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ABSTRACT

A novel scheme is proposed to drive a low-power subcritical fuel assembly by means of a long
Cylindrical Radially-convergent Inertial Electrostatic Confinement (CRIEC) used as a neutron source. The
concept is inherently safe in the sense that the fuel assembly remains subcritical at all times. Previous work
has been done for the possible implementation of CRIEC as a subcritical assembly driver for power
reactors. However, it has been found that the present technology and stage of development of IEC-based
neutron sources can not meet the neutron flux requirements to drive a system as big as a power reactor.
Nevertheless, smaller systems, such as research and training reactors, could be successfully driven with
levels of neutron flux that seem more reasonable to be achieved in the near future by IEC devices. The need
for custom-made expensive nuclear fission fuel, as in the case of the TRIGA reactors, is eliminated, and the
CRIEC presents substantial advantages with respect to the accelerator-driven subcritical reactors in terms
of simplicity and cost. In the present paper, a conceptual design for a research/training CRIEC-driven
subcritical assembly is presented, emphasizing the description, principle of operation and performance of
the CRIEC neutron source, highlighting its advantages and discussing some key issues that require study
for the implementation of this concept.
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INTRODUCTION

The use of spallation neutron sources to drive sub-critical reactor potentially offers a number of
important advantages for future fission power systems [1,2]. Such systems are inherently safe in the sense
that the fuel assembly remains subcritical during operation and is rapidly "shut-down" when the external
neutron source is turned off. This concept also allows for burning of non-conventional fuels (including
plutonium and some of the actinides found in spent fuel). This last feature would allow the closing of the
fuel cycle by burning the waste products, with the extra benefit of generating even more power in the
process. While this concept appears feasible, a serious restraint in the implementation and construction of
such reactors is the large size and cost of the accelerator system.

As an alternative, it has been proposed [3] that a cylindrical Colliding Beam Neutron Source
(CBNS) be used. The CBNS would be small enough to fit within fuel element channels of the sub-critical
core assembly. However, the present CBNS technology does not achieve the neutron fluxes required to
drive a power reactor. Future improvements appear possible to increase the CNBS neutron yield. However,
the present paper proposes an intermediate step in such development, where a version of the CBNS might
be employed at lower neutron flux levels. Hence, a low-power research reactor is considered which would
use a near-term version of the CBNS termed the Cylindrical Radially-convergent Inertial Electrostatic
Confinement (CRIEC) device. Such a reactor could be used for purposes of training, research or medical
isotope breeding. This system, being inherently safe, would eliminate the need of customized fuel (as in the
case of the TRIG A reactor design) to achieve the safety requirements of a research reactor, reducing costs
and simplifying licensing. The CRIEC driven-reactor system would be designed to ensure safety against
criticality and loss-of-cooling accidents as is done in the conventional accelerator-spallation target designs.

THE EEC CONCEPT

The Inertial Electrostatic Confinement (IEC) concept dates back to Philo Farnsworth, the inventor
of electronic television, and R. Hirsch [4]. The concept was abandoned for many years, until the early
1990s, when a modified version of an IEC device was developed at the University of Illinois. In this
modified device, the ion guns were replaced with a grid-produced plasma discharge, operating in the
unique "star" mode [5]. In addition to the spherical geometry used in the earlier devices, cylindrical
versions have been developed at the University of Illinois that form the basis for the application presented
in this work.

In the spherical design, a transparent grid is biased at -60 to -90 kV. This grid acts as a cathode
relative to the grounded vacuum vessel wall. When the vessel is filled with deuterium gas, a discharge
occurs between the wall and the high-voltage cathode grid. The ions produced in the discharge are
extracted from the plasma by the cathode grid, accelerated, and focused at the center of the sphere where
nuclear fusion reactions primarily occur. The grid provides re-circulation of the ions, increasing the power
efficiency. In the high current regime, an electric potential structure develops in the non-neutral plasma,
creating virtual electrodes that further enhance ion containment and re-circulation [5,6] (Fig. 1).
Experimental measurements have demonstrated the existence of such potential structures, but at
considerably lower currents than those required for higher yields. Potential structure stability could be an
issue when high currents are used, although theoretical studies have not identified a problem to date.

The spherical IEC units currently in operation produce ~107 2.54-MeV neutrons/s at steady state,
due to the fusion of two deuterium atoms (DD). Pulsed operation has achieved up to 109 neutrons/s. This
DD yield is equivalent to 10 u n/s if a mixture of deuterium/tritium (DT) is used under similar conditions
[7]. The present devices have greatly enhanced the understanding of the plasma discharge physics involved
and offer an attractive low-level neutron source for applications such as a neutron activation analysis
(NAA) [8,9]. Indeed, a version of the IEC is being produced commercially as a portable neutron source for
industrial NAA applications [8].
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CYOJNDRICALIEC's

While most IEC research to date has involved spherical devices, cylindrical IECs offer many
advantages in a variety of practical applications, including the proposed sub-critical reactor system. Two
possible versions of the cylindrical IEC are illustrated in Figure 2. These two cylindrical versions have been
studied in the past [10,11]. The cylindrical device, in its both versions, is advantageous in a wide range of
engineering configurations that require coverage of a broad area with neutrons. The axial version is
capable of more efficient heat rejection than the gridded spherical or cylindrical units, since rejected heat is
carried by the larger area hollow electrodes vs. the thin grid wire. However, the radial version has the
advantage of allowing the connection of the cathode grid on either end of the device. This is particularly
advantageous, since the complexity of connections immersed in the system is eliminated.

Cathode

High
Density Ions

Anode
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Fig. 1. Illustration of the potential structure in the dense plasma core of a spherical IEC.
The central "well" traps ions, providing efficient local ion re-circulation.
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Figure 2: The two versions of the cylindrical IEC: a) axially-convergent ion beams,
and b) radially-convergent ion beams



The axially-convergent cylindrical IEC version (Fig. 2a), called a Gdevice, forms deuterium (or
deuterium-tritium) beams in a hollow cathode configuration. Then, fusion reactions occur along the
extended colliding beam volume in the center of the device, giving a line-type neutron source. The
prototype device shown in Figure 3 uses hollow cylindrical anodes (held at ground potential) at either end
of the unit. A similar, but longer, hollow cylindrical cathode in the center of the device is biased to a high
negative potential. Deuterium gas introduced at the end of the unit is ionized in the resulting discharge,
creating an ion source. These ions are accelerated back and forth along the axis of the unit, where they
collide and fuse. This behavior has been predicted by numerical simulation of the C-Device [12,13]

Figure 3: C-Device prototype

The prototype C-device uses three electrodes placed in a cylindrical glass vacuum chamber having
a diameter of ~8 cm and length of ~100 cm. The center cathode is constructed from a hollow, thin-wall,
stainless steel tube. The two anodes are also hollow steel tubes, held at a large positive potential (about
+80kV). Positive ions formed in the plasma between the electrodes are accelerated toward the center
cathode. Because the anodes and cathode are hollow, most ions and electrons pass through them without
colliding with the structure, giving an effective transparency of ~100%. As ions pass through the center
cathode, they are accelerated and focused by the electric fields of the electrodes, forming a narrow beam of
energetic ions. A counter streami ng beam is formed by ions reflected at the anode. That is, the ions in the
beam effectively stop as they approach the anode, turn around, and are re-accelerated back towards the
center cathode. The ion density peaks in the beam path, significantly enhancing the fusion rate along the
interacting beams. To date, neutron yields of up to 109 DD neutrons/sec [11] have been achieved in this
device.

The radially-convergent cylindrical IEC version presented in Figure 2b, called a CR-device, forms
ion beams from the grounded wall to a concentric cylindrical grid, and those beams converge in the center.
Here, fusion occurs also along the axis of the cylinder, producing a line neutron source. Deuterium gas
introduced at the end of the unit is ionized in the resulting discharge, and the ions are accelerated back and
forth along the radius of the unit, and they collide and fuse in the center. This particular configuration,
however, has not been yet tested experimentally. Early experiments by Dolan [10] using this particular
design did not employ fusionable gases, so the neutron capability has yet to be established

NEUTRON SOURCE STRENGHT REQUIRED TO DRIVE THE SUB-CRITICAL SYSTEM

The CRIEC-driven reactor system would be designed to ensure safety against criticality and loss
of coolant accidents as is done in the conventional accelerator-spallation target designs. An added safety
mechanism employs a temperature -activated fuse, which interrupts the supply of high voltage to the CRIEC
grid, hence suppressing further neutron production in case of overheating of the assembly.

In the present paper, the application of this concept to a low-power research reactor system is
considered. An important issue to be resolved for the CRIEC application is the estimation of the source
strength required to reach a certain power level from the subcritical assembly. The starting point is to write
down a balance of neutrons in the system on steady state [14]:
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[Neutrons produced j [Neutrons produced 1 J Neutron 1 [ Neutron 1

[ by fission J { by CRIEC J [Difussion J [Absorbtion J

Assuming that the system is cylindrical and one-dimensional in the radial direction, and that only
one group of neutrons is present (all thermalized), the following balance equation is immediately obtained:

^Mr^\-^a = 0. (1)
r dry dr J

Here, <j> is the flux of neutrons at a certain radial position, Ya.F is the absorption cross section of
the fuel material, Xa is the total absorption cross section, D is the neutron diffusion coefficient and S is the
source strength. If the system is subcritical t̂,*,<l), equation (1) can be written in terms of the infinite
multiplication factork^as follows:

dr I D D

By assuming that the CRIEC source can be represented as a line of neutrons placed at the center of
the system (r=0), equation (2) can be transformed into an homogeneous problem. This equation is subject
to a source boundary condition at r=0 and to a zero flux condition at the other boundary r=R:

r \ ^ = 0 , with %=^-(l-k )>0(3a)
r dry dr J D

(3b)

(3c)]
dr J

The solution of equation (3 a) involves zero-order Bessel functions of the second kind Kg and IQ.

0( r ) = C 1 J : o ( ^ ) + C 2 / o ( A r ) . (4)

Applying the boundary conditions (3b) and (3c), the constants Ci and C2 are found to be:

C l ; c , c , m
1 2nDL 2 ' I0(XR)

Substituting the values of the constants in (4), the expressionfor the flux takes the following form:

<P(r) = -?—\K0(Xr)-K°(Xr)I0(Xr)] . (6)
2KDL[ ° I0(Xr) ° J



Values of the normalized flux /M)ItfS for different values of X as a function of the radius are
plotted in Figure 4. As X gets smaller, there is a point beyond which a further decrease in X has no
significant effect on the shape of the flux profile.

i lambda=1e-03

• lambda=1e-01

A lambda=2e-01

°lambda=1e+00

Figure 4: Normalized flux distributions for different values of the parameter X.

To find the source strength required to reach a given power level, the relationship between the flux
(|>and the power P is used:

P = ERLf\<t>{r)dV. (7)

By using the expression of the flux obtained in (6), the integral is written as:

P =
DX

(8)

Performing the integration in (8), the following expression for the power in terms of the source
strength is finally obtained:

p = •
K0(AR)

(9)

Figure 5 presents the power obtained per unit source obtained from the solution of equation (9) as
a function of the multiplication factor k.. The system is assumed to be a cylindrical homogeneous reactor,
fueled by uranium dioxide. Results for two different moderators, graphite and water, are presented. The
fuel enrichment is adjusted to give the desired value of k, maintaining the fraction of core volume
occupied by the fuel fixed at 5%. From the figure, it can be observed that the graphite-moderated system
can deliver 1 kW of power with a source of 10 neutrons/sec when the multiplication factor of the reactor
is 0.99, far from critical. Specifications for that system are summarized in Table I.
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Fuel density (g/cmJ)

Moderator material

Moderator density (g/cmJ)

Moderator volume fraction

Multiplication factor

Diffusion coefficient (cm)

Absorption cross section (cm"1)

Radius (cm)

Source strength (neutrons/s)

Power (kW)

UQ2

0.005

10

Graphite

1.6

95%

0.99

0.9744

0.00265

30

1x10"

1.2

Table I: Parameters for a 1 kW graphite-moderated subcritical system
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Figure 5: Power level per unit source as a function as a function of k~for two different moderators.
Observe that P/S tends to infinity as k^ tends to 1
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Figure 6 shows the effect of the size on the power per unit source for a value of k»=0.95. Observe
that P/S remains on the same order of magnitude until a critical radius is reached. Once the radius increases
above that critical value, P/S begins to decrease dramatically. The graphite^noderated system is less
sensitive to variations in size than the water-moderated system.
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Figure 6: power level per unit source as a function of the radius of the system for 1^=0.95. Notice that in
the graphite-moderated system, P/S remains fairly constant for systems up to 50 cm in radius

In summary, while these calculations are quite approximate, this study provides a target reference
design for a 1 kW CRIEC graphite moderated research reactor. This reactor appears to be quite attractive
from a cost and safety point of view as discussed earlier. Also, since existing CRJEC devices have already
achieved ~10'1 DT n/s equivalent, the improvement required in this technology to achieve the target of 10
n/s to drive the system outlined in Table I appears to be feasible in the near term, provided a dedicated
research effort is mo unted.

ISSUES TO BE RESOLVED.

One of the main issues still to be addressed is the damage to CRIEC components due to the
neutron flux. Of special concern are insulator materials (usually ceramics), that may undergo radiation
hardening followed by eventual cracking. This is undesirable, since the fire hazard due to a high voltage arc
is of significance. A detailed study on the neutron radiation fields around key components of the CRIEC,
such as interconnections, electrodes and insulators, would be necessary to select adequate materials and
estimate the lifetime of these components, since a short lifetime implies that maintenance of the CRIEC
unit would occur more often, increasing the operational cost of the unit.

Another issue to be explored in the long term is the possible escalation to similar systems capable
of achieving higher power levels. In order do that, a significant increase in the neutron yield is necessary.
The key to this escalation resides on the ability to reach higher currents, i.e. increase the population of
fusing species. Some of the proposed approaches to attain this include:
a) electron emitters, to increase gas ionization near the walls
b) pulsed operation, which allows higher peak current operation with an inexpensive capacitive-type

power supply
c) external ion sources with their corresponding injection systems
d) actively-cooled electrodes, to allow for higher applied voltage



Some of these schemes, such as pulsed operation, have already been implemented in experimental
devices. Other of the mentioned methods to increase the neutron yield such as c) and d) are currently under
study but have yet to be fully explored. The actively cooled grid is desirable, since that would extend its
lifetime, increasing the time that the device can be operated between maintenance.

CONCLUSIONS

An alternative to the standard sub-critical reactor accelerator-spallation target design has been
proposed which employs the compact cylindrical IEC device. The basic physics for this device has been
demonstrated in small-scale laboratory experiments, and the present neutron source, when operated with
deuterium/tritium fuel, is capable of producing 1 kW of power in a UC>2-fueled subcritical (k«=0.99) reactor
moderated with graphite under DT operation. This type of system appears to be attractive for research and
training purposes. If one of these units is successfully built and operated, further escalation to higher power
systems would be conceivable and desirable.

Theory developed in coordination with prior experiments also suggests that further scale-up is
possible to achieve power levels attractive for electricity generation. However, engineering problems,
especially associated with high-voltage holding in the compact units and intense radiation fields, pose a
severe challenge for technological development. Still, a major advantage of this approach is that much of
the source development can be carried out on a single compact IEC module with modest laboratory space at
a relatively low cost. Then the implementation in a reactor would be achieved by simple duplication of the
resulting module design. This unique feature allows a relatively fast, cost-effective R&D program for
development of a full-scale IEC-driven prototype reactor. The research reactor studied here appears to be a
logical first step in the progression.
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