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The suitability of various 1mplementatlons of mert1a1 electrostatic conﬁnement (IEC) ‘systems for
use as D-T, D-D, D~ 3He, “He—>He, p—”B and p—SLi reactors has been examined, and several

fundamental flaws in the concent have been discovered. Bremsstrahlune losses for all of these fnels
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have been calculated in a general fashion which applies not only to IEC systems but also to most
other fusion schemes; these calculatlons indicate that bremsstrahlung losses will be' proh1b1t1vely
large for 3He—>He, p—“B and p— 8Li reactors and will be a considerable fractlon of the fus1on power
for D—"He and D—D reactors. Further calculations show that it does not ‘appear poss1b1e for the
dense central region of a reactor-grade IEC device to maintain significantly non-MaxweIhan ion
distributions or to keep two different ion species at s1gn1ﬁcant1y different temperatures, in
contradiction with earlier claims made about such systems. Since the ions form a Maxwellian
distribution with a mean energy not very much smaller than the electrostatic well depth, ions in the
energetic tail of the distribution will be lost at rates greatty in excess of the fusion rate. Even by
using one of the best electron confinement systems proposed for such devices, a polyhedral cusp
magnetic field, and by making exceedingly optimistic assumptions about the performance of that
confinement system, the electron losses from the machine prove to be intolerable for all fuels except

perhaps DT. In order for IEC systems to be used as fusion reactors,, it will be necessary to find

methods to circumvent ‘these problems © 1995 American’ Instztute of Physics.

I. INTRODUCTION

Inertial-electrostatic confinement (IEC) involves the cre-
ation of deep electrostatic potential wells within a plasma in
order to accelerate ions to energies sufficient for fusion reac-
tions to occur and to keep the ions confined. It has been
proposed to create and maintain these potential wells by a
slight excess of electrons in a certain region of the plasma or
by electrostatic grids. Typically such systems are arranged in
a spherical geometry [leading to an alternate name some-
times used, Spherical Continuous Inertial Fusion (SCIF)], as
illustrated in Figure 1 in Ref. 1. The ions converge in a radial
manner toward the center of the plasma to form a very small,
very dense core. Some of the earliest work on such systems
was performed by Elmore, Tuck, and Watson,? Farnsworth,>*
Hirsch,5’5 and Lavrent'ev.”1° Early research which was simi-
lar but used a toroidal geometry centered on the HIPAC
(high-energy particle accelerator concept).uv'13 Yet another
implementation of IEC has been described by Barnes,
Turner, et al.; 1416 51 this incarnation, Penning traps or mul-
tipolar traps would be used to confine the particles.

Recently Bussard1 17 has revived an idea orlgmally sug-
gested by Lavrent’ev'® and proposed to surround an IEC
electrostatic potential well with a polyhedral cusp magnetic
field in order to improve electron confinement; this type
of system has been analyzed by Krall, Rosenberg, and
Wong'®-?! and is depicted in Figure 2 in Ref. 1.. ,

Another recent suggestion by Bussard,?? as well as Bar-
nes and Turner,?? is to use driven acoustic standing waves to
increase the average density in the core of the device. Bus-
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sard refers to such a technique. as the inertial-collisional com-
pression (ICC) effect, and this paper will adopt his nomen-
clature in referring to this general method.

~ It has been “suggested"!” that IEC can maintain non-
Maxwellian particle distributions at fusion reactor param-
eters; it has been further suggested in Ref. 1 that two differ-
ent species Of fuél ions may be kept at significantly different
energies. Both of these properties would confer the ability
for the fusion device to exploit resonance peaks in fusion
cross sections more fully than other systems can. Such a
machine would then be highly suitable for use with advanced
aneutronic fuels, thus greatly reducing radiation shielding re-
qu1rements and the problems of structural material activa-
tion, as well as potentially allowmg highly efficient dlrect
electric conversion of some or all of the charged reaction
productsz“‘27 (although, see the cautionary warnings about
direct converter designs in Ref. 28). Coupled with the prom-
ise of high power densities and relatively simple engineering
designs, these potential propefties have made IEC systems
very attractive. '

The object of this paper, is to examine various critical
physics issues in as general a fashion as possible, so that the
results will apply to a wide range of IEC systems and related
variants. In particular, the potential problems which are ana-
lyzed include ion thermaiization, ion losses, electron losses,
electron thermalization, bremsstrahlung emission, and syn-
chrotron radiation losses. As will be seen in the course of the
analysis, radiation losses prohibit net energy production from
all fuels except D-T, D-D, and D->He, while even ex-
tremely optimistic estimates indicate- that severe electron
losses will prevent successful operation with any fuél except
possibly D—T. A serious problem with all fuels is that ions
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thermalize and escape over the top of the electrostatic well
much more rapidly than they fuse.

Another potential problem with these concepts is the
spreading of the core (degradation of focusing) due to the
buildup of particle angular momentum acquired in collisions
away from the exact center of the device. One initial analysis
of this problem indicated that such harmful effects of colli-
sions within the central region of the plasma (but not at the
exact center) would be counteracted by beneficial “‘edge
cooling” in the perpendicular directions out at the plasma
boundary.! In order to place an optimistic upper bound on
the performance of IEC devices, this paper will assume that
the central focusing effect can indeed be maintained. (As will
be seen, the resulting optimistic bound on IEC device perfor-
mance is still too low to make these systems of interest for
fusion reactor purposes.)

However, the calculations presented here will demon-
strate that the particle velocity distributions in the central
region of the device are essentially Maxwellian in the radial
direction and that collisional effects in the edge are one to
two orders of magnitude smaller than collisional effects oc-
curring within the dense central region of the system. These
results undermine the key tenets which led to the conclusions
of Ref. 19. For these and other similar reasons, doubt has
recently been cast on the ability of edge cooling or other
effects to maintain reasonable convergence in the center.? If
convergence is in fact lost, the performance of IEC devices
will be far worse than is calculated in this paper.

The following conventions are adopted throughout the
paper. If a species j is monoenergetic or otherwise non-
Maxwellian with 2 mean energy of (E), then its temperature
is defined as T;= XE ) All quantities are in cgs units, with
temperatures in ergs, except where otherwise noted,

il. DESIGN-INDEPENDENT PHYSICS ISSUES

All of the issues examined in this section are effects that
are essentially independent of the precise IEC device design;
in particular, they are independent of the densities and den-
sity profiles which are used in the inertial-electrostatic fusion
device (except for the very weak dependence on density con-
tained in the Coulomb logarithm),

In performing these generalized calculations, the follow-
ing assumptions have been made:

» For good convergence (i.e. systems in which the core
radius r, is much smaller than the radius R of the
entire plasma system, »,<R) the central region of an
[EC device is dominant for effects such as fusion,
bremsstrahlung, ion-electron energy transfer, and ther-
malization. Due to conservation of particles moving
radially in the device, the particle density varies as
approximately n~n(r./r)? (where n, is the core den-
sity) outside of the core where radial velocity is ap-
proximately constant; fusion, bremsstrahlung, ion-
electron energy transfer, and thermalization are all
two-body effects, so they are all proportional to
n*Xvolume1/r, justifying this assumption. (The va-
lidity of this assumption will be demonstrated in a
more detailed fashion in Sec. IIL.)
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* In comparing fusion, bremsstrahlung, and collisional
scattering rates, the density, spatial density profiles,
and plasma volume do not matter, since all of the rates
are proportional to n?Xvolume [neglecting the weak
density dependence of the Coulomb log].

 The dense ceniral region may be considered approxi-’

mately isotropic since particles are converging from

and returning to all directions. (If it is not isotropic one
must deal with problems such as Weibel and counter-
streaming instabilities>®>".)

Spatial variations of temperature and energy may be -

neglected within the central region (assuming that the

center of the potential well is fairly broad and flat, as

stated in Refs. 1 and 18).

* There is no spatial variation in fuel stoichiometry
(n;y/n;,, the ratio of the densities of the two ion spe-
cies i1 and i2) in the region of appreciable density.

*» Quasineutrality (n,=2Z;n;+Zyn,, in which n, is
the electron density, while Z;; and Z;, are the charges
of the two ion species) holds in the region of signifi-
cant density.

* The good convergence properties alleged for these
devices'® will be assumed to be valid for the purpose
of the present calculations. Note, however, that there is
good reason to believe that core convergence will be
rapidly degraded by angular momentum buildup due
to collisions.? Thus the present calculations represent
an optimistic upper bound on the performance of IEC
devices.

A. Fusion power density

The gross power per volume V produced by the fusion
of two different ion species i1 and i2 is

Py
;S"—"(UU)Efus"nniz
—1e X 5 W .
=1.602-10 ((rv)Emsmneg—g, (1)

where o is the fusion cross section, v is the relative collision
velocity, Ej, is the energy (in eV) released per reaction, and
n; and n;, are the densities of the two ion species. All quan-
tities other than energy are in cgs units. The fusion power has
also been rewritten in terms of the electron density n, and
the ratio of the ion densities, x=n,,/n;,. It has been assumed
here that the first ion species has a charge of one and the
second ion species has charge Z,, so the gnasineutrality con-
dition n,=n; +2Z,n;, was used in rewriting the fusion
power.

Note that the fusion power is maximized for x=Z2,.
Contrary to what one may initially think, the power is not
maximum for x =1, since it is the total charge (as represented
by n,, the electron density), not total number of ions, which
is being held constant as the fuel mixture is changed. The
total charge is limited in general by the structure and strength
of the confining electric and magnetic fields. Expressing
quantities explicitly in terms of a given electron density will
also be convenient in the discussions of bremsstrahlung and
electron particle losses which are to follow shortly.
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If only a single ion species is reacting (e.g., D-D reac-
tions), #;;1;, in Eq. (1) should be replaced by in? to avoid
counting the same reactions twice. This change is equivalent
to using the following substitution in the rewritten fusion
power formula:

X 1
(EESALNEYA @

For the purpose of comparisons with other characteristic
times in the device, the characteristic fusion time of a test i1
ion with a member of the i2 ion species is readily defined
(here n; o is the effective ion density seen by the test ion as
it transits the system):

1
" a0 9

For the case of like-ion fusion, Eq. (3) should have an addi-
tional factor of 2 on the right-hand side to avoid double
counting.

B. Energy equilibration between ion species

It is worthwhile to check whether one ion species can be
maintained at a significantly lower energy than the other ion
species. To do so, it will be assumed that the il species is
more energetic than the i2 species and that the standard
Spitzer-type expression for interspecies energy transfer may
be applied to this problem. (As will be shown shortly, the
individual ion species are essentially Maxwellian, and as
demonstrated in Ref. 32, even large temperature differences
between species do not result in large deviations from the
usual interspecies energy transfer rates; thus the standard for-
mulas may be employed here.)

Considering for the moment only the heating of the i2
species by the il species, the power density (in eV/s cm?®)
transferred to the i2 ions will be:*>3°
Pin-in 3 dTp

_n.—
Vv 2 "2 gy

[0 52
mimpZiZpning In Ay
372
(my T+t mpTh)

X(Ti1—Ti), “)

in which the temperatures are in eV.

It is now possible to consider two distinct cases. In the
first case, T;, is determined by balancing this heat transfer
rate from i1 ions with the cooling effect due to the replace-
ment of fused i2 ions with cold i2 ions. The second case is
the situation in which the i2 ions are somehow actively re-
frigerated to ensure that they remain at very low energies.

Proceeding with the evaluation of the first case, the cool-
ing rate of i2 ions due to the replacement of fused ions is

Poy 3
;;m =5 Tinini{ov). ©)

=2.63-1071°

The equilibrium temperature of the i2 species is determined
by setting the total amounts of heating and cooling equal to
each other. Since both the heating and cooling expressions
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have the same dependence on the ion densities, integrating
them over the spatial region of interest has no effect on the
ratio between them. By defining the ion mass as a multiple of
the proton mass m,, , m;= u;m, , and expressing the tempera-
tures in eV, one arrives at an expression which is convenient
for seeing the general range of permitted-values for T';,:

7.40- 105ov) (i Tin+ pinTi1)>"? -

Tp=Ty|1+
l’«il/l«izzz'21z?2 In Ajj—pp

)

For all of the fuels of interest (D-T, D—>He, p-''B, etc.)
utilized under any reasonable circumstances (see, for ex-
ample, the parameters in Tables I and II), one finds from Eq.
(6) that the temperature of the i2 species is constrained to be
very close to that of the i1 species:

0.95T<T,<Tj. (7

Therefore, from this evaluation it does not appear possible to
keep one ion species at a significantly lower temperature or
energy than the other without providing additional means of
cooling the i2 species:

Moving on to the second case in which a large tempera-
ture difference between the ion species is maintained by
somehow actively refrigerating one species, it can be shown
that the energy transfer rate required to sustain the nonequi-
librium state would be prohibitively large. For this purpose
assume that T;;>T;,, so that the collisions between the two
ion species occur at a relative velocity v=~~3T; /m;.
Coulomb collisions will then transfer energy between the
species at the rate calculated above. Dividing this energy
transfer rate by the fusion power and putting T;; and Eg, in
eV, one obtains

Pil—i2

Pfus

=1.20- 10"3(
O'EfusTil

mp
For a numerical estimate it is illustrative to use the case of
p—!!B reactions, for which it would be desirable to have
high-energy protons (i1 species) and low-energy boron ions
(i2 species). The peak of the fusion cross section,
0~8-10"% cm?, occurs for a proton energy of about 620 000
eV, or T;; equal to two-thirds of that energy. Estimating the
Coulomb logarithm as approximately 15, the power ratio is
found to be

724 ©9)

From this calculation it may be seen that even if it were
possible to operate the reactor with boron ions maintained at
very low energies, the boron ions would siphon off more
power from the energetic protons than would be produced
from the nuclear reactions. (Similarly large numbers are
found for reactors using other fuel ions as well.) In order to
keep the system operating precisely at the resonance peak of
the reaction cross section, it would then be necessary to ex-
tract the energy acquired by the boron ions and return this
energy to the protons; otherwise, the mean energies of the
two species would rapidly equilibrate, as in the first case.
The task of finding a mechanism which can in this fashion
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continually recirculate a power substantially larger than the
fusion power at very high efficiencies and extract the colli-
sionally generated entropy from the system (without interfer-
ing with other elements of the fusion reactor’s operation)
appears daunting at best.

Thus both from the derivation of the natural energy equi-
librium between ion species and from the calculated mini-
mum recirculating power required to keep the system in the
nonequilibrium energy state, it does not appear to be possible
to maintain one ion species at a significantly higher energy
than the other. For the remainder of this paper, it will there-
fore be assumed that the two ion species have the same mean

energy (or temperature T;=(2/ 3)<E,)).

Even if both species can still be kept monoenergetic (but
at approximately the same energy), the fact that (ov) must
be averaged over all collision angles then implies that it is
impossible to exploit the resonance peaks of fusion cross
sections (e.g. the sharp peaks in the p—''B cross section) as
fully as might be hoped.

C. lon thermalization

The problem of ion thermalization and energy upscatter-
ing can be described in a straightforward manner. A test ion
is injected into the well at the desired energy and begins to
oscillate through the dense core, out toward the plasma edge,
and back again. Collisions with other ions, all presumably
starting at the same energy, will cause the test ion to diffuse
in velocity space. The perpendicular velocity—space diffu-
sion is less important than parallel diffusion, since most scat-
tering occurs near the device center, and the well then returns
the scattered particles to the center for another try. (Core
spreading may still be a fatal problem,?® but it will be ig-
nored here to simplify the calculation and place an optimistic
upper bound on the performance of IEC fusion reactors.) For
this reason, the present analysis has focused on parallel
velocity—-space diffusion, or energy up- and downscattering.

Since the test ion only spends a fraction of its time in the
core, it would be incorrect to compute the ion—ion collision
time using the core density: rather, one must use some sort of
effective density seen by the ion as it transits the entire sys-
tem. Because this effective density is typically much smaller
than the core density, the thermalization and upscattering
times will be significantly lengthened,

Specifically, the ions will begin to evolve from their as-
sumed initial monoenergetic distribution toward a Maxwell-
ian distribution on a time scale characterized by the ion—ion
collision time:®

3V3m T

Bz} e*n;y o In Ay

=1.0-107 paTit’ (10)
' Zn”n e N Ay’

Til-i1 =

where T;; on the exireme right-hand side of the equation has
been converted into eV.

The energy upscattering time required for an ion to es-
cape over the top of the electrostatic well is related to the
collision time and will be calculated in the next section.
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The characteristic thermalization time for the test ion

must be compared with the characteristic fusion time for that
ion, in order to determine whether the ion is likely to fuse
first or be thermalized first. Since the test ion spends only a
small fraction of its time in the core, its fusion time should
be lengthened by the same factor and for the same reasons as
the collision time. When one takes the ratio of the fusion and
thermalization times, which are both inversely proportional
to density, the two factors cancel each other, so that

32
T VunTiov) n,
A = 1.00107 o — ”A< =2, (11)
"rfUS £ i %1 -1 h‘”

Once again using the typical values of (ov)~10710~10"1

em/s, T;;~5-10°-6-10° eV, and In A;,_;,~15-20, it is
found that
Ti —i _ _ |
A2 1073-1072, (12)
Ttus

One finds the result to be the same as in other fusion
reactor designs, naroely that an ion thermalizes about two to
three orders of magnitude faster than it fuses. Of course the
high-energy tail will require several collision times to fill in,
but even so it is apparent that the ion distributions will be
essentially Maxwellian. It is also worth noting that the dis-
tribution will be truncated at the well depth energy, since the
energetic tail can escape from the confining potential well,

A recent suggestion for overcoming the thermalization
problem is that collisions within the dense central region
of the plasma may behave in a highly anisotropic one-
dimensional fashion rather than in a three-dimensional iso-
tropic fashion,” and that the relaxation of the desired
monoenergetic radial velocity distributions may therefore
happen on a much longer time scale. This behavior would
require that the space-charge repulsion from a “hard core” of
extremely low-energy ions (or possibly electrons) trapped at
the very center of the device would reflect incoming particles .
of the same species before they entered the isotropic region
of the core.

The probability of success for this method would appear
to be exceedingly small. For it to work as desired, virtually
all of the particles must bounce straight back from the hard
core so that they only encounter other particles in head-on
collisions. Even if a repulsive core is established, a more
realistic outcome would be that a considerable number of
particles converging toward the center would be deflected
somewhat to the side by the core (or by their own angular
momentam) and then “sideswiped” by other incoming par-
ticles, leading to collisional behavior that is approximately
isotropic, Another difficulty is that there will be a high turn-
over rate (due io the fast collisional rates) of the very low-
energy particles which constitute the hard core, as they ex-
change places with some of the higher-energy particles in the
system. Thus most of the particles in the device will get to
circulate into the isotropic core and undergo collisions there.
Finally, even if the dense central region of an IEC system can
be made to behave in a strongly anisotropic fashion, this
behavior would be highly detrimental when instabilities are
considered.™
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Because the ion distributions are Maxwellian to a good
approximation, all of the fusion cross sections must be Max-
wellian averaged. One must, therefore, make do with the
same (ov) values as are used in other fusion devices, and

racanancra naalra a rraae gantinng nannat wilimad mara
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efficiently than in other types of reactors. In fact, because the
high-energy tail of the Maxwellian is truncated at the well
depth, the average fusion reactivities will actually be some-
what lower than truly Maxwellian-averaged quantities.

D. lon upscattering losses

If the initial ion energy is not much smaller than the
potential well depth, say half of the well depth, then ions will
not have to be scattered terribly far out into the tail to be lost.
Ions can be lost either by completely escaping from the sys-
tem or by climbing high enough in the well that the strong
magnetic field near the plasma boundary deflects them into
useless orbits. Both of these effects require that the ions be
upscattered by a certain increment in energy. They can cover
the comparatively small corresponding distance in velocity
space in just a few ion—ion collision times. Thus not only
will the ions thermalize far more rapidly than they will fuse,
but they will also escape the well much more rapidly than
they fuse (except for ions like g which see a much deeper
well).

These ion losses due fo radial energy upscattering can
now be specifically calculated. Consider the upscattering of a
test i1-species ion with charge Z;; by field ions of both spe-
cies. The ion distribution function is initially monoenergetic
at a mean energy of E;, (for both ion species; since it was
shown in Sec. II B that it is essentially impossible to de-
couple the energies of two ion species in a practical manner.)
This initially monoenergetic distribution rapidly relaxes to a
Maxwellian distribution with a temperature T;=(2/3)E;,.
An il ion will be lost when its energy reaches. the loss en-
ergy E;i 105, determined by the well depth:

Z;1ePyen» ‘ (13)

with e defined to be positive.

Expressions for the upscattering rate out of a purely
electrostatic confinement system due simply to collisions
within the same species (here the i1 species) have been
derived.3®3° From these references, the average time for a
test i1 ion to be lost from the electrostatic potential well is

_ Zile(pwell
Ti1 loss™ SXP + T.
i

Eil loss ™

X[l —ex ( — Ziled)well)] Vmy T3
p_ Ti 4\/2772?184}1“ In Aii
B \[277 ( Zi1e®weu
=337 exp 7
Zi e@

The effect of collisions with the i2 ion species may be in-
corporated into this calculation by noting Sivukhin’s expres-
sion for the parallel velocity—space diffusion of a test /1 ion
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(denoted by subscript #) in the presence of monoenergetic but
isotropic distributions of the i1 and i2 species:*

Dy=—5 35— 2 Zin;ea;
21045, ;
Zi’z)z(niZ)(mil)] 1
o 1+ |=1 | —||— R 15
[ (Zil Ry \M) | Tii-i1 (15)

in which it has been assumed that the two ion species have
the same mean energy. The same factor for modifying the

113 T ¢1 1 dne ¢, 43 114 ol
collisional time scales due to a second ion species would also

be found from Sivukhin’s diffusion coefficient for Maxwell-
ian background particles.

Therefore, the time required for a test i1 ion to be up-
scattered out of the potential well due to collisions with both
ion species is '

o (2 el
T; = Rl -— J——
fl loss —5372— Z

n;/\Mmjy

Xexp( 1e¢well) [ 1 —exp( . Zileq)well)
T, T, -
(16)

The fraction of ions that fuse is just the ratio of the loss and
fusion times:

Ti1—i1-

Thus Ziy) \nipj\my
o ZgePyen)
Xexp( + Zi " well T well)

Zileq)well) ] V/'LiIT?m(O-v) iy

xX|1- - . ,
[ exp( T; Z:}l In Ay Pa

(17)
in which 7; and (e®,,;) are in eV.

Equation (17) will be evaluated in detail for various fu-
sion fuels in Sec. IV, but one should note here that for
Ze® . ./T;~2 or 3, ions will be upscattered and lost from
the potential well after only a few ion—ion collision times. In
practical terms, it may not even be possible to inject ions that
deeply into the well with any accuracy, and it would be still
more difficult to inject them more deeply to tiy to reduce the
upscattering losses. Even if ions could be injected more
deeply, for the ions to have the same energy the well depth
would have to be increased by a corresponding amount. This
increased well depth would in turn increase the power loss
due to electrons escaping the system, and as will be shown
later, the electron power loss is already 1ntolerably large
without the deeper injection.

It should also be observed that although ions with very
low Z will be rapidly upscattered out of the potential well,
those ions which are lost will leave most of their energy
behind as they climb out of the well. Therefore, the power
loss due to escaping ions will be much less than it otherwise
would be. (But note that the escaping ions will carry with
them any perpendicular energy they have acquired if angular
momentum buildup is indeed a problem.) However, even if
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the actual power loss caused by escaping ions is rather small,
it will be excessively inconvenient (and costly in terms of
pumping requirements and fresh ion injection) if the ions
escape too rapidly, and this limitation may prevent IEC de-
vices from being practical fusion reactors.

A more complete calculation of emergy upscattering
should also include cooling of the fast ions due to electron
drag. As a rough estimate of the importance of electron drag
relative to ion—ion upscattering, one may consider the ratio
of the ion-electron collision time to the ion—ion collision
time, as defined in Ref. 36. Considering only a single ion
species for simplicity, it may be seen that

Te T,\*?
Tii~21\/;7,.zi( Ti) i (18)

For the fuels and temperatures characteristic of the proposed
IEC systems (T,~T;, as will be shown shortly), the ion-
electron collision time is typically at least an order of mag-
nitude larger than the ion-ion collision time. Therefore, it
appears doubtful that electron drag effects will substantially
reduce the ion upscattering losses.

Another possible mechanism for reducing the upscatter-
ing losses is cooling of the ions by charge exchange with
neutrals. Unfortunately, while charge exchange may prevent
ions from escaping the system, the neutrals themselves
would be free to escape, potentially carrying a sizeable
amount of energy out of the confinement system. Consider-
able technical problems may also result from the pumping
requirements necessary to collect the large quantities of es-
caping neutrals or ions and replace them with fresh ions. Of
course, the presence of appreciable charge exchange effects
would ultimately serve to degrade the monoenergetic radial
ion velocity distributions even more quickly than has already
been calculated. Because of all of these reasons, the intro-
duction of neutrals into the problem is not a useful solution.

E. Bremsstrahlung radiation losses

Now the bremsstrahlung losses will be derived in such a
way that the results will be applicable not only to IEC sys-
tems but also to a wide variety of other reactor designs (ba-
sically any plasma system in which the regions of appre-
ciable density are approximately isotropic, quasineutral, and
optically thin te bremsstrahlung).

Maxon*! gives the nonrelativistic and extreme relativis-
tic limits for electron—ion and electron—electron bremsstrah-
lung and interpolates between these two limits to obtain ap-
proximate radiation rates in the intermediate regime. His
results may be used as a guideline for the necessary correc-
tions for moderately relativistic (7,~100 keV) electrons
(consult McNally*? for a commentary on the empirical ex-
pression for bremsstrahlung in this regime). Adding together
the expressions for ion-—electron and electron—electron
bremsstrahlung and defining

S, 2 x+Z3
n, _x+22

Zeﬁv—=—~ (19)

produces the result that the total bremsstrahlung power per
volume is
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P T
—e 1,69 10_32n§\fTe{Ze,r[l+O.7936 —
Vv m,c
1.874 T, 3 —2-T*’ —;w 20
1 m,c? +t/§mec cm”’ (20)

where both T, and the electron rest energy m, ¢ are in eV.

Once again vsing the usual expression for energy trans-
fer between plasma species,”> >3 the beating of electrons by
ions may be described by

Pie Zi2ni In Aei
—=7.61-10"%, ———
4 ezi #'iTe/
w|14™e L —MT Ty~ 21
m; Te ( i e) 55’ ( )

in which the ion masses have been expressed in multiples of
the proton mass, m;= pm, , temperature is in eV, and den-
sity is in particles/cm®.

As presented in Ref. 32, there is a correction factor to
this classical Spitzer expression for ion—electron heating; the
correction is caused by ion-induced partial depletion of the
electrons with velocities smaller than the ion thermal veloc-

ity, with the net result that
312
m, T;
( 1+— —’)
m; Te
Spitzer

Pie . Pie
2 v
2 N\ 273
-(3.52 Zin, m*’L) } (22)

actual

Xex —
P n, m; T,

Also from Ref, 32, this form of the correction factor yields
very good results for

Zins T, <50 (23)
pine T, '

2
i
For larger temperature ratios, Eq. (22) begins to underesti-
mate the actual ion—electron heat transfer. Therefore, it will
serve well as an optimistic bound on the electron heating and
radiation loss problem.

The Coulomb logarithm also has a temperature depen-
dence which should be taken into account. According to Ref.
35, the appropriate form of the log in the event of ion-
electron collisions (for Tym,/m;<10Z? eV<T,) is

T,

In Aei~24—-ln( (24)

in which #, is in cm™ as usual and T, is in eV.

Furthermore, Dawson® notes that for relativistic elec-
trons the ion—electron heating must be modified by a factor
of (1+0.3T,/m ,c?). After incorporating all of these correc-
tions, the heat transfer rate becomes

Todd H. Rider
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for temperatures and the electron rest energy in eV.

The equilibrium electron temperature is found by equat-
ing the power transferred to the electrons by ion-electron
heating with the power lost by the electrons due to brems-
strahlung, synchrotron radiation, jon—electron cooling in the
edge of the device, loss of electrons from the system, and
other effects. The maximum possible bremsstrahlung rate
may be obtained by neglecting all loss mechanisms except
bremsstrahlung, thus producing the highest possible equilib-
rium electron temperature (barring additional heat sources to
the electrons other than simply Coulomb friction with the
ions). In this approximation P;;=Pyer, - (In Sec. IIl both syn-
chrotron radiation and edge ion—electron heat transfer will
be shown to be negligibly small compared with the brems-
strahlung and heating effects considered here, so- this ap-
proximation should come close to the actual answer.) Since

I

the ion—electron heating and the bremsstrahlung cooling:
both have the same dependence on the densities (with the
exception of the Coulomb logarithm, which slowly varies
from about 15 to approximately 20 over. the range of the
system), integrating over the system volume has essentially
no effect. As a result, the equilibrium electron temperature
(in eV) can be determined from the general equation:

g

2

Mille

_(35‘2 Z?”%E)“

0.37T,
44 940(1+——T)2

T

24— ln(

e

Xexp (T,—T,)

n, myT,

2 T, T, 2
=T2] Zoel 140.7936 —5 +1.874 —%5
m,C M,eC
3 T
1/7 m c? (26)

After finding the equilibrium electron temperature, its value
(still in eV) may be used to calculate the fraction of the gross
fusion power output which is radiated away by bremsstrah-.
lung:

=1.06-10"13

Equations (26) and (27) for the electron temperature and the
ratio of the bremsstrahlung loss power to the fusion power
will be evaluated for specific fuels in Sec. IV. However, as a
brief look ahead, one would expect that since the ion distri-
butions are essentially Maxwellian and the ion—electron heat
transfer rate is not greatly modified from its classical Spitzer
value, one will obtain the results already familiar for other
fusion reactor types. In particular, while deuteron-based fuels
can theoretically produce net power despite bremsstrahlung
losses, more advanced fuels, such as p—”B, should be unable
to do s0.%2

As stated earlier, these values for the electron tempera-
ture and bremsstrahlung have been calculated assuming that
bremsstrahlung is the dominant mechanism for cooling of
the electrons. This assumption is justified because most of
the other possible cooling effects (such as electron cusp
losses) would ‘cause an even greater net power loss while
cooling the electrons and reducing the bremsstrahlung power
loss. Although cooling of hot electrons by cold ions in the
edge would be a beneficial effect which would not cause
further power losses, the very low densities in the edge re-
gion stipulate that the total electron cooling there will be
much less than the total electron heating in the center of the
device, as will be explicitly shown in the next section.
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(x+Z3)2 NTAZed 1+0.7936(T, /m,c?) +1.874(T, Im,c*)*]+ (3IVEI)(T, Imyc?)}
p )

( au >E fus (27)

—

lll. DESIGN-DEPENDENT PHYSICS ISSUES

Included in this section are effects that depend on the
specific density, density profiles, and confinement system
(e.g., magnetic cusp, grids, etc.) which are employed. The
first section will outline the specific assumptions made about
the spatial density and energy profiles of the devices, and
subsequent sections will use these profiles to calculate the
magnitude of the various effects.

A. Spatial profiles

1. Devices with convergence-limited core densities

In the simplest IEC concepts, the core density is deter-
mined solely by the convergence of the spherical flow in the
potential well. In the following calculations, it will be as-
sumed that the device employs a single potential well. The
theoretical analysis may be simplified by dividing the inte-
rior of the machine into three regions: the core (0<r<r,),
the mantle (r . <r<r,), and the edge (r,<r<R). Typically
R=~100r, and r,~50—80r.. The following approximate
forms for the particie densities and energies are assumed.

Both the electron and ion densities are constant in the
core, then because of conservation of particles in the nearly
flat part of the potential well, they drop off like 1/72 in the
mantle, and they finally reach a constant value in the edge:

Todd H. Rider 1859

Downloaded 29 Sep 2004 to 129.55.200.20. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



(nc)e,,» 0<r<re,

(nc)e.,-(rclr)2 re<r<r,, (28)
{
v

Y fr /r V2 ro<r<R
T~ AL,

W\ ele i\FelTe) fe 1

This is a useful approximation of the more accurate density
profile given in Figure 3 in Ref. 18.

Electrons in the core and mantle are heated enocugh by
Coulomb friction with the energetic ions that they will tend
to form a Maxwellian distribution with a temperature of T,.
As the electrons travel from the center to the edge of the
well, they acquire additional energy corresponding to the
well depth, so that the electron energy distribution is given

by

%Teo 0<r<l"e,

E.)= 29
(e 3T .0+ eDyen fuen(r) r.<r<R, @9

for which the well shape function f,.(r) is some rapidly
increasing function of r such that £, (r,)=0 and f,(R)
=1.

Similarly, the ion energies have the following spatial
variation:

3
5 TiO 0<I"<i"e

(Epy= 3 (30
'2— TiO_eCDwellZi fwell(r) Fe<<r.

(Figure 3 in Ref. 18 presents a graph of the typical potential
well shape.)

To a first approximation bremsstrahlung, fusion, and
ion—electron heating in the edge may be neglected because
of the low densities and ion energies there. Using the fact
that r,>r., the following useful integral over the core and
mantle regions is found:

e 242 16 53
. " 4ar a.’r%—é— LR 31)

2. Devices with enhanced core densities

Another class of IEC schemes is centered around in-
creasing the core density beyond the convergence-limited
value. References 22 and 23 propose to achieve this increase
using acoustic standing waves; this phenomenon has been
called the inertial-collisional compression (ICC) effect. If the
only role of the standing waves is to increase the core density
or change the density profile, there will be no significant
impact on the problems which have already been analyzed.
The primary usefulness of the ICC effect lies in its being
able to affect the total fusion power and hence perhaps the
relative severity of electron cusp losses.

If the root-mean-squared (RMS) core density of an ICC
device is enhanced beyond that of a non-ICC device by a
factor of &, then the density profile may be approximated as

(nc)e,i 0<r<rc,
nei= (nf)e-i(rc/r)2/§ rc<r<rev (32)
(nc)e,i(rclre)z/f r,<r<R.
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For simplicity the energy profiles will be considered to re-
main approximately like those in purely convergence-limited
machines.

If the core density is significantly enhanced (&>1) via
the ICC effect or other mechanisms, then essentially only the
core will contribute to processes like fusion and bremsstrah-
lung; the rate of these processes in the mantle will be negli-
gible by comparison. The net result of this fact is that

r’e 4

24 2 2 3 £\
J nedarre ar~§ N, (33)
Qo

B. Relative importance of edge and central plasma
regions

One of the key assumptions on which this entire analysis
is based is that only the dense central region of the plasma
contributes significantly to processes such as bremsstrahiung
and ion—electron heat transfer; the edge region is assumed to
make a negligible contribution to these processes. This as-
sumption can now be justified.

Two-body effects such as bremsstrahlung and ion-
electron heat transfer can be expressed as total powers and
are proportional to the density squared times the volume of
the region concerned. For a given process, the ratio of the -
powers of that process in the edge and central (combined
core and mantle} regions is

I¥n24ar? dr
—~ e
Jen*dmr? dr’

P edge

(34)
P core+mantle
For a device with convergence-limited core density, Egs.

(28) and (31) may be used to express the ratio of integrals
from Eq. (34) as

f’,inz471'r2 dr 1(,6 R\?
S —){(—) —1}. (35)

f0“n2477r2dr 4 \r.f{\r.

For typical values of r,=50r, and R=2r,, the ratio of edge
effects to central region effects is

IR n?47r? dr
e

——=0.035. 36
fa"n24 wr? dr (36)

The general value for this ratio is also supported by the more
accurate density profiles of Figure 3 in Ref. 18.

For devices which have better core convergence or
which employ the ICC effect, the ratio will be even smaller.

Of course, in computing the ratio of edge effects to cen-
tral region effects for particular quantities like bremsstrah-
lung power or power transferred between ions and electrons,
the exact answer will involve other numerical factors to ac-
count for parameters such as particle temperatures in the
edge versus in the core, Coulomb logarithms in the two dif-
ferent regions, etc. Precise evaluation of these factors re-
quires detailed spatial profiles of the electron temperature
and ion temperature in the edge region, but in general the net
result of the factors will be to change the result above by at
most a factor of 2 or 3. In conclusion, one finds that
Pedge/Pcore+mamle~10—2'“ 107!, for any power P such as the
bremsstrahlung power, ion—electron power transfer, etc. It is

Todd H. Rider
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clearly evident that for the purposes of the calculations pre-
sented in this paper, the edge region can be neglected in
comparison with the central region of the plasma for both
non-ICC and ICC designs.

This finding, together with the observation that the ion
velocity distributions will be essentially thermal in the radial
direction, strongly suggests that the analysis of angular mo-
mentum buildap presented in Ref. 19 should be closely re-
examined.

Even if it were possible to make the value of fn?dx
for the edge comparable to that of the central region, it
would not be desirable to do so. bremsstrahlung, synchrotron
radiation, and electron particle losses from the edge region
(where the electron energy is very high) would become far
worse than they otherwise would be.

Using the integral in Eg. (31) for a machine with
convergence-limited core densities, the total fusion power is
found to be

X
Pfus=2.68-10_18<0'U>Efusmnzerz W, (37)

where x=n;/n;,, Z;1=1, Z;;=2Z,, and Eq is in eV. The
fusion power is maximized for x=2, . Recall that if only one
ion species is present, one should make the substitution (2) in
the fusion power.

For a device employing the ICC effect, Eq. (37) has an
additional factor of 1/4 on the right-hand side.

D. Electron cusp losses

An especially serious power loss mechanism is the loss
of energetic electrons through the cusps of the confining
magnetic field. At conditions of interest for a fusion reactor,
an optimistic assumption about the effective radius rg of
each point cusp “hole” through which electrons escape is
that it is of the order of the electron gyroradius p,, so that
rg=kyp,, where it has been estimated that 1<ky<5.444°
The electron gyroradius, in turn, is given by the formula®

\2E,
B
in which E, is the electron energy in eV and B is the mag-
netic field in Gauss. Note that a factor of v2 has been intro-
duced into the usual formula because at the outer surface of

the plasma the electrons are in directed motion.

Now an expression for the characteristic electron loss
time may be derived. One begins by noting that the fraction
of electrons lost during each pass through the system will
just be the total area of the cusp holes divided by the surface
area of the machine. If this loss fraction is made small
enough to be practical, then G, , the average number of tran-
sits an electron makes through the system before being lost,
is well approximated as just the inverse of the loss fraction.
Specifically, for a magnetic field configuration which has N
such point cusps (and with E, still in eV):

Pe.=2.38

cm, - (38)
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G ——fMRz—o 353 KB (39)
* Nawrg NKLE,

The loss time may be expressed as 7, joss cusp = G Tir» Where
T, is the time required for a single transit through the system.
This transit time is in twn 7,=2R/v,,, where v, is the
average electron velocity, or

[Teo

va=A\ -2, (40)

me

with A some number of order unity to account for the faster
electron speed near the edge of the well.

Putting the above equations together and using
E ~e®,,, one obtains the electron loss time,
R’B*
Te loss cusp™ 1.68 1078 - s, (41)
P NE2A D T _
: SYARHOEE well V£ e0

where the temperature and energy are in eV and everything
else is in cgs units.

One may now derive the power loss due to electrons
leaking through the magnetic cusps by using 7, josscusps @S
given in Eq. (41). If the total electron population in the ma-
chine is N, and the energy per lost electron is approximately
e® .y (in ergs), then the power loss due to escaping elec-
trons is

) N,ed 1
P oss cusp”™ __e___i‘ . ' (42)

Te loss cusp
Using the density profile of Eq. (28) the total electron popu-
lation is found to be
R
re

For typical length ratios within the machine, r./r, <1, so it
may be neglected compared with the other two- terms within
the brackets.

Putting these equatlons together and expressing e®
and T,; in eV, one obtains

;11 Te ”; 2 R\3
P, losscusPN3-98' 10 A E _E 24 ;_
. . e

e® ) * VT on
Nk%l ( we]l)B2 : eQce W,

4 r
Ne=§ Wncerﬁre{ ( 1—-=<

Te

371 .
] ) (43)

(44)

Now one makes the assumption that the edge of the plasma
has 8=1,'"% or B2 = 87n4g (P yen, fOr e® .y in ergs.
With the well depth energy and temperature in eV and using
Reqge e = Mee(rc/ i.)?, the ratio of cusp loss power to fusion
power can be simplified somewhat:

Nkﬁeq)well VT eo- w.
(45)

3
re
Pe IOSSCUSPNO.988A[ 1 +2(E)

The ratio of the electron loss power to the fusion power of an
IEC device with convergence-limited core densities is'
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Petowawn 3 6910174 1+2( ﬂ
Pfus R
(X+Zz)2 NkHeprellV
1 1} (46)
x (ov)Enen’,r

where temperatures and energies are still expressed in eV.
This electron power loss fraction is minimized for
x=Z 9
Several factors in the expression for cusp losses are de-
termined by the shape and depth of the electrostatic well.
Tlaing tumicn gnlicag AF A1 & w 1D K and T
Uidlliiy Lyyl\'dl yaijuoy UL F'g D BN Y L el DNTEULD, aliga £ e0

~e® /3, Eq. (46) reduces to

Pe losscusp~4. 1017 (-x+22)2 Nklz-[(eq)well)yz 47)
Prys x (Uv}Efusnce g .

It must be emphasized that this expression for cusp losses is
inherently optimistic in a number of ways. The Appendix
presents a different derivation of cusp losses which produces
a result approximately four times larger than the one here;
while Eq. (46) for the cusp power losses is dependent on the
exact potential well profile, density profile, and relative tem-
peratures of the different particle species, the result of Eq.
(A4) in the Appendix is not.

The cusp holes were assumed to have a radius of only
twice the electron gyroradius p, , when, in fact, they may be
several times larger (according to work by Grad** and
Grossman®® the hole radius could be as large as five times the
electron gyroradius) or even scale like the geometric mean of
the electron and ion gyroradii, Vp,p;, when ion effects are
included.*’

It was also optimistically assumed that very high core
densities could be achieved and that Ohmic power losses in
the field coils could be neglected. Furthermore, all electron
losses other than through the N point cusps (e.g. via any line
cusps that may exist, across magnetic field lines, etc.) were
optimistically ignored.

One might be tempted to use electrostatic fields at the
cusps in order to reduce the number of escaping electrons or
the amount of energy which they carry away. Unfortunately,
such techniques would also increase the ion losses or the
energy carried away by each escaping ion, and so they are of
litile interest.

A better method to reduce the electron power losses is to
direct—convert the energy of escaping electrons into electric-
ity. In particular, the addition of a transverse magnetic field
outside each cusp would result in vXB forces which could
separate outgoing escaping electrons from incoming fresh
electrons. Then the outgoing electrons could be efficiently
directed around the electron guns, so that they would hit
direct—converter grids and hopefully return most of their en-
ergy to the system. One problem with this approach, though,
is that the escaping electrons will have a large thermal
spread, and this variation of energies will limit the efficiency
of the direct converters.

Even with all of these very optimistic assumptions, the
electron losses prove to be sizeable for D-T and intolerable
for all other fuels, as will be shown in Sec. IV. Under actual
operating conditions, the cusp losses will almost certainly be

1862 Phys. Plasmas, Vol. 2, No. 6, June 19385

significantly higher than calculated here, and even D-T
would not be able to attain a positive power balance.

E. Electron grid losses

Now consider the power losses that are caused by con-
fining the particles with an electrostatic grid instead of a
magnetic cusp system, The ion losses on the grid can be
minimized by making the grid bias large and positive, so that
ions hitting the grid will possess essentially zero energy; one
must then calculate omy the electron gﬁu losses, ASSijmiI‘lg
that the grid has radius r 44 and transparency 7, to electrons
passing through it, and choosing the electron energy, veloc-

ity, and density to be evaluated at the grid, one then obtains
.4 2 — PPN
- 7fe)477rgrid fgride Vegrid Eogriar (48)

Noting that v, giq = V2E, eria/ M. and expressing the power
in watts, energy in eV, and everything else in cgs units, one
finds that

P, loss grid — (1

Pe '°Ssgﬂ'd=1'19'10~10(1_779)"§rid Mo arid ngngid W.

49)

It is instructive to compare this expression for the grid losses
with the earlier expression for total fusion power:

P, toss grid 7 (x+22)2
P =4.45-10 . (1-7,.)
7 grid 2 ne grid ngérid
X . (50)
re Mee <Gv>Efusncerc
Taklng rgrid=R’ ne grid T fle edge = nce(re /re)z’ Ee grid
= e® ., and x=Z,, this expression becomes
P R 2 (e(D 312
e loss grid =1.78. 10822(1~7]e)( ) well)
Pfus <O-U>Efusncerc

where the energies are still in eV.

This ratio indicates that at typical reactor parameters the
grid losses are several orders of magnitude greater than the
fusion power. As an illustration of the optimum performance
that can be expected, choosing Z,=1, 7,=0.99, R/r,=2,
e® =60 ooo eV, {ov)=10"" ems, E;=2-107 eV,

n.,=10"% cm™2, and r.=2 cm, one discovers that

P e loss grid

~3000. 52
Pfus ( )

Not only are the electron losses tremendously greater than
the fusion power, but one also has the inherent problem of
cooling the grids.

Although one might contemplate passing a current
through the grid wires to create a magnetic field around them
and reduce the number of particles striking the grid, this idea
does not appear to be advisable. Magnetic fields strong
enough to deflect particles from the grid wires would also
interfere with the desired purely radial motion of the par-
ticles, thereby significantly reducing the degree of core con-
vergence in the IEC system.

Todd H. Rider
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F. lon grid losses

One could attempt to reduce the power losses by putting
a large negative bias on the grids; then it will be the ions and
not the electrons which would constitute most of the power
loss upon impact with the grids. By analogy with the electron
calculation, it is straightforward to derive the ion losses
caused by an electrostatic grid in the system. If the grid ion
transparency is #; then

2
Pitoss gria= (1= )4 T giq M grid Vigra Eigia-  (53)
Noting that v; gq= V2E| gra/m; and expressing the power in

watts, energy in eV, and everything else in cgs units, one
finds that

P lossgrid=2-79' 10—12(1_ 7;)
Xrlia nigia Ersd Npi W. (54)

Hn =2 and all nthar naramatoerce ac hafarae tha inn lhccae
0 (=24 and an Oler parameters as oCiore, ac ion 108ses

will be about 60 times smaller than the corresponding elec-
tron losses calculated above; the reason is simply that the
ions are moving much more slowly than electrons of the
same energy. Unfortunately, the grid losses are still much
greater than the fusion power:

P { loss grid
P fus

Because of the overwhelming power losses and cooling
problems associated with grids, it would appear to be im-
mensely preferable to use a different confinement technique
for all but small-scale experiments.

~40. » (55)

G. Electron thermalization

Equation (41), the electron loss time for a cusp device
with convergence-limited core density, may be compared
with the electron—electron collision time,36

3v3\m, 732 7312

_— — . S
Tee 2.4-10 mmln AL

8me*n, g In A,

where n, . is the square root of the mean square density
experienced by an electron circulating through the plasma
and T, on the extreme right-hand side of the equation has
been converted into eV. If the density profile may be ap-
proximated by Eq. (28) with R~100r,, n will be about an
order of magnitude smaller than the core density.

It can be determined whether the electrons will be sig-
nificantly thermalized by considering the ratio of the two
times,

(56)

3 I%ONklz-IA(eq)well)
In Aeene efngB2 '

For typical values of the parameters involved (see, for ex-
ample, Tables I and II), the ratio is found to be in the range

. .
——=1.4.10!

Te loss cusp

(57

-
£ —~1075-1073. (58)
Te loss cusp
Thus it is readily apparent that electrons in the center of the
IEC device will form an essentially Maxwellian distribution.
As a result, one could not keep the very slow electrons that

Phys. Plasmas, Vol. 2, No. 6, June 1995

mediate ion—electron energy transfer’? highly depleted in or-
der to reduce the bremsstrahlung losses. (Also, one should
not be tempted to increase the electron losses in order to
facilitate the maintenance of nonthermal velocity distribu-
tions, since the electron losses are already intolerably large.)

H. Synchrotron radiation losses

In calculating the eiectron temperature and bremssirah-
lung losses in Sec. II, the effects of synchrotron radiation
were assumed to be negligibly small. This assumption will
now be justified.

The power density of emitted synchrotron radiation is
given in Ref. 36 as

Pyn 4e*B’n, [ T, 1+5 T, 59
vV 3mic? myc? 2 \m,?)| (59)

Evaluating the constants, defining V., to be the plasma vol-
ume which is under the influence of the magnetic field and
emitting synchrotron radiation, letting f represent the frac-
tion of the radiation which is actually lost (not reflected back
into the plasma and reabsorbed there), and putting the mean
electron energy (E,)=(3/2)T, and the electron rest energy

_in eV, the synchrotron power becomes

Pyo=4.14-10"%B% E<Ee>{1+ (,(n e>”styn w.
(60)

In a diamagnetic IEC plasma, synchrotron radiation will only
come from the outer layer of the plasma. Electron diamag-
netism prevents the external magnetic field from penetrating
more than a few electron gyroradii into the plasma.lo The
energy acquired from the ions via collisions in the center of
the device will be substantially smaller than the well depth
energy, so the electrons in the edge will have (E,)=~e® ;.
Using the fact that in this outer layer B?
=~ 8T Neqge € Pyen (With e Py in ergs) and defining the lay-
er’s thickness to be kyp, , the synchrotron power is found to
be

Poyn~1.67-1078f(e® )*

eq)well)

1+ = 3 (m—ecg— 4’7TR kae ’ (61)

edge e

in which the well depth and electron rest energy are in eV.

The condition that B> ~ 87n.4e. .6 Dy allows the ex-
pression for the electron gyroradius from Eq. (38) to be re-
written in terms of the density:

V2(eDyen)ev .

B

p.~2.38 m=5.30-10° cm.

(62)

With the aid of the relation (Megge o/Rce) = (ro/r.)?, the
ratio of the total synchrotron power to the total bremsstrah-
lung power may be estimated from the expression

V P ka re R 2 eq)well (e(I)wel_l)?,/2
~0.39 —{— ,
Pbrem Zegr \Te| \Te Teo FeNAege

(63)

nedge e
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TABLE I, IEC reactors utilizing deuteron-based fuels.

Parameter D-T D-*He D-D
D 60 kV 210 kV 300 kv
Ty 20 keV 70 keV 100 keV
T 18 keV 55 keV 75 keV
Tes 5.10" em™? 5.10" cm™3 1:10%¥ em™3?
B 22T 41T 70T
Fuel mixture 1:1 1:1
re 1.5 cm 2.5cm 2.5 cm
(I8 A) pverage 15 16 16
(V) us 431 1.04 0.495
(10716 ¢m¥s)

Equs 17.6 MeV 18.3 MeV 3.7 MeV

Nesps 8 8 8

ky 2 2 2

Peos 43 GW (1) 2.2 GW () 3.8 GW (1)

P reutrons’ Prus 0.80 0.01 0.36

Prrem/Prus 0.008 0.24 0.47

P, 1oss cusp! Pius 0.11 1.32 1.29

[from Eq. (46)]

P, tosscusp! Prus 047 5,76 5.81

[from Eq. (Ad)]

Ton fusion rate/loss rate D: 61072 D: 4.1073 6:107%

(7 toss Thus) T: 51073 *He: 2.1072

Tl Trus D: 1-1073 D: 2.1073 7.107%
T 1-1073 He: 1-107*

Tee! To toss cusp 1-107% 2.107% 9.107¢

in which the temperatures and energies are in eV. (For this
estimate the relativistic corrections to the synchrotron and
bremsstrahlung losses were neglected, since they were of the
same order of magnitude.)

Even at the rather extreme parameters of e®,,,=10°% eV,
re=2 cm, n.,=510" em™? e®,T.0~T, Zgx=1,
R/r,=2, and r./r,=1/50, the ratio is only

P
—~0.06 k.

(64)
P Brem

Since f=<1 and ky should at most be 4 or 5, it is clear that
bremsstrahlung, not synchrotron radiation, will be the domi-
nant radiation loss mechanism. (Note that there is the luxury
of further reducing the synchrotron losses by reflecting and
reabsorbing most of the radiation in the plasma, thus making
f much smaller than 1.)

This analysis of the synchrotron radiation losses has as-
sumed that the plasma diamagnetically excludes the mag-
netic field except in a very thin sheath at the plasma surface.
Even if such diamagnetic effects do not occur, the synchro-
tron losses will be limited by the fact that the vacuum mag-
netic field of the cusp system varies as (#/R)", where n =319
Thus a strong magnetic field will still exist only near the
plasma surface, although it might penetrate far enough
so that the synchrotron losses become comparable to the
bremsstrahlung losses. (In that event, however, the thicker
magnetic layer at the edge of the plasma would result in
larger effective cusp hole radii, so the electron cusp losses
would become so severe that they would be a much more
pressing concern than synchrotron losses.)

1864 Phys. Piasmas, Vol. 2, No. 6, June 1995

IV. RESULTS

Tables I and II present parameters and results for TEC
reactors using various fuels. The reactors are assumed to use
a magnetic cusp confinement system but not to utilize the
ICC effect to enhance the core densities beyond those of
normal convergence-limited flow. In each case parameters
such as the fuel mixture and reactor size have been chosen so
that the reactor performance is approximately optimized
while keeping the reactor’s specifications (for instance the
total power output) within reasonable limits,

For each fuel the ion temperature in the tables has gen-
erally been chosen to approximately minimize Ppen/Pius
rather than the relative power loss due to electrons leaking
out of the magnetic cusps. The reason for this choice is that
the bremsstrahlung loss is a fairly universal problem which
one must simply live with, whereas it is hoped that the (ex-
tremely large) electron cusp losses can be controlled by
somehow improving the confinement system. Values of both
the bremsstrahlung and the cusp losses at other ion tempera-
tures are graphed in Figs. 1-6 for each fuel type.

The ions are assumed to have an initially monoenergetic
distribution at an energy E;n=Z; e P /2, where Z;, is the
charge of the lowest Z ion species present. (Of course, to
produce such an initial distribution one would have to sur-
mount the difficulties of very accurately injecting ions that
deeply into the well, but for the present calculations those
technical problems are neglected.) Since {E; }=~(E;), as
shown in Sec. II B, any higher Z; ion species which are
present will have to be injected even more deeply into the
well. The ions will begin to evolve toward a Maxwellian
distribution with T;y=(2/3)E;, on a time scale of 7;. As is
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TABLE II. IEC reactors utilizing advanced aneutronic fuels.

Parameter p-"B p-SLi *He—He
Do 900 kV 1.5 MV 1.5 MV
Tio 300 keV 500 keV 1.0 MeV
T., 138 keV 204 keV 278 keV
Nee 5-10"7 cm™3 1-10*® cm™3 5-10 ¢cm 3
B 85T 155T 110T
Fuel mixture 5:1 p:'B 3:1 p:Li
re 3 cm 3cm 3 cm
{In A)gverage 16 16 17

ov) 2.39 1.1 1.25
(10716 cm¥/s)
Es 8.7 MeV 4.0 MeV 12.9 MeV
N eusps 8 8 8
ky 2 2 2
P 1.9 GW (1) 2.7 GW () 3.7 GW (1)
Prren!Prus 1.74 5.36 1.42
P, toss cusp/ Prus 10.5 15.1 129
[from Eq. (46)] :
P, 1oss cusp/ Prus 61.1 92.5 67.5
[from Eg. (A4)]
Ton fusion rate/loss rate p:3-1072 p:5-1072 4.1072
(T 105/ Teus) 1g: 330 fLi: 3

Tisl Trus p:5-1073 p: 81073 4.1073

B: 7.107* ®Li: 2.1073
Teo! Te toss cusp 7-107% 4.1073 3.1074

indicated for each fuel species in the tables, the thermaliza-
tion of a test ion typically occurs two to three orders of
magnitude more rapidly than the fusion of that test ion. Thus
the ion distributions in the center of the device will be es-
sentially Maxwellian, except that the high-energy tail will be
truncated at the well depth. '
Neglecting this truncation, the appropriate reactivity to
use in calculating the fusion time 7, for comparison with
the thermalization time is the beam-Maxwellian quantity,
since the test ions just entering the system have only begun
to thermalize. However, under these conditions where the
beam energy is 3/2 of the Maxwellian temperature, the reac-
tivity can be well approximated to within a few percent by

0.6
fus

0.5

0.4v

0.3
Pclossclsg

0.2} Prus

0.1
;fus

00 20 80 100

0 60
T; [keV]

FIG. 1. Ratios of electron cusp losses and bremsstrahlung losses to fusion
power for D~T. (System parameters given in Table L)
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the Maxwellian-averaged reactivity; hence the Maxwellian-
averaged (o) .values are used for simplicity. Cross-section
data is drawn from Refs. 48—50. ,

The tables also give the fraction of ions that fuse before
they can be lost over the top of the potential well, which is
the ratio_of the fusion rate to the loss rate, or 7; 106/ Tus-
Since the lower Z; ion species in each system has a mean
energy of half the well depth, its members will escape much
more rapidly than they will fuse. Ions with higher values of
Z; will be confined better, but this result assumes that the
ions can be injected correspondingly more deeply into the
well so that they will have the same mean energy as the
lower Z; ion species. Confinement of all types of ions could

2.5
P!a“
fus
24
Pe loss cusp
1.5 L Jus

0.5+

0% 50 100 ) 200

T; [keV]

FIG. 2. Ratios of electron cusp losses and bremsstrahlung losses to fusion
power for D—"He. (System parameters given in Table L)
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FIG. 3. Ratios of electron cusp losses and bremsstrahlung losses to fusion
power for D-D. (System parameters given in Table L)

be improved by even deeper injection into the well, but deep
injection poses tremendous practical problems.

Because both of the ion species are nearly Maxwellian
with equal temperatures, the averaged fusion cross sections
will be considerably smaller than they would be if the ions
could be maintained so that one species was at very low
energy and the other was monoenergetic at the resonance
peak energy. In fact, since the high-energy ion tail escapes
from the system, the average reactivities of fuels in an IEC
device will be somewhat less than those in a fusion reactor
which can confine the hot ion tail of the Maxwellian. For
simplicity, Maxwellian-averaged reactivities have been used
in calculating the fusion power, but it must be remembered
that the true reactivity will be smaller and so the power loss
fractions will be somewhat larger than shown.

Figures 1-6 plot the ratios of bremsstrahlung and elec-
tron cusp losses to the fusion power for a wide range of fuel
types and ion temperatures. While the bremsstrahlung power
loss is quite small for DT, tolerable for D—>He, and perhaps
tolerable for a pure D system, it is prohibitively large for all

14

Prose
fus
12 P toss cusp
fus
101
8 .
6l
4
S
2t Jus
0o 100 200 300 400 500
T, [keV]

FIG. 4. Ratios of electron cusp losses and bremsstrahlung losses to fusion
power for p—''B. (System parameters given in Table II.)
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FIG. 5. Ratios of electron cusp losses and bremsstrahlung losses to fusion
power for p-SLi. (System parameters given in Table IL)

other fuels, since the high ion energies in the center of the
device lead to high electron temperatures there as well. Be-
cause of the truncated Maxwellian ion distributions, the
bremsstrahlung/fusion ratios will be roughly equal to or per-
haps even worse than those of other reactors burning the
same fuels. (No Maxwellian-averaged reactivity data could
be found for pure *He plasmas with ion temperatures above 1
MeV, but the losses are clearly leveling off at prohibitively
large values. Also, at T;=1 MeV one is already putting 3
MeV of energy into each ion pair in order to get 12.9 MeV
out of each fusion event, so it would not be terribly advan-
tageous energetically to have to increase the energy input to
the tons much more by raising the temperature further, espe-
cially considering the number of large energy loss mecha-
nisms which are present.) It has been assumed that all fusion
products will escape over the top of the potential well, so the
fusion power calculated here does not account for any exira
energy which could be derived from burning the fusion prod-
ucts. Even if fusion products were burned, however, only the
performance of D-D would be improved to a useful degree

20
P
fus
Pe toss cus
15 Pfus
101
5,»
0 360 360 500 800 1600

T; [keV)

FIG. 6. Ratios of electron cusp losses and bremsstrahlung losses to fusion
power for *He->He. (System parameters given in Table IL)
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FIG. 7. Ton—electron heat transfer and bremsstrahlung for D~>He with vari-
ous electron temperatures. (T;=100 keV.)

(p-°Li would still be unable to break even against brems-
strahlung, despite the burnup of its product *He with °Li or
exogeneous D), whereas several of the fuel mixtures would
experience undesirable increases in neutron production.
Figures 7-11 graphically show the operating points for
various fuels, based on the intersection of the ion—electron
energy transfer curve and the bremsstrahlung radiation curve.
One should note that the expression used here for the ion—
electron heat transfer incorporates all of the necessary cor-
rection factors due to relativistic effects, ion-induced partial
depletion of slow electrons, the dependence of the Coulomb
log on the electron temperature, and the possibility that the
mean ion speed may become comparable to the mean elec-
tron speed. As shown in these figures, even if one could find
a method for cutting the ion—electron heat transfer rate in
half, the operating point of the reactor would not change
enough to lower the radiation losses sufficiently for any of
the more advanced fuels to become viable. Furthermore, if
one attempted to cool the electrons actively, one would have
to extract considerably more power from them than one
would obtain in the form of fusion power (as revealed by the

1
P
P—- 1 P Piﬂ
fus 27 fus fus
0.8 ]
szem
fus
0.6
0.4
0.2
0’0 50 100 150 200
T [keV)

FIG. 8. Ion—electron heat transfer and bremsstrahlung for D— D with various
electron temperatures. (T;=200 keV.)
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FIG. 9. Ion—electron heat transfer and bremsstrahlung for p-''B with vari-
ous electron temperatures. (System parameters given in Table I1.)

behavior of the P,,/Pg, curves for low electron tempera-
tures). Even if there were a mechanism for recirculating this
vast amount of power from the electrons back to the ions, it
almost certainly would not be able to do so with sufﬁc1ent1y
small losses.

These bremsstrahlung loss calculations are especially
important because they apply not just to IEC devices but also
to virtually any other fusion system in which the regions of
appreciable density are approximately isotropic, quasineu-
tral, and optically thin to bremsstrahlung, and in which the
ions are maintained at'4 fixed mean energy (3T;,/2). While
it is true that the bremsstrahlung losses could be reduced by
cooling the electrons via other loss  mechanisms (e.g. syn-
chrotron radiation or the loss of high-energy electrons), such
techniques would not be tiseful from the point of view of net
power losses for the reactor system. Also, if the electrons are
heated by sources other than simple Coulomb friction with
the fuel ions (for example, external RF heating or friction
with the fusion products), the electron temperature and
bremsstrahlung losses will be even higher than shown here.

oo

e

0% — 160 200 300 400 500

T. [keV]

FIG. 10. Jon—electron heat transfer and bremsstrahlung for p~SLi with vari-
ous electron temperatures. (T;=700 keV.)
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FIG. 11. Ton—electron heat transfer and bremsstrahlung for *He—"He with
various electron temperatures. (System parameters given in Table IL)

It must be emphasized that the electron cusp losses
shown in Figs. 1-6 are based on the most optimistic calcu-
lations that can be reasonably justified. Equation (46) was
used instead of the more pessimistic Eq. (A4), which predicts
losses approximately four times larger (see the tables and the
Appendix for a comparison of the results of the two equa-
tions). The cusp holes were assumed to have a radius of only
twice the electron gyroradius p,, when, in fact, they may be
several times larger (according to work by Grad* and
Grossman*® the hole radius could be as large as five times the
electron gyroradius) or even scale like @ when ion ef-
fects are included.*’ It was also optimistically assumed that
very high core densities could be achieved and that Ohmic
power losses in the field coils could be neglected. Further-
more, it was assumed that the magnetic field configuration
was a perfect octahedron with losses only at the N=8 point
cusps, when in reality there may also be line cusps, substan-
tial electron transport across magnetic field lines, or other
sources of electron losses, and to avoid perturbing the de-
sired spherical symmetry of the system seen by the ions it
would in fact probably be necessary to go to a system with
N=20 cusps or more.”">? [In obtaining the results shown,
assumptions made about the potential well shape and density
profiles were that A=1.5, R=2r,, and r,=50r_. The deri-
vation of electron losses culminating in Eq. (A4) did not
need to make assumptions about such parameters, but its
results proved even more pessimistic, as already noted.]

Even by making all of these optimistic assumptions and
adding direct converters to extract energy from escaping
electrons with 50%-60% efficiency, the electron losses are
found to be intolerably large for fuels other than D-T. More-
over, since the fusion power, as given in the tables, is already
several gigawatts, it is not practical to reduce the relative
severity of the cusp losses by increasing the fusion power.

The strength of the cusp magnetic field, as given in the
tables, is calculated assuming that =1 at the outer plasma
surface,'®* or B?=8mn g, e Pyey With e®y in ergs,
where negpe ;= nc (1. / re)%. (It would be possible to reduce
the electron cusp losses if the outer layer of the diamagnetic
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plasma could be maintained in equilibrium with B8<1, so that
higher magnetic field strengths could be used. However, the
behavior of the outer sheath of the diamagnetic plasma is
poorly understood, and the plasma might simply adjust itself
to keep B=1, as assumed in Ref. 10. In any event, the mag-
netic field strengths indicated in the tables are already quite
large, so it would be rather difficult to increase them much
more.) N

Under actual conditions, the electron cusp losses will
almost certainly be far more severe than the extremely opti-
mistic values calculated here, thus preventing even D-T
from achieving a positive power balance.

V. CONCLUSIONS

The suitability of various implementations of IEC sys-
tems for use as D-T, D-D, D-*He, p~“B, p—ﬁLi, and
*He~*He reactors has been examined. It has been shown that
while an IEC reactor would have the advantages of high
power densities and relatively simple engineering design
when compared with other fusion schemes, it suffers from
several flaws. These problems include ion thermalization and
upscattering losses, bremsstrahlung radiation, and electron
cusp losses. Other issues, such as the potential usefuiness of
the ICC effect, have also been examined.

A, lon thermalization and upscattering losses

The problem of ion thermalization and upscattering has
been examined in detail. Since the local thermalization rate
due to Coulomb collisions and the local fusion rate both have
the same dependence on density, integrating over the spatial
variations of density in an [EC device leaves the ratio of the
thermalization time to the fusion time unaffected. One finds
the ratio to be the same as in other fusion reactor designs,
namely that an ion thermalizes about two to three orders of
magnitude faster than it fuses. Therefore, it appears that the
ion velocity distribution in the broad flat bottom of the po-
tential well will look essentially like a Maxwellian truncated
at the well depth, rather than the desired monoenergetic dis-
tribution. Furthermore, energy is transferred between the two
ion species on a time scale roughly comparable to the ther-
malization time of each individual species, so that it would
not appear possible to maintain the two ion species at sig-
nificantly different energies or temperatures in order to take
better advantage of the resonance peaks in the reaction cross
sections.

If the initial ion energy is not much smaller than the
potential well depth, say half of the well depth (it would be
quite difficult to inject fresh ions even that far into the well
and with great accuracy), then ions will not have to be scat-
tered terribly far out into the tail to be lost. They can cover
this comparatively small distance in velocity space in just a
few ion—ion collision times. Thus not only will the ions ther-
malize far more rapidly than they will fuse, but they will also
escape the well much more rapidly than they fuse (except for
jons like "B which see a much deeper well). It would be
possible to reduce the ion losses by employing deeper injec-
tion and correspondingly stronger confining potentials, but
deep injection into the well would be a very difficult prob-
lem, and larger well depths would lead to even greater power
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losses due to escaping electrons. The rapid loss of ions over
the top of the potential well would at the very least make
IEC systems extremely impractical as reactors (due to the
need to continually collect and reinject the vast number of
ions), and may even prohibit these systems from producing
net power, if the ions have acquired a substantial amount of
perpendicular energy before escaping.

It has recently been suggestet‘l37 that the problems with
rapid collisional relaxation of the ion and/or electron distri-
butions might be overcome if collisions within the dense
central region of the plasma behaved in a highly anisotropic
one-dimensional fashion rather than in a three-dimensional
isotropic fashion, so that the collisional relaxation effects
would happen on a much longer time scale. This behavior
would require that the space-charge repulsion from a “hard
core” of extremely low-energy particles trapped at the very
center of the device would reflect incoming particles of the
same species before they entered the‘isotropic region of the
core.

Unfortunately, this method appears to be extremely un-
likely to succeed. For it to work as desired, virtually all of
the particles must bounce straight back from the hard core so
that they only encounter other particles in head-on collisions.
Even if a repulsive core is established, a more realistic out-
come would be that a considerable number of particles con-
verging toward the center would be somewhat deflected to
the side by the core and then “sideswiped” by other incom-
ing particles, leading to collisional behavior that is approxi-
mately isotropic. Another difficulty is that there will be a
high turnover rate (due to the fast collisional rates) of the
very low energy particles which constitute the hard core, as
they exchange places with some of the higher-energy par-
ticles in the system. Thus most of the particles in the device
will get to circulate info the isotropic core and undergo col-
lisions there. (In other words, the core would not have a
well-defined and impenetrably hard boundary.) Finally, even
if the dense central region of an IEC system can be made to
behave in a strongly anisotropic fashion, this behavior would
be highly detrimental when instabilities are considered.!
Nonetheless, in the future it would be interesting to use par-
ticle simulations to see if an anisotropic hard core can be
maintained to any significant degree, and if this would have
an appreciable effect on the collisional processes.

B. Bremsstrahlung

The radiated bremsstrahlung power will, of course, de-
pend on the rate of the energy transfer between jons and
electrons which occurs primarily near the dense core. Just as
the ion—ion collision time is much shorter than the fusion
time, it can also be easily shown that the electron—electron
collision time is many orders of magnitude shorter than the
electron loss time in the magnetic cusp confinement system.
Therefore, both the ions and electrons will have roughly
Maxwellian distributions i the device center; the tempera-
ture of the electrons relative to that of the ions must then be
determined.

For a given ion temperature, the equilibrium value of the
electron temperature is obtained by equating the standard
Spitzer-type ion—electron heat transter rate (accounting for
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modifications due to ion-induced depletion of slow electrons,
relativistic electron effects, and the temperature dependence
of the Coulomb log) with the bremsstrahlung cooling rate of
the electrons; this derivation yields electron temperatures .
which are large enough to make bremsstrahlung losses pro-
hibitively large at the very high ion energies necessary for
p-"B, p-°Li, *He—*He, and perhaps even pure D-D reac-
tions. It was shown that even if some method could be found
to reduce the ion—electron heat transfer by half, the brems-
strahlung losses would not be lowered sufficiently to be of
any use.

These calculations: of bremsstrahlung losses are espe-
cially important because they apply to a wide variety of other
fusion reactor schemes as well.

C. Electron cusp losses

The power loss caused by electrons escaping through the
magnetic cusps was found to be roughly proportional to
®¥2  where @, is the well depth. Even by using the most
optimistic assumptions which could be justified (an octahe-
dral cusp system in which the radius of each cusp hole is
only twice the electron gyroradius), the cusp losses were
intolerably large for all fuels except D—T, which could oper-
ate with a much shallower well depth than the other fuels.
However, quite likely D-T will also prove to have prohibi-
tively large cusp losses when one accounts for practical limi-
tations on how small the cusp holes can actually be made and
how many cusps are required to adequately approximate a
spherically symmetric system in order to avoid destroying
proper ion convergence.

If electrostatic grids are used instead of magnetic cusps,
the electron losses should be orders of magnitude worse
(thus preventing break-even with any fuel), large numbers of
ions would also be lost by collisions with the grids, and the
severe problem of grid heating would also arise. While grids
are convenient for small-scale experiments, they do not ap-
pear to be desirable in actual IEC reactors.

The only apparent route to possibly improving the elec-
tron confinement would seem to be the use of Penning traps
or higher-order multipole systems which have been pro-
posed,l“‘16 although if is not yet known if the electron losses
from these systems will actually be tolerably small, espe-
cially when large numbers of ions are also present. Even if
such systems are able to lower electron losses to reasonable
levels, it is far from certain that these concepts could be
scaled up to large (from MW to GW range) power-producing
reactors, and even then they would still be subject to the
thermalization pfoblems ion upscattering losses, and brems-
strahlung radiation Iosses which have already been de-
scribed.

D. Acoustic-wave compression of the core

Although the use of acoustic standing waves to increase
the core density and/or alter the density profile has been pro-
posed in both Refs. 22 and 23, it appears that such a phe-
nomenon could do little to improve the fundamental prob-
lems noted above (and it may even have a detrimental im-
pact). For example, the ratios of ion thermalization and up-
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scattering times to the fusion time are independent of both
the core density and the spatial profile of the density in the
reactor, and so they would remain unaffected by the so-called
ICC effect. Likewise the ratio of bremsstrahlung power to
fusion power would also remain the same,

One might think that using the ICC effect to increase the
core density relative to the edge density would improve the
ratio of cusp losses to fusion power, since the cusp losses
occur at the edge and fusion occurs in or near the core.
However, the constraint that 8=1 for equilibrium at the outer
plasma boundary effectively nullifies this possibility. If the
core density is held constant and the ICC effect is invoked to
decrease the edge density by a factor of £ (in an attempt to
reduce the losses), the equilibrium magnetic field B in the
edge will decrease by a factor of /£, in accordance with the
B=1 constraint. Since the cusp hole radius is inversely pro-
portional to the magnetic field, the area of the cusp holes will
increase by a factor of £, thereby completely negating any
beneficial effect one might have hoped to gain from the de-
creased edge density. (See the Appendix for more details.)

The only critical parameter is the core density, which
may be created via the ICC effect or simply by unaided ion
flow convergence at the center of the device. Obviously the
primary effect of altering the core density will be to change
the fusion power density and total fusion power, and the
calculations summarized in Tables I and II already use reac-
tor designs with fusion power levels as high as can reason-
ably be tolerated.

Even if it were quite desirable to employ the ICC effect,
it is far from certain that the acoustic waves will work as
expected to compress the core. If the ICC effect does indeed
occur, it is highly questionable whether it can achieve the
necessary many-fold compression without simultaneously
degrading the central ion convergence and defeating the pur-
pose of its use.

E. Other potential problems

There are several other issues which were not examined
in this paper but which would need to be carefully consid-
ered in future IEC work. These areas include the following.

Limitations on core convergence: It is necessary to de-
termine the limitations on maximum core density and more
closely scrutinize the rate of core spreading due to angular
momentum buildup. Collisions in and near the dense core
will tend to increase the angular momentum of ions and de-
grade the central focus on a time scale comparable to the ion
collision time, which was shown to be much faster than the
fusion time. Only by invoking collisional effects in the edge
has it been argued that core convergence can be
maintained,'® and as was shown in this analysis, collisional
effects in the edge are far smaller than those in the center of
the plasma. Thus the arguments presented in Ref. 19 should
be reexamined, especially taking into account the fact that
the ion distributions will be radially Maxwellian, not
monoenergetic.”

Counterstreaming instabilities: One would also have to
determine whether counterstreaming instabilities will satu-
rate at a tolerable level or if they can somehow be avoided;
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such an investigation must take into account the fundamental
nonlinear, nonlocal nature of the problem.?!

Anisotropic instabilities: Instabilities arising from the in-
herent anisotropy of the system (such as the Weibel electro-
magnetic instability***') must also be examined. While these
instabilities should not directly affect the core, which is ap-
proximately isotropic, they may have a great negative impact
on the velocity distributions in the mantle and edge of the
plasma and thereby prevent large core densities or otherwise
disrupt the desired operating characteristics of the system.

Lifetime of the potential well: Another guestion that
should be examined is whether part or all of the potential
well will eventually fill in due to background neutrals or
other possible neutralizing effects. If such effects do occur,
one should determine whether their time scale will seriously
limit the time for which the IEC device can operate before it
must flush out its contents.

Deviations from spherical symmetry in the system: As
has been pointed out,”'*? deviations of the magnetic field
from spherical symmetry may have extremely deleterious ef-
fects on the jon orbits and core convergence. Whereas the
present study has quite optimistically assumed that an octa-
hedral cusp system would be a satisfactory shape, it would
quite likely be necessary to go to a much higher-order poly-
hedral magnetic field shape to permit proper potential well
formation and core convergence. This would increase not
only the complexity of the system but also the power loss
due to escaping electrons.

Technological issues. There are serious technological
problems which must be explored, such as finding suitable
techniques for accurately fueling deep inside the well and
designing direct converters which can cover most of the 447
steradians around spherical IEC devices (or even function at
all, given the serious difficulties with direct converters de-
scribed in Ref. 28).

F. Outiook for the future

While this analysis of IEC devices has employed ex-
tremely optimistic assumptions about the particle conver-
gence and electron confinement in such systems (in accor-
dance with the assumptions about those areas as described in
Ref. 1), it has found numerous fatal flaws in the fundamental
IEC concept. Although the calculations presented in this pa-
per have admittedly been fairly simple analytical treatments
of the problems, the results of the calculations indicate that
ion thermalization, electron thermalization, ion losses, elec-
tron losses, and ion—electron energy transfer (leading to
bremsstrahlung losses) will happen orders of magnitude too
rapidly for IEC devices to yield the performance that has
been claimed by proponents of the concept. One might hope
to gain a factor of 2 in a particular area due to some subtle
effect which would be revealed by experiments or more so-
phisticated calculations, but surely not multiple orders of
magnitude in ail of these areas of difficulty. And although it
might be possible to improve the device performance sub-
stantially by adding several additional systems to reduce the
particle losses, thermalization, etc., [EC devices would then
lose their proclaimed engineering simplicity and become just
another extremely technologically complex fusion approach.
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It is hoped that discussion of these problems with IEC
will lead to the discovery of more radical and fundamental
methods for circumventing them without losing the attractive
engineering simplicity of IEC devices. Certainly it would be
very welcome to have a fusion approach which could be
thoroughly proven in fairly small-scale, simple experiments
and yet could scale up to an economically attractive reactor
capable of using D—"He and perhaps even more advanced
fuels.
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APPENDIX: ALTERNATE DERIVATION OF CUSP
LOSSES

One may derive the cusp electron losses in a different
fashion than was done in Sec. III D; the advantage of this
alternate derivation is that it does not depend on parameters
associated with the exact shape of the potential well and
particle density profiles.

Assuming a spherically symmetric spatial distribution of
electrons with essentially radial velocities, the number of
electrons that escape each second will be %nedge oU, times the
total area of the cusp holes. The factor of 1/2 is included
because only half of the electrons are traveling outward. If
each escaping electron carries away an amount of energy
Eoss and there are N cusps (thus N wry is the total hole area),
then the power loss due to escaping electrons will be

1
Pe loss cuspzz N'n-r?l:lnedgc eV eEIoss . (Al)
Noting that E,=E,~e®,, the well depth energy, and
that v,= y2E,/m,, and then expressing the power in watts,
energy in eV, and everything else in cgs units, one obtains

Nk%ln edge, e( ed well) Sz
57 W.

(A2)

P, losscuspz1~69' 10_10
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If there is no ICC enhancement of the core density, then the
fraction of power which is lost because of escaping electrons
is :

Pe losscusp%6 30- 107Nk2 (X+Z2)2
Pfus ) H X
X 1 ”edge e(ecl)well)S/2 (A3)
{ov)Ep, angerz

If the ICC effect is used to enhance the core density signifi-
cantly, the vast majority of the fusion power will only come
from the core, so the above expression should be multiplied
by four. -

Now one makes the assumption that the edge of the
plasma has 8= 1,104 or B2 ~ 8 T edge e€Pwern» TOr eD oy in
ergs. Putting the energy in eV and substituting into Eq. (A3),
the ratio of cusp loss power to fusion power becomes

Pe loss cusp (x+Z2)2
2T ~1.56- 108Nk ——
Pfus H X
1 (e®@yer) 2
X : Ad)
<Uv>Efus,eV ﬂze"i (

It should be noted that this answer is about 4 times larger
than the result of the electron loss derivation that was pre-
sented in Sec. III D. If this more pessimistic formula is used,
the cusp losses for D-T become high enough to consume
almost half of the fusion power, even if one still makes the
optimistic assumptions that electrons are only lost at 8 point
cusps (a perfect octahedral point cusp confinement system)
and that the radius of the cusp holes is only twice the elec-
tron gyroradius. Losses for other fuels, of course, would be-
come even more prohibitive than the values that have already
been shown.

One might think that using the ICC effect to increase the
core density relative to the edge density would improve the
ratio of cusp losses to fusion power, since the cusp losses
occur at the edge and fusion occurs in or near the core. Yet,
as indicated in Eq. (A4), the constraint that 8=1 at the outer
plasma boundary removed the dependence of the power loss
fraction on the edge density, and thus on the density profile.
It appears that using acoustic waves to alter the density pro-
file of the device will create no significant improvement in
reactor performance, provided that the waves only act to alter
the density profile. The only critical parameter is the core
density, which may be created via the ICC effect or simply
by unaided ion flow convergence at the center of the device.
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