla. Liquid Li is used as the electrical
conductor and heat transfer fluid. The front end of the magnet
is fabricated from porous TZM alloy with a wetted Li surface.
The lifetime of the magnet in this high radiation environment is
predicted to be one calendar year.

I. INTRODUCTION

The use of light ions to implode DT filled targets in com-
mercial fusion power plants has been studied for over 10 years.
This concept makes use of near term technology for the forma-
tion of high energy, pulse power generators coupled to suitable
diodes from which the light ions are extracted. Several tech-
niques have been studied for the symmetric focusing of the ion
beams onto the simple direct drive targets. Initially in the LI-
BRA reactor study,1 preformed ionized gas channels were sug-
gested to transport and focus the driver ions. In the current
LIBRA-LiTE reactor study2 (a 1000 MWe fusion power plant),
the 30 MeV Li+ ions are transported ballistically to the target.3

This choice has a profound influence on the chamber configura-
tion because of the need to have 2 tesla final focusing magnetic
lenses within 2 m from the target. The resulting neutron damage
and particle flux especially on the front surface of such a mag-
net would be extremely severe. In addition, the reactor chamber
atmosphere pressure must be low and contain no high Z vapors.

The positions of these lenses for the 24 pulse beams and 6
prepulse beams were determined by the focusing requirements
of the ions and permissible radiation lifetime of the front surface
of these magnets. Neutronic calculations4 indicated that if this
front surface were composed of ferritic steel its lifetime would
be one calendar year at a distance of ∼ 2 m from the target.
At this position a magnetic field strength of 0.6 tesla·m was re-
quired for each magnet with a center bore of 0.18 m. Because
the electrical resistivity of any solid conductor in such a mag-
net would increase rapidly due to radiation damage, and a heat
transfer fluid would be needed to remove the neutronic and elec-

Fig. 1. Geometry of an axial section in a solenoid.

trical heating, liquid Li was selected as the conductor and heat
transfer fluid for the magnet similar to the integrated blanket
coil design by Steiner.5 Such a magnet would be a simple one
turn solenoid with a small gap running the length of the magnet,
separating the positive and negative electrodes. The final lens
design evolved from this concept.

II. MAGNETIC FIELD AND CURRENT REQUIREMENTS

The requirements for the ballistic focusing have to fulfill
the condition,3

LBave = 0.6 tesla · m

where L is the length of the magnet and Bave is the average
magnetic field strength. The limits imposed on the microdiver-
gence along with the diode dimensions have legislated the de-
sign of the magnet. The magnetic field, B, due to current in the
solenoid along the magnet centerline is

B = µN I(cosψ1 − cosψ2)/2L

where µ = magnetic permeability (vacuum); N = number of
turns; I = current (A); L = magnet length (m) and the angles
ϕ1 and ϕ2 are defined in Fig. 1. Based upon this relationship,
the current and electrical power were determined for a one turn
solenoid magnet whose length increased from 30 to 60 cm. As
noted in Fig. 2 the required current is inversely proportional to
the length of the magnet. However, increasing the length of the
magnet with its center held at 2.20 m from the target decreases
the distance between the magnet’s face and the target which will
disturb the final focus of the ions and increase the radiation to
the front surface. A magnet length of 0.5 m with a magnetic
field of 1.2 tesla was chosen as a compromise to fulfill all the
restrictions. Figure 3 shows the variation of the magnetic field
along the magnet centerline for the 50 cm magnet.

It should be noted, however, that the current of 0.647 MA
for a one turn solenoid, Fig. 3, is excessive when the power dissi-
pated in the leads to the magnet is also considered. For instance,
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Fig. 2. Electric power dissipation and current variation
with the length of the magnet for the condition: LBave =
0.6 tesla · m.

Fig. 3. Magnetic field distribution for 50 cm long and Bave =
1.2 tesla one turn coil.

this power could be as high as 10 MW/coil or 300 MW for all
30 coils. Because this represents nearly 30% of the net electri-
cal power produced, it was necessary to reduce this power dis-
sipation. This power reduction was accomplished by the use of
multiple turn coils. The power consumed in the coil would not
change with the number of turns for the same magnetic field.
However, the power consumed in the transmission lines and the
magnet leads is proportional to I2R; therefore, decreasing the
value of the current is desirable.

In order to assess the value of multiple turn coils a range
of coils of different lengths but with five turns was considered,
Fig. 2. As noted in the figure, for coil IV, 50 cm long, the current
has decreased nearly fivefold from the one turn coil design so
that the power in the conductor leads should be decreased ∼25
times to a reasonable value of 12 MW for 30 magnets.

The five turn coil was adopted as the final design. A sep-
arately cooled front wall facing the target was utilized in order
to dissipate the large surface heating. The influence of the mag-
netic field upon the flowing liquid metal and its subsequent ef-
fect upon the heat transfer characteristics of this coolant had to
be carefully considered in the design of the magnet, as described
in the following sections.

Fig. 4. Cross-section of the final focusing magnet with a sand-
wich construction.

III. INFLUENCE OF MAGNETIC FIELDS ON FLOWING
LIQUID METALS

It has long been known that a magnetic field affects the
fluid mechanics of a liquid metal6,7 by inducing an electrical
current in it perpendicular to both the magnetic field and the
fluid motion. This current is the source of a retarding force that
gives rise to several magnetohydrodynamic (MHD) effects. Tur-
bulent eddies are damped by the induced magnetic force that op-
pose their motion and the average velocity gradient near the wall
is reduced by the magnetic field. This causes the heat transfer
coefficient to be substantially degraded. The flow is retarded by
the ponderomotive force that acts on the bulk of the fluid causing
a higher pressure drop.

The pressure increases at the axis of cylindrical liquid con-
ductors as a result of compression by the electromagnetic pinch
force due to the interaction of the electric current and its self
magnetic field7. For homogeneous boundary conditions an elec-
tromagnetic force fe = J ×B can drive a fluid motion. The ap-
proximate estimate for the magnetic pressure generated within
the fluid for a solenoid is B2/2µ. The MHD induced pressure
drop, ∆p, is

∆p = σw tw u B
2 L/a

B magnetic field strength (tesla)
u average fluid velocity (m/s)
σw wall electrical conductivity (1/ohm-m)
tw wall thickness normal to the field (m)
a channel half width in direction of the field (m)
L fluid path length (m)
µ magnetic permeability of the Li.

To minimize the MHD induced pressure drop, tw must be mini-
mized. A sandwich construction is proposed in which the metal-
lic layer adjacent to the lithium is as thin as feasible and is elec-
trically insulated from a much thicker metal structural wall as
shown in Fig. 4. The metallic layer facing the liquid lithium is
assumed to be thin so that it essentially provides no resistance to
pressure stresses, and the burden of the internal pressure is sup-
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Fig. 5. Magnetic pressure and total pressure variations across
the length of the magnet.

ported by a thicker structural wall outside the insulator. This de-
sign is based upon a thin inner wall of 1 mm thickness fabricated
from ferritic steel, HT-9, a thin electrical insulator, MgO·Al2O3;
spinel of 0.1 mm thickness, and a thick outer HT-9 wall of 1 cm
thickness determined from structural analysis. An alternative for
the electrtical insulation is a polycrystalline diamond film us-
ing a chemical vapor deposition (CVD)14 method. It is known
that diamond is chemically inert and radiation-hard with thermal
conductivity of 20 W/cmK, coefficient of thermal expansion of
8× 10−7, electrical breakdown field of 107 V/cm, while the op-
erating voltage is very small compared to this value.

Figure 5 shows the magnetic pressure and the MHD in-
duced pressure drop variation along the entire length of the mag-
net. The maximum pressure of 0.82 MPa is at the inlet of the
liquid lithium coolant. In this study the viscous forces are small
and are neglected. It is of interest to note that a high pres-
sure must be provided to overcome the magnetic pressure hill
through the first half length of the magnet; on the contrary, en-
ergy dissipators should be provided in the second half length of
the magnet to avoid a strong lithium jet at the exit. The MHD
induced pressure drop, ∆pFW , in the wall adjacent to the liquid
Li is:

∆pFW = 0.197tw (in mm) MPa.

IV. THERMAL HYDRAULICS OF LAMINAR MHD CHAN-
NEL FLOW OF A LIQUID METAL

A. Transition from Laminar to Turbulent Flow

The critical Reynolds number, Recr, increases significantly
with an increase in the Hartmann number (for Ha > 20),10

defined as:

Ha Hartmann number
(Ha)2 d2 B2 σ/µ
Re ρud/µ = Reynolds number
N interaction parameter (Stuart number) =

(Ha)2/Re
d channel width (meters) = 2a
B magnetic field strength (tesla)
u average fluid velocity (m/s)
σ electrical conductivity (1/ohm-m)
µ fluid viscosity ( newton-s/m2)
ρ fluid density (kg/m3)

The general criterion for the transition from laminar to turbu-
lent flow in a rectangular or circular duct can be written as
{Recr = constantHa}. It can be assumed quite reliably that
the flow in any rectangular or circular duct will be laminar at
Recr < 130Ha, while at Recr > 215Ha it will be turbulent.8

All these estimates are valid only for high Ha. In practice es-
timates for HaR > 10 are used, where HaR is the Hartmann
number based on the hydraulic radius of the duct cross section.

For liquid lithium, at 400◦C and B = 2 tesla with u (m/s)
and d (m) remaining as free parameters, the results indicate Re
= 1.33 × 106ud, Ha = 1.85 × 105d, N = 2.57 × 104d/u. The
criterion for full laminarization, Re ≤ 125Ha, leads to u ≤
17.4 m/s. In practice this velocity is very large; consequently,
the liquid lithium flow in the present design would be laminar
most of the time.

B. Heat Transfer

The relation describing the heat transfer during steady
plane parallel flow in a transverse magnetic field differs from the
corresponding relation for flow without a field only by a term
that accounts for ohmic heating (Joule heat generation). This
term should be taken into account for liquid metals, especially if
a large electrical current flows through the liquid metal or if the
channel walls are conducting and the induced currents in the liq-
uid metal are large. Although heat dissipation by viscous forces
can frequently be neglected, at high Hartmann number this is not
the case; the viscous and Joule dissipations are of the same or-
der of magnitude. The magnetic field modifies the heat transfer
process by changing the velocity profile. Increasing the veloc-
ity gradient near the wall results in a higher heat transfer rate.
Appropriate calculations show that the heat transfer in a liquid
metal (fluids with low Prandtl numbers), flowing at a moderate
Hartmann number in a transverse magnetic field can increase
significantly, in comparison with the case of no magnetic field.
As the Hartmann number increases further, however, the rise in
heat transfer rate becomes more moderate and reaches a constant
value.10 Hoffman11 suggested that for laminar flow, the Nusselt
number for fully developed flows of liquid metal between paral-
lel plates for a constant wall heat flux can be taken as high as 12
(based on the channel hydraulic diameter).
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Fig. 6. The temperature distribution in the first wall, composed
of the Mo alloy, TZM.

C. Thermal Hydraulics Calculations

The total thermal loads on the magnet consist of nuclear
heating, ohmic heating and surface heating of the front surface
facing the plasma as given in Table I. Neutronics analyses where
performed utilizing a one dimensional model to calculate the
distribution of the volumetric nuclear heating in the magnet.4

Also, one dimensional hydrodynamics calculations were exe-
cuted to determine the cavity performance and to account for
the effects of vaporization/condensation processes on the sur-
face heat flux.2

TABLE I

Thermal Hydraulic Parameters of the Coolant
in the Front and Rear Section of the Magnet

Peak nuclear heating in front metal (W/cm3) 184
Peak nuclear heating in front Li (W/cm3) 85
Total nuclear heating/magnet (MW) 3.72
Inlet coolant temperature (◦C) 275◦C
Outlet temperature (◦C) 525◦C
Coolant temperature rise (◦C) 250◦C
Average coolant temperature (◦C) 400◦C
Coolant velocity in magnet main body (m/s) 0.83
Flow rate/main body of magnet (m3/s) 1.06 × 10−2

Coolant velocity in front section (m/s) 0.66
Flow rate/front section magnet (m3/s) 1.35 × 10−3

Total flow rate/30 magnets (m3/s) 0.36

The total heating in the magnet is about 5.87 MW. The ther-
mal limits of the coolant are included in Table I. Based upon
these parameters the coolant velocity and flow rate were de-
termined for the five turn magnet, Table I. The front wall has
no ohmic heating because there is no current in the lithium.
The total heating in the front wall including surface heating
and volumetric nuclear heating is about 0.71 MW/magnet. The
same temperature limits for the coolant that were applied in
the coolant in the main body of the magnet were applied here
too, with the results given in Table I. The total volumetric flow

TABLE II

Thermal Parameters for the Front Section of the Lens

Case First Second

Liquid lithium temperature (◦C) 400 525
Maximum temperature of TZM (◦C) 780 885
Minimum temperature of TZM (◦C) 580 795
Average temperature of TZM (◦C) 670 790

Fig. 7. Finite element deflections and stresses for quarter section
(axisymmetric) of final focus magnet casing. Pressure is 1 MPa,
thickness is 1 cm and material is HT-9.

rate/30 magnets 0.36 m3/s.
A two dimensional thermal model of the first wall is used

with ANSYS12 to calculate the temperature distribution in the
first wall. Two cases of the calculated temperature distribution
in the front wall are shown in Fig. 6 and summarized in Table II.
The first case is for the coolant at the average temperature of
400◦C, while the second case is for the coolant at the maximum
temperature of 525◦C. The value used for the heat transfer coef-
ficient in both cases is 3.0 W/cm2 K, corresponding to a channel
width of 16.0 mm. The Mo alloy, TZM, was chosen as the most
suitable material for the first wall which can operate in this en-
vironment at this elevated temperature.

V. STRUCTURAL ANALYSIS

For the mechanical design and analysis, the casing which
contains the helical magnet system can be characterized as two
concentric cylindrical shells with annular end plates. No struc-
tural credit is given to the helical conduit or insulation. The pri-
mary loading is internal pressure. In the analysis, the magnitude
was prescribed to be 1.0 MPa. Since stresses and deflections
are linear functions of pressure, this facilitates direct scaling.
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Fig. 8. Top view of the inner magnet case.

The model was analyzed both by classical methods and the fi-
nite element software ANSYS12 with good agreement. Flexural
and stretching effects were included. The particular design data
presented used the fixed dimensions with the wall thickness of
the two shells and end plates each equal to 1.0 cm. For HT-
9 at 550◦C and 150 dpa the recommended allowable stress is
115 MPa, the elastic modulus is 180 GPa and Poisson’s ratio
is 0.27.13 This is the uniaxial (principal) stress with which the
multidimensional equivalent stress is compared. Results for a
pressure of 1 MPa are shown in Fig. 9. Maximum stress oc-
curs near the center face of the annular end plate, 36.69 MPa,
but comparable amplitudes of 34.65 MPa and 34.06 MPa de-
velop in the larger and smaller shells, respectively, where they
join the end plate. The maximum outward radial displacement
of the larger shell is 23.0 µm while the inward radial displace-
ment of the smaller shell is 5.2 µm. The maximum axial bulge
in the end plate is 44.9 µm. The actual pressure is estimated to
be 0.82 MPa (Fig. 5). With a scaling factor of 82%, results for
maximum plate and shell stresses become 30.09 and 28.41 MPa,
significantly below the given design limit. The scaled radial ex-
pansion of the outer shell is 18.9 µm while the radial contraction
of the inner shell is 3.7 µm.

The thickness of individual or all components could be re-
duced and still have maximum stresses adequately below design
limits; however, this would result in larger displacements which
are not desirable. Thus a 1.0 cm thick wall is considered to be a
practical specification for the magnet wall.

VI. CONCEPTUAL DESIGN OF THE FINAL FOCUS MAG-
NETIC LENS

In Fig. 4, a cross section of the final focus lens indicates
that the five turn solenoidal channels are contained within an
inner magnet case, which are electrically and hydraulically sep-
arated from the front end portion of the magnet. Removal of the
outer case, Fig. 8, shows that the helical winding of the five turn
coil, fabricated from rectangular tubing containing the liquid Li
which is electrically insulated from the outer wall of the tubing.
The outer Li and the electrical connector at the rear end of the
helical magnet would be housed in the support structures for the
protruding magnets. The electrical circuits for these magnets
would be designed so that the exit electrodes would be nearly at
ground potential.
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