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Analytical Fokker—Planck calculations are used to accurately determine the minimum power that
must be recycled in order to maintain a plasma out of thermodynamic equilibrium despite collisions.
For virtually all possible types of fusion reactors in which the major particle species are significantly
non-Maxwellian or are at radically different mean energies, this minimum recirculating power is

substantially larger than the fusion power. Barring the discovery of methods for recycling the power
at exceedingly high efficiencies, grossly nonequilibrium reactors will not be able to produce net
power. © 1997 American Institute of Physid$§1070-664X97)01404-3

I. INTRODUCTION systems, fusion products, or other sources. This as-
sumption sets a lower limit on the electron tempera-
ture and bremsstrahlung losses, in agreement with the
stated goal of finding an optimistic bound on the per-
formance of the fusion systems.

n(_iii) Likewise, it is optimistically assumed that the entire
fusion reaction output power can be utilized. Conver-
sion efficiency limitations are ignored, and power
losses are directly compared with the gross fusion
power Pys.

In comparing collisional scattering effects, fusion, and

One of the most important challenges in modern physics
is to identify the best approach to clean and efficient fusion
power generation. Advanced aneutronic fuels such as
3He—He, p-'B, andp-°Li would produce considerably less
neutron radiation and radioactive by-products than more co
ventional fusion fuels like deuterium—tritiuntD—T) and
deuterium—deuteriun{D-D), and furthermore they might
permit high-efficiency direct electric conversion of the fusion
energy instead of low-efficiency thermal conversion. Unfor-
tunately, plasma systems which are essentially in thermod)ﬂv) - , )
namic equilibrium cannot break even against radiation losses ~ Premsstrahlung radiation with each other, the density,
with these aneutronic fuelsfor this reason, it has been sug- spatial density profiles, and plasma volume do not
gested that plasma fusion systems which are substantially out ~ Matter, since all of these phenomena are two-body

of thermodynamic equilibrium should be considefetis a effects and thus are proportional fa*X[n()F (ne-

further incentive for the study of nonequilibrium fusion plas- glecting the weak density dependence of the Coulomb

mas, the somewhat more conventional fuel’Be could be logarithm InA), in which n(x) is the particle density

made cleaner and more attractive if it were possible to sup- as a function of position.

press undesirable D—D side reactions more than can be dof®) ~ The regions of the plasma which have values of

in an equilibrium D=He plasma. Jd3[n(x)])? large enough to be of interest are ap-
This paper will resolve the question of whether highly proximately isotropic. Otherwise they would be sub-

nonequilibrium plasma systems would be useful for fusion ject to counterstreaminyWeibel! and other insta-

purposes, especially with regard to advanced-fuel fusion. bilities.

Rather than limit the analysis to a particular type of nonequi{vi)  Although instabilities can prove to be a serious con-

librium fusion reactor design, it would be wise to make this cern even in essentially isotropic nonthermal plasmas,

study as generally applicable as possible. Accordingly, a they will be optimistically ignored here.

minimum of assumptions will be made with regard to the(vii) Spatial variations of particle energies may be ne-

plasma geometry, reactor confinement system, type of fuel, glected in regions of significarfid®x[n(x)]

and other key parameters. Those assumptions which afgiii) The plasma is quasineutral and optically thin to

made are as follows: bremsstrahlung.

In the ion energy ranges of interest, the functional
dependence of the fusion reactivityv)qs on the
mean ion energyE;) is approximately independent
of the ion velocity distributions’ shapes if the distri-
butions are isotropic and the ion species have the
same mean energy, as shown explicitly in Ref. 5.
The functional dependence of the bremsstrahlung ra-
diation power on the mean electron enerds,) is
approximately independent of the electron velocity
distribution shape in the energy range of interest.

(i) Losses other than bremsstrahlung radiation and thgx)
power required to keep the plasma out of thermody-
namic equilibrium are ignored, so this analysis sets an
optimistic bound on the performance of nonequilib-
rium fusion reactors.

(i)  Energy transfer from the fuel ions to the electrons is
the only energy source available to the electrons; the(x)
electrons cannot acquire energy from external heating

dPresent mailing address: 501 West A St., North Little Rock, Arkansas ) _ )
72116. As demonstrated in Ref. 5, systems which violate the
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above assumptions would not offer advantages substantial The parallel velocity-space diffusion coefficient for a

enough to be of particular value, even if such systems coulgarticle with velocityv in the presence of isotropic, mo-

be constructed. noenergetic field particles of the same species with spged
All quantities are in cgs units, with energies and tem-is’

peratures both measured in ergs, unless otherwise stated. For

ready comparison with equilibrium plasmas, the “tempera- D .~ ﬁ

ture” T of a non-Maxwellian distribution with a mean par- ! 3\/6

ticle energy(E) is defined asT=2(E)/3. o o
In Ref. 1, it was shown that plasma systems which ardvhere the usual qleflnmon of the cc>2II|S|on timg, (Ref. 8

intended to operate far from thermodynamic equilibrium andas been used WitfE) = (3/2)T~mug/2:

ﬂ) u @

H
Utest  Tcol

yet which have no specific provisions for maintaining such a \/E(E>3/2
state will very rapidly relax to equilibrium. Methods of pas- Teol= " . ®)
sively maintaining nonequilibrium distributions have also 2y3m(Ze)"n In A

been shown to be inadequét&herefore the present discus- The time for a typical test particle to be collisionally

sion will focus on systems which maintain nonequilibrium upscattered from the velocity, to the maximum allowed

plasmas by active but otherwise arbitrary means. Such aCtiV\?elocityv =04+ v, may be estimated as

maintenance of nonequilibrium plasmas will entail certain fast =70 Tt

minimum power requirements and limitations. Ut2 3.6
In Sec. Il we will examine the limitations that affect Trast™> =~ —7—

plasma systems which attempt to maintain substantially non- Vm

Maxwellian velocity distributions for the electrons or the \yhere only the largest term has been retained.

fuel ions. In Sec. Ill we will then present the fundamental gy |ikewise keeping only the largest term AfE,,, and

limitations that pertain to plasma systems in which two Orysing(E)~mu3/2, one finds the energy upscattering to be
more of the major particle species are at radically different

mean energies. Using the results of Secs. Il and lll, in Sec.
IV we will discuss the implications for controlled fusion.

2

Ut
Tcol» 4

Vo

1 2 2 Ut
A Efastzz M(Vfas— V)~ 2 U_O <E> )

The final necessary assumption is that approximately
half of the particles will be upscattered in energy and half
Il. NON-MAXWELLIAN VELOCITY DISTRIBUTIONS will be downscattered, saq,~n/2. By putting all of this

One way in which a plasma can deviate from thermody_|nformat|on together, the recirculating power required to

namic equilibrium is to have non-Maxwellian particle veloc- hold the proper distribution shape despite like-particle colli-

ity distributions. While no fusion system has perfectly Max- sions is found to be

wellian distrﬁbutions, the systems whiph will be considered Jr vo N(E) vo N(E)

here are of interest because they deviate from the Maxwell-  Precirc™ —\/_ P ~0.24U— — (6)
ian equilibrium in a much more marked fashion than is usual. 3V6 Ut Teol t feol

A. Preliminary estimates The general form of this result will be confirmed by the

] ) o o more rigorous derivation.
Before performing a rigorous derivation of the minimum The second case for which the minimum recirculating

power requirements needed to maintain non-Maxwellian vepower will be estimated concerns velocity distributions
locity distributions, itis useful to make preI|m|nar_y.est|mate.swhich are nearly Maxwellian except that essentially all of the
of these power requirements as a means of gaining physicglyy siow particles in the distribution are depleted. This situ-
insight into the problem. Estimates will be made for tWo 40 would be especially desirable for the electron distribu-
different types of velocity distribution functions. For sim- 4 in advanced-fuel fusion plasmas, so that far fewer than
plicity only one particle species will be considered. the purely Maxwellian number of electrons would have
First consider an isotropic beam-like velocity distribu- speeds slower than the ions. Because ion—electron energy
tion i_n which the particles are centered around amean Speqpansfer is mediated by those slow electrﬁraslarge reduc-
vo With some “thermal” spread);<v, on each side of the  {jon in the electron temperature and radiation losses would

mean speed. Due to collisions, a certain nurmaetually &  reqyit, and the power balance for the advanced fuels would
certain density of the particlesn;,g; will gain an amount of |, considerably improved.

energy AE,q On a timescale Ofrg. If the width of the Consider an electron distribution which looks superfi-
distribution is to be kept from spreading beyond the allowedsjgy jike a normal Maxwellian with a characteristic thermal
vy, then one must extract a power densRy from the e iacityy, = 2T, /m, but has no particles at speeds below
par_tlcles which have become too_fast and give it to partlcle§ome velocity o, which is chosen such that it is comparable
which have become too slow. This quantRy.; is defined 4 (actually somewhat greater thaihe ion thermal velocity

as and obeys the relationy<v,; . Electron distributions which
E differ substantially from this while still keeping the slow
_ :nfaslA fast electrons depleted will deviate further from the Maxwellian
recirc . (1) . . . .
Trast equilibrium state and hence be harder to maintain.
1040 Phys. Plasmas, Vol. 4, No. 4, April 1997 Todd H. Rider

Downloaded-27-Apr-2004-t0-129.55.200.20.=Redistribution-subject-to-~AlP-license-or-copyright,~see-http://pop.aip.org/pop/copyright.jsp



The recirculating power which must be continually ex- If the distribution were allowed to relax for a timg®, the
tracted from the tail of the electron distribution and given tonumber of slow electrons would approach this equilibrium
the slow electrons to boost their energies and maintain thealue but would still be less than it, $g,,, will actually be

“hole” in the center of the velocity distribution is somewhat less than the value on the right-hand side of Eq.
Moo AE (9).
precim:w, 7) Slow electrons must be boosted up high enough in the
te velocity distribution that they will not immediately return to

whereng,, is the density of slow electrons that must con-the depleted region. The exact amount of energy which they
tinually be acted uponAEg,, is the energy that must be mus_t be given is not readily apparent in this simple model,
given to each of them, ant§® is the collision time for slow but it should be comparable to the mean electron energy,

electrons of speed interacting with Maxwellian “field”  Esiow™(E)- o _ _
electrons of temperatufgy,,’ Putting all of this information together, one arrives at the

conclusion that
ee m2v 3 3wy 1 (vo)z
= ~ col

E " 16me"n,InA 40 4 ® e 0 E)
Irc

Heretg® has been rewritten in terms af,, by using Eq.(3) ) . ) ) )

with (E)~(3/2)Tg = (3/4)me?. The _nu_merlqal coefficient by Whlch this expression should be
Within a time periodte®, the density of electrons which multiplied will be found from the rigorous derivation.

must be boosted in energy to prevent them from occupying

the depleted region below=uv, will be comparable to the

normal Maxwellian population of that region of velocity

Utf

(10

Utf Tcol

B. Rigorous derivation

space, Consider a fairly general isotropic particle velocity dis-
4 4 3 tribution f(v) (for v=0) which peaks at some speegd and
n N(L) (_ - 3) =— n (ﬂ) (9)  Possesses characteristic widthg andv; on the slow and
slow’ 323\ 3 Vo e . . . .
TVt 3V \vi fast sides of the peak, respectively:

¢ nK{ext — (v—vo)vi]+exd — (v +vg)?/vi]} for v<uvy,
W=\ nkfexd — (v—vg)v2]+exd — (v +vg)2vi]}  for v=v,.

= 11
|
The normalization constarK is determined by the usual % 4 of
relation [f(v)4mv2dv=n. + f du f(u)u|+2[f(v)]*+ 30 70
This distribution function, which is graphed in Figial, ’
has many virtues. It can be set to a Maxwellian by the choice o v u\?
v,=0, and even for other values of, it goes to the Max- X fo du f(uju— jo du f(U)U( 1- ;)
wellian limit for largev. By varying the relative values of
Vo, Uts, andvys, a wide variety of distribution shapes may be u
studied. For example, far,=vs=vs, EQ. (11) reduces to x| 1+ 20 ] (12)

the beam-like distribution discussed in Sec. Il A, as illus-

trated in Fig. 1b). Alternatively, forv,s<vo<vys, EQ. (11) in which J(v) is the collisional velocity-space particle fl§x:

models the nearly Maxwellian electron distribution in which

the slow electrons are depleted, as was also discussed in Sec. _167%(Ze)*In A [ ot 171 fudu ()
1)3

Il A and is shown in Fig. (c). Yet despite this high degree of (V)= m? v 3 0

flexibility, the particular form of the distribution function in
Eqg.(11) allows one to obtain exact expressions for quantities *
. - + | duf(uu
such as the mean particle energy and the collision operator. v
For an isotropic but otherwise general distribution func- A
tion undergoing self-collisions, the collision operator may bewherev denotes the “radial” direction in velocity space.

1 (v 5| ~
+f 2 foduf(u)u )v, (13

written a$?® Note that the inclusion of the second term on each line
of of Eq. (11) ensures thatdf/dv],-,=0 andJ(v=0)=0, as
(_ =-V,J is required for a self-consistent spherically symmetric distri-
N/ o bution.
By using these expressions farf( dt) ., andJ, one may
2 4 2 co
_8m(Ze)"InA[257 |1 jvdu fuyu® determine the minimum recirculating power densRy.
m? 3 av?|v? Jo needed to hold the non-Maxwellian distribution function of
Phys. Plasmas, Vol. 4, No. 4, April 1997 Todd H. Rider 1041
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(a) f(v) ] f(v) / £(v,1=0)

f(v,t>0) if the effects
of collisions are not
counteracted
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Precir

FIG. 2. A schematic diagram showing how to calculate the minimum recir-

0 Vo v culating power required to maintain a given non-Maxwellian isotropic ve-

locity distribution shape. This particular example shows the recirculating

. power needed to sustain a distribution qualitatively similar to that in Fig.

(c) f(v) 1(b), but this general method may be extended to any isotropic but otherwise
arbitrary velocity distribution, as described in Eg4).

sity required to hold that distribution constant despite like-
particle collisions is

o 1 of
F>recircE (d 4 2)(_ m 2)(_) G[J( )]: (14)
L > fo v4mv > v at . v

FIG. 1. Graphs of the isotropic velocity distribution of Efj1). The roles of where© _'S the unit step function. The_ phy_smal me_:anlng of
the variablesv,, vy, and vy are illustrated in(a@). For v,=v.=vy as  EQ. (14) is that the excess energy gained in collisions must
shown in (b), Eq. 11 des_cribes an isotropic _beam-like distribution._For be removed from particles upscattered in velocity-space re-
vs<vo<vy as illustrated in(c), Eq. (11) describes a nearly Maxwellian gions wherel(v)>0. This energy can then be given to col-
distribution in which the very slow particles have been depleted. L . . .

lisionally down-scattered particles in regions whé(e) <O.

For the distribution like that in Fig. 2, Eq14) reduces
to

Eqg. (11) constant despite self-collisions. Figure 2 shows a % 1 of
simple case in which the collisional velocity-space flux is Precirc:f (dv47702)(§ mvz>(g>
positive above and negative below some dividing velocity vd col
vg. In other words, the dividing velocity is defined as the vy

finite nonzero solution of the equatidifv y) =0. If Ngo, iS = —f
the number of particles which become too slow in a given
time period, the particles must be boosted up to the lowesh which v, may be found from the equation
Ngow NUMber of vacant states in the desired distribution
shape. Likewise, th&, particles which have become too vg
fast must be decelerated to fill in the remaining vacant states f
on the other side of the dividing velocity. If energy losses

from the distribution are neglected, the input power neede®y Gauss’'s divergence theorem and the relation
to accelerate the slow particles may theoretically be entirelyfof/dt).o=—V,-J, Eq. (16) may be seen to be simply a
obtained by extracting from the fast particles the exactrestatement of the earlier condition og, J(v4) =0.

amount of power needed to slow them down. This power is  Equation (14) may be integrated numerically and ex-

(dv4wvz)(3mv2)(ﬁ> (15
2 ot col,

0

(dvdmv?)

of
—) =0. (16)
col

0 ot

the minimum theoretical recirculating power. pressed in terms of the density mean particle energE),
For a general, isotropic distributidmot restricted to the and collision timer,,,.
distributions shown in Figs. 1 and,2he appropriate math- For the important special case of E(l1) in which

ematical definition for the minimum recirculating power den-v;<v,<vys, it is found that
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TABLE I. Selected values of the functidRq(vo/vys). TABLE Il. Selected values of the functioR,(vo/vy).

volvys Ro(volvir) volvy R1(volvy)
1/60 0.0637 0.01 5.8%x10°7
1/30 0.0644 0.1 5.63x10*
1/10 0.0687 0.5 0.0365
1/6 0.0749 1 0.0854
1/3 0.0957 3 0.148
1 0.183 10 0.221
30 0.253
100 0.265
Uo n<E>
Precir= Ro(vo/vyr) v_tf Teol | 17 jected into other velocity-space regions of the particle distri-

) ) ] butions by employing cyclotron resonance heating, particle
where R, is a slowly varying function whose values are peam injection, electromagnetic acceleration, or other meth-
given in Table 1. ods.

Similarly, the recirculating power for the distribution of  pye to the difficulties of precisely manipulating particles
Eq. (11) in the beam-like case withy=vs=vy is in narrowly defined regions of velocity space, realistic sys-
n(E) tems for recirculating the power will probably have to re-
(18)  cycle considerably more than the minimum theoretical recir-

culating power. Furthermore, realistic systems will involve
in which R, is a slowly varying function described in Table unlike particle collisions and instabilities that tend to in-
1. crease the minimum required recirculating power, and all

The recirculating power may be compared with the fu-specific foreseeable systems will also lose a significant
sion power. It will be assumed that there are two fuel iongmount of the power in the process of recirculating it. Of
species present, one of which is an isotope of hydrogen; course, real fusion reactors will have many other power loss
denotes the ratio of the density of the hydrogen isotope to thghechanisms as well. Aside from the actual losses on the
density of the second ion species, afg represents the recirculating power, simply having to recycle an amount of
charge state of the second ion species. The fusion powgjower comparable to or greater than the fusion power would

Uo
Precir= Ri(vo/vy)
Ut

1
Tcol

density may then be written ‘as make the reactor technologically cumbersome and relatively
X W unattractive as a commercial power source. Because of all of
Prus=1.602< 1019 x+Z,)2 n%( av)msEfuserC?T@, these reasons, a nonequilibrium reactor design which is to be

i2

(19 considered promising should probably have a minimum re-

circulating power that is at least one order of magnitude
wheren, is the electron densityov ), is the average fusion smaller than the gross fusion power.

reactivity in cni/s, andEq ey is the energy in eV released

per reaction. If there is only one fuel ion speciadich may ¢ Results

or may not be a hydrogen isotopéhe factorx/(x+ Z;,)? in o )

Eq. (19) should be replaced by 1z3.! In Judgmg the pe_rformance_of fusion systems, brems-
For the case in which particle speciea’™is kept non- strahlung radiation will be considered. The bremsstrahlung

Maxwellian withv,=vs=v, the recirculating power com- POWer loss density, including relativistic corrections, is given

inl
pared with the fusion power is in
Precie 6 go) ([T Poren= 1.69< 10~ n?\T, 220 079361
=5.34x 10~ 2= =1. n _— .
Pfus 5.34x10 Rl(vo/vt)(vt> ma brem eV'ie Ne meCZ
2
(X+Z;5)2 Z2n2 In A Te 3 T | W
X , (20 +1.87 +—=—= —=, (21
X né <0'U>fusEfus,eV\/<Ea,eV> meCZ V2 meCZ e’
To apply Eq.(20) whenv,s<vy<v, one should make the in which the electron temperatufe, and rest energyn,c?
substitutionw;—v; andR;— Ry in that equation. are in eV.
Although these calculations of the minimum recirculat- The D-T, D-*He, and D-D fuels can theoretically pro-

ing power apply to any possible means of recycling theduce net power when they are burned in a plasma which is
power and are not restricted to a particular method, it may bessentially in thermodynamic equilibrium. Such systems will
helpful to give specific examples of systems for recycling thenot be considered here, since their optimum performance is
power. In principle, power may be selectively extracted fromdiscussed in detail in Refs. 1 and 5. Unfortunately, although
particular velocity-space regions of the particle distributionsthe minimum bremsstrahlung power loss from such systems
via high-voltage charged particle direct electric convertersis in principle tolerably small in comparison with the fusion
electromagnetic radiation from the particles, or other meangower, for D-He and D-D it is not as small as one might
This power may theriin principle) be processed and rein- wish. Furthermore, fofHe—He, p-'!B, and p-°Li plasmas
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TABLE Ill. Comparison of recirculating power and bremsstrahlung radia- TABLE IV. Comparison of recirculating power and bremsstrahlung radia-
tion power with gross fusion power for nearly Maxwellian electron distri- tion power with gross fusion power for isotropic, beam-like electron distri-
butions with the slow electrons depletéd@he ions are Maxwelliap. butions.(The ions are Maxwellian. For DY gv )s,s=8.54x10 6 cnr/s and
Eqs=17.6 MeV)

Fuel <Ei> <Ee> <_‘Ig>fus Efus —
mixture  (keV) (keV) (10 *€cmls) (MeV) PpenfPius Precid Prus Fuel (E;) (Eg) PrecidPrus  PrecirdPius
mixture (keV)  (keV)  PpenfPrs (@olvi=1)  (vo/v=10)

D—°He(1:1) 150 39 1.67 18.3 0.093 5.2
D-D 750 170 1.90 37 0.8 2.6 D-T(1:1) 75 63 0.007 7.3 190
*He—*He 1500 160 1.25 12.9 0.50 5.6 D—He (1:1) 150 108 0.19 61 1600
p-B (5:1) 450 35 2.39 87 050 52 D-D 750 315 0.35 35 900
p-SLi(3:1) 1200 22 1.60 40 050 330 SHe—"He 1500 160 0.50 85 2200
p-B (5:1) 450 35 0.50 350 9100
p-SLi (3:) 1200 22 0.50 870 23000

which are essentially in thermodynamic equilibrium, the
bremsstrahlung radiation losses are prohibitively ldrge.

Since ion—electron energy transfer is mediated by th%rder to prevent additional neutron production and radioac-

(r:;)or?gzg\t,:/\lle%;rr:q?r:ler}grr?éber:eogs\lfgjrsorr:]setwhggr;ﬁ:}ewzr?:'ngtivity from reactions of daughter nuclei. Leaving the fusion
y P 9 products in the plasma would substantially alter the perfor-

the electron temperature and hence the radiation losses in grrpance of only two of the fuels. The effecti,, and Py

advanced fuel reactor would be to actively deplete thos«;Or D—D would increase by a factor of 5.85 due to burnup of
slow electrons. An appropriate non-Maxwellian electron dis-bred T and®He, but then large numbe.rs of unpleasant 14

wﬁs:le(z))n an;y .bezdzes_;r_:_l?i:g} bzn%:/quulgh\f{vr'g 1Utss<:<):ioe?i)stftf1e MeV D-T neutrons would be produced. Also, this perfor-
0 Utin = L P mance increase would not be large enough to make most of

lighter of the two fuel ion speci¢s and vi~vye _ . e _ )
= 2T Im.. the D—D systems considered in this paper truly feasible. Al

Table I 7es the mini reulati lowing the*He bred byp-°Li to burn up with exogenous D
able 11l summarizes the minimum recireuiating power, ;1 effectively improve the performance pt°Li by a

requirements needed to maintain such an electron diStribl‘féctor of 5.5, but it would increase the neutron production
tion shape and lower the bremsstrahlung radiation losse '

Purem for several different fusion fuels. For this and Subse_\ﬁ:ggrsftellggi%tléendenng thep-"Li systems considered in this
guent tables, the ion energies and fuel mixtures have bee% Similarly 'Ilables IV and V reveal the difficulty of main-
chosen to approximately minimize the ratio of bremsstrah-taining neérly monoenergetic  velocity distributions
lung losses to fusion power, _and the Coulomb Iogar_ithm ha%vtzvtszvtf and v,=v,) for electrons and ions, respec-
been set at 15, an optimistic valu_e fo_r & magnetic fuSlor{ively. Such beam-like distributions have been proposed for
reactor.(The lower Coulomb log of inertial confinement fu-

ion d t alter th it h to ch thi yse in a number of different nonequilibrium fusion ap-
ston does not after the Tesulls enough to change this IC)aperpsfoaches, such as inertial-electrostatic confinertent,
conclusions about the viability of various fusion ap-

migmaZl? and related ideaS~*°The recirculating power lev-
proaches. 3 . els for beam-like electrons are clearly prohibitive for all of
For D—He and D-D, the electron energies in Table IlI

the cases in Table IV, regardless of the degree of sharpness
have been chosen to reduce the bremsstrahlung losses to h ?the distribution peaks. Of all of the beam-like ion cases

of what they would be in the equilibrium statend for the considered in Table V, only D—T plasmas might be able to

other fuels the electron energies have been chosen to Iimb . . .
; . erate with an acceptable recirculating power leisgle
the bremsstrahlung to half of the fusion power. Fusion reac tp P gp

. . : . Ref. 15 for an examp)e and even then only when the total
tivities are d_rawn f_ror_n Ref. 10. D_T. is not included in the_ ion population does not deviate too greatly from thermody-
table, since its radiation losses can in theory be made qui

I ith perfectly M li lect As sh . tﬁamic equilibrium.[For D-T and D-3He in Table V, Eq.
small even with periectly Maxwellian €lectrons. AS Shown in 20) has been used to estimate the effects of collisions be-
the table, the recirculating power levels are substantiall

“tween unlike ions as well as those between like ions by tak-

larger than the fusion POWEr. If the mean electron energy I19’ng into account the differences in mass and charge between
lowered below the values in the table, the recwculatlng,[he species
o )

power will increase; if the electron energy is raised, th
bremsstrahlung losses will increase. More precise tailoring of

the electron distribution shape can lower the recirculating

power levels somewhatput the improvement is far from TABLE V. Comparison of recirculating power with gross fusion power for
being large enough to be truly useful. Therefore, all of theisotropic, beam-like ion distribution¢The electrons are Maxwellign.
systems in Table Il fail to meet the criterion for a promising

HH™" : Fuel <E|> Precirc/Pfus PI’ECiI'LijUS

nonequilibrium reactor concept as defined above. mixture (keV) (wolv,=2) (volv,=10)
(As discussed in the Introduction, the ultimate goal of
this investigation is to examine the cleanest possible fusion P7T 11 5 03 3
) . . D—He (1:1) 150 2 20

approaches. Therefore, in these calculations it has been as- D-D 750 11 0.6
sumed that the fusion products are somehow remove_d from He—He 1500 43 38
the plasma before they can undergo any further reactions, i
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TABLE VI. Comparison of recirculating power and bremsstrahlung radia- fysion reaction rate or suppress undesirable side reactions.
tion power with gross fusion power for the active refrigeration of eIectrons.Unfortunately the temperatures of two ion species equili-
The ions and electrons are Maxwellian. ’

( . brate on the order ofm;/m, faster than the temperatures of

(E}) (Eo) ions and electrons interacting with each ottesp attempts
Fuel (keV) (keV) Porenf Prus Precird Prus at energy decoupling between two ion species meet with the
D—He (1:1) 150 39 0093 19 same fgte as ion—electron energy decoupling, as shpwn ex-
D-D 750 170 0.18 0.9 plicitly in Refs. 1 and 5. All currently available techniques
*He—He 1500 160 0.50 6.2 for potentially decreasing the energy transfer rate between
p-I'B (5:) 450 35 0.50 33 the ion species and lowering the recirculating power levels
p-5Li (3:1) 1200 22 0.50 320

are insufficient for the present ta3k herefore, fusion sys-
tems which attempt to decouple the relative energies of two
fuel ion species do not appear to be feasible.

It has not actually been necessary to assume that the
plasma is in steady state, either for these cases of interspecies
Ill. DIFFERENT PARTICLE SPECIES AT RADICALLY energy differences or for the earlier situations with non-
DIFFERENT MEAN ENERGIES Maxwellian distributions. For virtually all of the cases con-

sidered, it has been shown that the power flow in the plas-

As has been mentioned, it would be desirable to keep théha’s phase space corresponding to particle species adjusting
mean electron energy much lower than the mean ion energ¥ieir relative energies and velocity distribution shapes is con-
in an advanced fuel reactor, in order to minimize the bl’emSSiderab|y |arger than the fusion power. As a result, even
strahlung and synchrotron losses. If the ion temperature ipulsed systems in which the plasma is actively reordered
held constant and Coulomb friction with the ions is the onlypack to the desired nonequilibrium state at the end of each
energy source available to the electrons, the electron tenpulse would not be useful; the power involved in reordering

perature will equilibrate to a somewhat lower value than thahe plasma for the next pulse would exceed the fusion power
ion temperature, since the electrons lose energy byerived from the pulse.

radiation? A hypothetical system for keeping the electron
temperature lower than this equilibrium value would have to

continually extract a minimum recirculating power from the IV. IMPLICATIONS FOR ADVANCED-FUEL FUSION
electrons and return it to the ions in order to keep the ions
and electrons “decoupled” in energy. In this case the mini-
mum recirculating power i o =Pie— Pprem: Where the
ion—electron energy transfer rag, is given in Ref. 1,

Because of the neutron production and radioactive in-
ventory associated with D—T and D-D fusion, it has been
observed that fusion reactors could be made much more de-
sirable if cleaner, more advanced fusion fuels could be &sed.
0.3T 22nm If thgy could3 be 3succesi?fully em[glqyed, the advanced
1+ e)z e aneutronic fuel§°"He—"He, p-"'B, andp-°Li) would be very

Pie=7.61X10 %8, 5 -7 In A _
meC m;Tg attractive reactor fuels due to the very low neutron produc-

1
2 23 tion and radioactive inventories associated with them. Unfor-
Zin; Me L) }(T-—T ) ﬂ (22) tunately, there appears to be no way to produce net power
Ne m; Te b em?” with any of these fuels. If they are burned in a plasma which

is essentially in thermodynamic equilibrium, the electron
in which m, is the proton mass, the temperatures and electemperature and hence the radiation losses will be too farge.
tron rest energy are in eV, and the Coulomb logarithm isAs revealed in Table VI, actively cooling the electrons while
In A~24—In(\Jng/Ty). maintaining the ion temperature by somehow recirculating
Table VI gives the recirculating power levels required topower from the electrons back to the ions would require one
lower the electron temperature in various fuel mixturesto recycle much more power than the fusion power, regard-
enough that the bremsstrahlung radiation losses will be subess of the specific mechanism for actually returning the
stantially reduced from their usual equilibrium values. Forpower. An alternate method of lowering the electron tem-
each of the fuels listed in the table, the amount of powerperature would be to actively deplete the very slow electrons
which must be recycled is clearly much too large in comparithat mediate ion—electron energy transfer, but this technique
son with the fusion power. Methods of passivaly actively ~ would still require prohibitively large amounts of recirculat-
(see the previous sectiprlepleting the slow electrons to ing power, as shown in Table Ill. As has been discussed, the
reduce the ion—electron energy transfer rate and hence thmwer recycling requirements also rule out boosting the fu-
required recirculating power are insufficient to improve thesion reaction rate over the Maxwellian-averaged value by
outlook for ion—electron energy decoupling. Likewise, all keeping one fuel ion species at a substantially different mean
other presently available technigues are unable to reduce tlemergy than the other.

Xexp{ —(3.52

recirculating power to manageable levelShus fusion sys- D—°He is a fusion fuel which can break even against
tems that attempt to actively cool the electrons can be ruledadiation losses in an equilibrium plasma, but it is plagued by
out. D-D side reactions which produce neutrons and tritium and

A related idea would be to maintain two fuel ion speciesthus keep the fuel from being as clean as would be desired.
at significantly different temperatures in order to boost then an equilibrium plasma, operating much maiide-rich
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than a 1:1 fuel mixture in order to suppress D-D reactions/. CONCLUSIONS

leads to radiation losses which are too large and a fusion . . -
In this paper we have derived fundamental power limi-

power which is too small. Lowering the electron temperature,[ations that applv to virtually anv possible tvpe of fusion
and bremsstrahlung losses by active cooling of the electrons PPy y any p yp

(Table V) or by active depletion of the very slow electrons reactor in which the electrons or fuel ions possess a signifi-
(Table I1l) in order to permit the use of moféde-rich fuel cantly non-Maxwellian velocity distribution or in which two

mixtures would require intolerably large amounts of recircu- 1 4o" part|ele species are at radically 'd|fferent mean ener-
lating power. Likewise, using highly nonequilibrium ion gies. Analytical Fokker—Planck calculations have been used

. . ! . to accurately determine the minimum recirculating power
populations in order to improve the ratio of the #4e and . .
o . . . that must be extracted from undesirable regions of the plas-
D-D reactivities would also involve the recirculation of too

much power in comparison with the fusion power, as ha ma’'s phase space and reinjected into the proper regions of

X %he phase space in order to counteract the effects of colli-

been discussed. . .
. sional scattering events and keep the plasma out of thermo-
Therefore, the large amounts of power which must be ; B . : -
dynamic equilibrium. In virtually all cases, this minimum

recycled in order to sustain nonequilibrium fusion pI"jlsm""srecircuIating power is substantially larger than the fusion

prevent such systems from being useful for burning the rela- ; . . .
. ; . ower, so barring the discovery of methods for recirculating
tively clean advanced aneutronic fuels or for reducing th ; : L

he power at exceedingly high efficiencies, reactors employ-

radioactivity of D-"He fusion. ing substantially nonequilibrium plasmas will not be able to
Furthermore, the results of this paper indicate that fusion 9 y q P

approaches such as inertial-electrostatic confinefitent, produce net power.
migmal? and other ided$'* which attempt to employ

highly nonequilibrium plasmas will probably not even be ACKNOWLEDGMENTS
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