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A DESIGN STUDY OF A 14,000-AMFEBE INJECTION SYSTEM 

FOB A FUSION REACTOR* 

Gordon VV. Hamilton and John E. Osher 
Lawrence Livermore Laboratory, 
University of California 
Livermore, Calif, 
United States of America 

ABSTRACT. A design study is presented which Indicates that the 

injection and trapping of steady-state beams of the order of 14,000 A into 

a fusion reactor should be feasible under present technology using negative 

Ions (0", T" and/or He") injected along a magnetic guide field. Each 

component of the proposed 14,000-A system Is based upon technology proven 

at various laboratories by design studies and by operating apparatus. The 

only required assumptions are the Increase of areas of existing sources 

and beams and the scientific feasibility of the reactor itself. The major 

components are the following: 

<1) A wide-area source of negative Ions. 

{2} An acceleration system operating under modest requirements of 

beam density and optics. 

<3> A magnetic guide field in which the beam density is increased by 

a factor of 100 or more. 

(4) The reactor plasma in which the negative ions are subjected to final 

acceleration, neutral atom production and trapping, with a trapped 

fraction up to 84%. 

Work performed under the auspices of the U.S. Atomic Energy Commission. 



~2-

The techniques can be applied to either a mirror fuBlon reactor or 

tb a toroidal reactor with the guide field built into a diverter. It appears 

that the remaining questions on reactor injection are associated with 

economics and power balance, but not with feasibility. 

1. INTRODUCTION 

The injected beam requirement for a 1000-MW mirror fusion reactor 

with direct energy recovery has been estimated in the range of 3000 to 

14,000 A, depending upon the injection energy and other factors. Forsen ! s 

estimate [1] of 14,000 A probably represents an upper limit for this 

requirement, since apparently a relatively low injection energy (about 

200 keV) was chosen to maximize the D-T fusion yield rather than to 

optimize the overall efficiency and economics by a higher energy. 

The purpose of thlB paper is to show that such a requirement is within 

the reach of present technology, using negative ions Injected along a magnetic 

guide field into the reactor. This statement is not yet true for conventional 

neutral injection systems which require extrapolations beyond present 

technology with respect to injector power density, gas loading, and other 

practical problems. Charged-ion injection has been neglected in several 

recent steady-state injection studies [2] because of the lack of a credible 

trapping mechanism. Such a mechanism will be explained In the appropriate 

section of this paper. 

TUe credibility of each component of the 14,000-A system will be 

established by showing that its performance is attainable Using techniques 
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developed and proven at various laboratories by design studies and by 

operating apparatus. The only required assumptions are the increase of 

areas of existing sources and beamB and the scientific feasibility of the 

reactor itself. The major components are the following: 
- 3 -

1. A wide-area source of negative ions (D , T , or He ). 

2. An acceleration system operating under modest requirements of 

beam density, optics and voltage. 

3. A magnetic guide field In which the beam density Is increased by a 

factor of 100 or more as the negative Ions are guided from the 

low-density acceleration system of the high-density reactor. 

4. The reactor plasma in which the negative ions are subjected to 

final acceleration, neutral atom production and trapping, 

2. HIGH CURRENT SOURCES OF NEGATIVE IONS 

Intense beams of negative ions have been produced by electron capture in 

alkali vapor cells [3] and by direct extraction from calutron-type Ion sources [4]. 

As a model for the 14,000-A system we shall use the alkali vapor technique 

which Is suitable for a large-area application. 

Most relevant for the immediate purpose is a test reported by Osher 

and Hamilton [5] baBed upon Osher's computations [6] i and a patent by 

Post et al.. for using the alkali vapor technique to produce D~ to be accelerated 

and transformed to D for neutral Injection. The same technique had been 

used for negative Lon production for other purposes at many other laboratories. 
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In this test , a 200-mA beam of 1.5-keV D ions was transformed to 

D" by electron capture In a ces ium vapor cel l with 25% efficiency. The D + 

beam waB emitted by a multiple-aperture, low-energy source (MATS) [7] 

with an output of 50 mA/cm averaged over a 30-crn overall source area. 

Only a portion of the MATS beam was used in the test; however, the entire 

beam will be acceptable for the 14,000-A system—including its 8-eV 

transverse Ion energy. The conversion efficiency haB been Independently 

measured by Schlachter et a l . [B] with resul ts (21 ± 4%) agreeing within 

the accuracy of the measurements . Compatible results have also been 

reported by Gruebler et a l . [9] , 

From these data we can conclude that a wide-area source of 1.5 keV D" 

with an output of 12.5 mA/cm i s now available. There are reasons to be l ieve 

the output can be increased by an order of magnitude, but this is not 

necessary for the 14,000-A s y s t e m . The required source area is 200 m to 

provide 25,000 amperes of D~ and T~ and thereby allow for a 70% accelerator 

transparency and 80% trapping efficiency. Construction of 1 .5-m-dlam sources 

and extraction grids has been proven feasible for electrostat ic propulsion [10] . 

Negative hel ium ions can be produced by a Btmilar proceBs by electron 

capture in alkali metal vapor by metaBtable helium atoms [11]. The 

maximum reported efficiency is only 1.2%, using 3-keV primary He Ions 
3 + (equivalent to 2.25-keV u H e T ions). We can therefore expect to produce 

2 

0.6 mA/cm He from a wide area source, which is adequate for a high energy 

He-D reactor . Because of the high energy and the low He content In an 

optimized reactor plasma, the He beam requirement is only about 500 A. 
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The conversion efflcif ncy for D~, T , and He" can be improved by 

multiple vapor cells [6]. However, it has not yet been proved whether 

multiple cells will also improve the current density, and therefore we will 

consider multiple cells as not yet strictly within our exlBtlng technology. 

The source parameters discussed above are summarized In the first 

section of Table I. 

3. MULTIPLE-APERTURE ACCELERATOR 

The 17,500-A accelerator will be preceded by a grid, biased at a few 

hundred volts to prevent thermal electrons formed In the alkali vapor cell 

from entering the high-voltage accelerator. The potential profile of Fig. 1 

shows the electron-suppress ion grid relative to the potentials of the low-

voltage ion source and the high-voltage accelerator. Grids such as these 

have been tested by Molr et al. [12] In beam energy recovery systems. They 

have been proven successful In suppressing electrons from entry into a 

high-voltage gap equivalent to the high-voltage accelerator, and have survived 

while being directly exposed to calutron beams of voltages (20 kV) and power 

densities (200 W/cm ) much higher than those of the low-energy negative ion 

beam to be produced in the vapor cell. If a few electrons somehow are able 

to penetrate through the biased grids, their energy can be recovered after they 

are accelerated and magnetically separated from the negative ion beam. 

The low-voltage grids will not affect the 1.5-keV negative ions produced 

in the vapor cell. The grid lifetime will be determined by sputtering rather 

than heating because of the low beam energy and current density. The grid 

lifetime can be long because there is no need for a transparency greater than 90%. 
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A considerable body of experience has been acquired on high-current, 

multiple-aperture Injectors for controlled fuBlon since the first publication 

on this topic appeared in 1967 [13J. Multiple apertures had earlier been 

developed for propulsion and other technologies, but were optimized for 

other purposes and therefore were overlooked within the controlled fusion 

program except for some unpublished exploratory work. The oversight, 

documented for example by KeUey's 1967 review 114], was world-wide and 

therefore not the fault of any individual. 

The modest densities of beam current (12.5 mA/cm ) and beam power 

(1.72 kW/cm ) required for the 17,500-A accelerator represent little 

problem at 200 keV. Many examples can be quoted of current and power 

dens It Lea in pulsed systems far higher than these requirements. In 

continuous systems it appears that the immediate limitations are due to 

electrode heating caused by stray beam particles and electrons. This 

limitation will probably be raised by Improvements In the optics. Examples 

can be found of already-achieved continuous beams with the required densities; 

therefore the 17,500-A accelerator doee not necessarily require improvements 

in the optics beyond present technology. 

High-current, single-aperture systems such as the injector for 

DCX-II [15] have continuously operated with beam densities far above the 

requirements. It has not yet been proven whether many such injectors can 

be stacked together In a close array at the energies of DCX-II. However, the 

required beam power density has been achieved with multiple apertures by a 

50 kV source [16] continuously operated at 70 mA/cm j no attempt has been 

made to improve upon this for continuous operation since 1968. In the 50 keV 
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test most of the stray beam was eliminated by an intermediate accel-decel 

stage at a Lower voltage. Therefore, direct cooling of electrodes was not 

necessary. The test result was a beam power density of 3.5 kW/cm with a 

beam divergence of less than 1°. This result has essentially been confirmed 

at other Laboratories using lower voltages. 

Because of the low current density and high accelerator voltage, 

accelerator aperture dimensions may be relatively Large (£1 cm) in 

respect to space charge limitations, Rigidity and water-cooling of 

accel-decel grids are therefore compatible with high transparency. 

We shall specify an allowable beam divergence after acceleration of 

±1", which is acceptable for injection into the guide field. This corresponds 

to a transverse ion energy of 60 eV or more. The required beam brightness 
7 2 2 

as defined by Kelley [14] Is not greater than 5.2 X 10 mA/MeV-cm -rad , 

which Is one, two or three orders of magnitude lower than the brightnesses 

attained by many existing beams [7,13,14,15,16], The Low requirement for 

brightness Is due to the very large phase Bpace acceptable for injection Into 

the guide field. 

With the background Indicated above, Lt can be concluded that the modest 

requirements of the 17,500-A accelerator are clearly within the reach of 

existing technology. Multiple slots seem to be more suitable than circular 

apertures Ln order to avoid thermal distortion and to provide for water 

cooling. Accelerator specifications for three possible reactor Injection 
systems are listed In Fart 2 of Table I. 
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4. MAGNETIC GUIDE FIELD 

AB a model for the magnetic guide field to conduct the negative ions from 

the low-density accelerator to the high-density reactor, we will use a field 

designed by Post [17] as an expander for an energy recovery system 

(Figs. 2 and 3). Post's guide field Is shaped like a fan, extending over 

180'' or more, at each end of a projected mirror fusion reactor. The 

field is radial to guide the plasma lost from the reactor to an energy 

recovery system at the perimeter of the expander. For the system designed 

by Post, the energy recovery system requires 628 m 2 —a tube of flux 1 m 

thick defined by the perimeters of the two expanders, each about 100 m in 

radius. Post's dimensions, chosen for a high-energy reactor, are adequate 

for the injection guide field throughout the range of reactor energies 

(200-1000 keV), although they may be Inadequate for energy recovery for a 

low-energy system. 

We propose to extend Post's expander guide field by 10% to 30% as shown 

in Fig. 2 to provide the guide field for the Injection system. The injection 

system may be divided into four sections, with a total Bource area of about 

100 to 200 m". After magnetic compression by a factor of 100/1 or more, 
2 

the Injected beam area will be 1 to 2 m as it enters the magnetic bottle 
where B_ Is about ISO kG, The third section of Table I shows some possible max 
guide field specifications for the three reactor examples. 

To eBtabllBh the credibility of the injection guide field It Is necessary 

to consider the structural, thermal and vacuum feasibility, the cost, the 

stability of flow, the plasma escaping from the reactor into the expander, 
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beam optics, beam space charge, and background plasma. The first three 

items on this list {feasibility, coBt, and stability) have been adequately 

considered by Post and by a Direct Energy Recovery Study Group [18]. The 

injector vacuum problem is tractable because there is no neutralizer in the 

system and because ample room is available for pumping the gaB from the 

source and from the beam. The internal suppoi'ts of the chamber must not 

be exposed to the injected beam even at 3.S kW/cm , but this Is no problem. 

Stability analysis has shown that the flow in the expander guide field 

Is quite stable in respect to instabilities such as the ion-acoustic and the 

universal drift instabilities (18], This is because of the tow beam density 

and the brief transit time for the single transit through the expander. 

Presumably, the flow through the injector will be stable for the same reasons. 

The required beam particle density (10 cm" ) and compression ratio 

(about 10U/U have already been attained on a miniature scale by a combination 

of electrostatic focusing and magnetic guidance of a 2,5-mA H~ beam produced 

by a calutron-type source for injection into a cyclotron [IB], No evidence of 

beam instability or blow-up was reported, although the 13-keV H~ beam was 

much more sensitive to such effects than the high energy beams required for 

reactor injection. 

Further testing is advisable to make sure of the stability of a beam in 

a full-size guide field. However, no evidence now exists to indicate that 

difficulties of this nature would be encountered under reactor conditions. 

It is fortunate that the edges of the guide field are most suitable for 

injection and trapping, while leaat suitable for energy recovery. If the mirror 

field is slightly Increased at the injection Becttons, the scattered lonB will not 



enter the Injection system but will go out the opposite end, or will precess 

along drift surfaces until they escape into the recovery system. 

The beam optics in the guide field have been numerically computed by 

Post and are consistent with adiabatlc behavior, except for the non-adiabatlc 

transition between the 500- to I500-G field at the perimeter and the zero 

field outside the guide field. One of Post's computed trajectories is shown in 

Fig, 3. The only optical requirement after the ion has entered the guide field 

is imposed by the maximum pitch angle 0 desired for injection Into.the 

reactor. I.e., 

S i " 9 l . j B s M 
s ins_ " " V B m a n ' 

m 
We shall soon find that because of a limitation at the neck of the magnetic 

bottle It la prudent but probably not essential to require the pitch angle 0 m to 

be less than 10° where the beam enters the reactor under conditions of 

maximum density. Therefore, we shall require that the compression ratio 

B /B, be not more than 100 and that the pitch angle Bj be not greater than 

1° as the beam enters the guide field. 

The bottleneck limitation does not apply to the He~ injection ayBtem 

because of the lower He" density available at the source. Therefore in 

Table I we have indicated a 300/1 compression ratio and a = 18° for He". 

Post has shown that the transverse Impulse applied during the nonadtabatlc 

transition as the ion enters the guide field can be computed by Busch's 

theorem. Using Cartesian coordinates as shown in Figa. 2 and 3 where the 
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beam velocity is parallel to the z axis and the plane of the fan-shaped 

guide field is the x-z plane, Busch's theorem takes the following form [20]: 

rafi k = q B 1 y 

where y is the distance from the plane of symmetry to the ion trajectory, 

and mfix Is the transverse Impulse received. 

It is necessary to correct the optics for this transverse impulse if 

bx/v"* sin 1°. The correction angle Is a function of the coordinate y, and 

attains a maximum value of 47° for the extreme case (200 keV D", 6 . = 1500 G; 

y = 0.5 m). This correction can be accomplished by shaping the 

multiple-slit accelerator as a linear function of y. The correction need be 

precise only within 1°. Alternatively, by shaping the flux bundle at the perimeter 

it is possible to reduce the dimension y and thereby reduce the required 

correction. It may be possible to avoid the transition by immersing the 

accelerator within the 150Q-G guide field. 

Space charge neutralization Is required of any intense charged beam to 

avoid blow-up. This is normally provided by a background plasma produced by 

Ionization of the low-density background gas. The background plasma inherently 

has a residual positive ambipolar potential of a few volts or hundreds of volts 

because the background electrons are more mobile than the background ions. 

The positive ambipolar potential is required to equalize the loss rates of Ions 

and electrons from the background plasma. The result generally observed 

Is self-focusing of a beam of negative ions or electrons because of the positive 

ambipolar potential of the background plasma. Beam blow-up is a common 

problem for positive ions [15], but seldom occurs with negative Ions [19]. 



We now come to the bottleneck limitation—a fundamental limitation on 

beam density within which the system must be designed. If the background 

plasma In the guide field Is too dense, the negative Ions will prematurely 

lose their extra electrons by collisions with the background plasma. This 

problem Is most acute at the bottleneck where the magnetic field, beam 

density and background plasma density all attain their maximum values. To 

avoid losing a Inrge fraction of the beam. It is prudent to include three 

precautions in the system design: 

1. The vacuum conditions must be controlled Buch that the background 

plasma density Is not appreciably higher than the beam density. For example, 
2 If beam density Is 1 A/cm at 200 kV, the background plasma density must be 

10 -3 not much more than 1.4 X 10 cm , equivalent to a gas pressure of 

4.3 X 1 0 ' 7 Torr if fully ionized. 

2. If the tolerable electron detachment is 2%, the beam density and 

background plasma density must be such that 

"background <* < 0.02 
where 

, a v<M2gy_ 
J background q ^ aL 

and where L Ls the path length through the bottleneck where the problem Ls acute. 

Using Post's magnetic field profile, shown by Fig. 3, L £ 5 m in the 

150-kG bottleneck region. Elsewhere in the guide field, the densities are 

reduced by a factor of 25 or more. 

The cross section for electron detachment from H" by electron Impact 

has been measured by Dance et al. [21] and has been found to vary from 
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1.0 to 2.5 X 10" cm for relatl.~ velocities in the range of interest for 

reactor injection. The worst condition is with the Lowest energy for which 

v/a is minimum and the current requirement is maximum. We find that j 

at B g^ is limited to approximately 1 A/cm under worst conditions. The 

parameters of Table I indicate that this limitation is compatible with ail 

requirements for reactor injection, and Is insignificant at higher energies. 

3. The beam is not lost by electron detachment in the bottleneck if the 

pitch angle is small enough so the resulting D enters the reactor. If the 

pitch angLe is less than 10° almost all the neutrals produced within 5 m 

will enter the reactor. The net loss will be much smaller than 2% because of 

this extra precaution. 

5. ACCELERATION, NEUTRAL ATOM PRODUCTION, AND TRAPPING 
RY THE REACTOR PLASMA 

The concept of using the reactor plasma for final acceleration, neutral 

atom production and trapping of the Injected beam is apparently new. This 

technique overcomes the usual objections to charged-particle injection based 

on LioiivUle's theorem, and also changes the pitch angle as required for 

trapping. 

Charged-partlcle injection Into steady-state controlled fusion devices 

has been neglected since the DCX experiments were completed. Injection 

perpendicular to the magnetic field suffers from the difficulty that the injected 

ion penetrates only one gyro-diameter Into the magnetic field. Injection of 

positive molecular Ions .long field Lines was considered, but was rejected 



-14-

vvLthout testing or publication when It was realized that charged products of 

dissociation or ionization would have the same pitch angle as the injected 

ions and would therefore be lost after a single transit. This objection does 

not apply to neutraLs derived from negative ions. 

A mirror-contained plasma has a positive amblpolar potential because 

the electrons are scattered more rapidly Into the loss cone than the Ions. 

The amblpolar potentials of the reactor examples computed by Futch et al. [22] 

are approximately one-third of the injection energy. Most of this potential 

gradient is applied at the outer boundary of the reactor plasma. Therefore, 

the negative ion receives UB final acceleration as It enters the plasma. The 

feature was pointed out by Perona. 

A Fokker-Planck calculation will be required to determine the effect of 

u'ie final acceleration upon the reactor Q. It seems that any mechanism that 

recycles energy from electrons back into the reacting Ions will improve the Q, 

even including the effect of the extra electron Introduced into the reactor. At 

most, the improvement in Q and the reduction of requirements for beam 

voltage and power will be 20% to 30%. In a later paper, several effects of 

injected beams upon reactor containment will be discussed. 

Riviere has pointed out that the cross section for electron loss by O" is 

much greater than that for D because the outer electron is bound by onLy 

0.75 eV [23]. Consequently, the first electron will be colllslonally stripped after 

a relatively short penetration of the reactor plasma, with virtually 100% 

probability of neutral atom production. The resultant neutral atom will 

penetrate much more deeply into the plasma before losing the second electron. 

For trapping. It is necessary but not sufficient to overcome Liouville's 

theorem by a nonreversible process such as removal of the two electrons. 
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H is also necessary to change the pitch angle such that 0 < B, „ < 8., where 
- jjt» + 

9m is the pitch angle of the negative ion injected through the loss cone, $.„ 

is the loss cone angle, and 6. Ls the pitch angle of the trapped positive ion. 

The magnetic field direction is highly nonuniform in the reactor plasma. 

Therefore, the change in pitch angle can be accomplished by choosing an 

Injection path, as shown in Fig. 4, such that the direction of B changes a'i 

the atom travels through the plasma. The probability of trapping can be enhanced 

by choosing a strongly curved field line for injection. For this reason, we have 

chosen to inject the negative ions through a guide field leading into the edge of 

the reactor where the curvature is maximum, as seen in Fig. 4. 

The probability of trapping will also depend upon the plasma density 

profile, since this wiU determine where the second electron is removed. The 

density profile will tend to adjust itself In a favorable way, since the density 

will be high where the trapping is most effective. Some control of the 

density profile is possible by shaping the magnetic field. In the Appendix, we 

have computed the trapping fraction expected by injection of negative ions into 

a Yin Yang reactor, with strongly curved field lines and under realistic ranges of 

plasma thickness and effective mirror ratio. in this example the trapping 

fraction varies from 30% to 84%, depending upon parameters. Even higher 

trapping fractions could be attained If the density profile were more atrongly 

peaked in the center of the plasma. 

The untrapped beam will be ionized and go out the ends Into the energy 

recovery system if the plasma is thick enough. The untrapped beam will be 

spread throughout the energy recovery system at an average density of less 

than X mA/em . 
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6. CONCLUSIONS 

Using a magnetic guide field for Injection of negative ions, it appears • 

to be possible to Inject and trap beams of the order of 14,000 A, using technology 

now available, at energies In the range of mirror fusion reactors. Injection 

of negative ions rather than neutrals simplifies or eliminates problems 

associated with gas loading., magnetic shielding, beam optics, beam density 

and reactor Q, Probably the optimum Injection energy wllL be somewhat 

higher than the energy of maximum D-T fusion yield. The remaining questions 

on reactor injection are associated with economics, efficiency and power balance, 

but apparently not with feasibility. The same techniques can be used for 

Injection Into toroidal reactors, using a guide field built into a diverter 

structure. 

For applications below 100 keV, injection of positive molecular lona also 

deserves consideration for neutral production within the reactor plasma. 



APPENDIX 

TRAPPING FRACTION ATTAINABLE BY NEGATIVE ION INJECTION 

In this Appendix, we will compute the trapping fraction attainable by 

injection of negative ions along field lines into a fusion reactor, to be 

converted to neutrals by collisional electron detachment and subsequently 

to be trapped by collisional ionization. The precise value of this 

trapping fraction Is important for computations involving the efficiency and 

economics of a reactor system, but is not essential merely to demonstrate 

feasibility since the source area can, in principle, simply be scaled as 

required by the trapping fraction. We will speak in terms of D~, D , and 

D + , but the analysis Is also valid for injection of other negative ions. 

We shall denote as L_ and L Q the average penetration distances traveled 

through the reactor plasma by the negative ion and by the neutral atom 

before the electrons are removed by collisional detachment and ionization. 

The integrated plasma thicknesses T_ and T Q corresponding to L_ and L n 

are 

T. =1 n ( ( ) d i = s 7 5 - 5 — y (partlcles/cm") 
J« ** * - rel ' 

-••L 

and 
L .+L n 

(f "W) <" = * } n I T <partlcLes/cm2> . (A-l) 
L_ - <ffOvrel> 

In these definitions of plasma attenuation thicknesses, the numerator 

is the Injected speed and the denominator is the sum of the rates of electron 

detachment. Ionization, and charge exchange due to collisions with plasma 

Ions and electrons, averaged according to relative velocities. Riviere [23] 



has carefully computed T_ for the penetration of D beams Injected into 

for 100-keV injection energy to 2.0 X 1 0 1 6 cm for 1000 keV. A good 

estimate of T_ maybe obtained by the assumption that the plasma 

penetration is inversely proportional to the cross section for electron 

removal by collisions with plasma electrons: 

" a __ a 20 for equal velocities . (A-2) 

ionization of H by electron collisions have been measured by Dance et al . [21] 

and by Fite and Brackman [24], respectively. The cross section o_ for electron 

detachment of D~ is large because of the low binding energy (0.75 eV) of the 

extra electron. 

It is apparent from the definitions (A-l) that the plasma penetration and 

therefore the trapping fraction will depend upon the density profile n(i>. This 

profile wLLl tend to adjust itself in a favorable way, since the density will he 

greatest where the trapping is most effective. We will not count upon this 

advantage, but use as an example a realistic model resembling profiles 

computed by Hamilton and Moir [25], determined by Coulomb scattering in a 

magnetic mirror field. As a model, we will use 

^ l = A il + cos vAjR) . (A-3) 

"0 

Here we have defined £ = 0 where the negative ion enters the reactor plasma at 

the magnetic mirror; R IB the plasma radius, measured from the center of the 



plasma to the magnetic mirror. The central plasma density, at J! = R, is 

denoted as n n . This density profile is Illustrated by Fig. A-l(b). 

In order to write the differential equations expressing the penetration of 

D~ and D° through the plasma, we shall introduce the variable x(£), defined as 

the integrated thickness: 

f£ n o R 

x(£) =/ n(f') dV = - ^ _ M/R - sin ri/R) . (A-4) 

The differential equations representing the attenuation and production 

v of the three species D", D and D T as the beams I_, t n and 1^ penetrate the 

reactor plasma are the following: 

dl 
' - I . /T. 

-g - • i ./r. - i 0 / r 0 

- a i = + i 0 / r 0 (A-s) 

Subject to the Initial conditions I„ = I and i = x = l 0 = I = 0, the solutions 

-x/T 
I./I = e " (A-6) 

'o T o , " x ^ o • J £ ' T - , 

and 
J + 1 T 'x^0 " x ' r - ' 

(A-8) 



These solutions are shown in Fig. CA-1) as functions of £ and of x(i). 

We shall determine the trapping fraction first by determining the Interval 

£.< 2 < &2 in which the pitch angle iB suitable for trapping, and then by 

finding the fraction I ./I of trapped D + produced within this interval. 

1 f*2 d I + Trapping fraction = y- I -g j d£ (A-9) 

- • f ( i » V - T : ( i ' V -
The trapping fraction is strongly dependent upon £., but is almost 

independent of i„ because the beam is almost totally ionized after it has 

passed through the center of the plasma. For optimized conditions, 

JL„ = 2R. I /I is almost 100% at £„* n s B e e n °y Eq. (A-B), plotted in FLg. (A-1). 

The distance &•-. is the sum of a and b, which are the penetrations by 

the D" and D respectively before trapping begins. A relatively short 

penetration distance a is first required to detach the first electron and thereby 

convert the injected D" to D . On the average, a ~ L_, which is defined by 

(A-1). This can be determined from (A-4) and {A-6) by the condition that the 

D~ beam is attenuated by a factor of e at £ »a , i.e., 

n 0R 
x(a) = T_ = - ^ - {ffa/R - sin jra/R). (A-10) 

We shall define the dimensionless reactor plasma thickness, 

HQR/TQ * nnR/20T_. The ratio a/R can be determined for any value of 

HQR/TQ by solving the transcendental Eq. (A-10) or by reading £/R directly 

from Fig, A-1, such that 1_/I =* 1/e. 
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The additional Cistance b is the distance the neutral atom must travel 

through the plasma such that Its pitch angle e„ becomes larger than the loss 

cone angle 8, c . If the average radius of curvature of the magnetic flux 

lines is p in the region of Interest, the change in pitch aogle is 

e B - B A = b / P 

and tiie condition for trapping is 

flg • 8 A + b/p > e L C « s in" 1 ReU'1/2 (A-ll) 

where tlie effective mirror ratio R „ at the point of Ionization takes Into 

account the magnetic field ratio, the plasma potential, and the plasma 

diamagnettsm. 

In Eqs. {A-ll), we are defining 0« and ©„ as angles lying in the plane 

defined by the curved field line, as indicated in Fig. 4. 8 A is the projection 

of 8_ on this plane, where e_ is the pitch angle of the injected D" and t Is 

the phase angle of its gyration at the instant of electron detachment; I.e., 

sin 8» - sin e_ cosy. 

For a feasibility estimate, we can neglect d» In Eq. (A-ll) if fl_ is 

small. The average value of e . is zero because of the random variation of 7. 

This approximation is not valid for large values of 8_ because of the 

asymmetries of the magnetic field. 

The distance b required to increase the pitch angle for trapping is therefore 

b £ pS, „ . Obviously, conditions will be optimum If the radius of curvature p 

is small and if R g f { is large. 

In the strongly curved Yin-Yang magnetic field designed by Moir and 

Post [26], shown by Fig. 4, p £ R,S In the region suitable for Injection. This 
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statement 1B aLso true In respect to the magnetic fields of diverters through 

which charged particles may be injected into toroidal containment devices. 

We shall therefore set p - R/2 as an example, and compute the trapping 

fraction with various values of R „ and the normalized reactor plaBma 

thickness,, n^R/T^. The result la shown by Fig. A-2 for values of R „ from 

2 to 10 and for values of n n R/T 0 from 0 to a. 

To compute the trapping fraction we have used (A-9), where I +/i Is given 

by (A-B) J>„ = 2R, and £. « a + b . The average D~ penetration a is given by 
0 H 

(A-10), and the required D penetration Is b ^ 5- fi, _ , 

To avoid excessive waLl bombardment by un-Ionized D , we must 

require ngR/Tg 5: 4 for this density profile. This requirement is consistent 

with other requirements for reactor plasma density. 

We find that the trapping fraction it. high, 30% to 84%* within this range of 

parameters. Even better trapping efficiency would be obtained if the density 

profile were more strongly peaked in the center of the reactor., 
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TABLE I. INJECTED BEAMS FOR THREE POSSIBLE MIRROR 
FUSION REACTORS 

D-T or D-D Reactor D-He Reactor 

1. Negative Ion Source 

1 . 5 D * or 2.25 T + 

D B e a m He B e a m 
Pr imary low-energy beam 
energy (keV) 1 . 5 D * or 2.25 T + 1 . 5 D + a n d 2 . 2 5 H e + 

Source current density 
(mA/cm*) 50 25 50 
Efficiency for convers ion 
t o negative Ions 25% 25% 1.2% 
Negative ion Bource densit ies 
( m A / c m z ) 12.S 6.25 0.6 

2 . Acce lerator 
Examples of Injection energy 
(keV) 200 400 800 800 
Examples of total trapped 
current required (A) 14.000 6000 1500 and 500 
Total Injected current 0 (A) 17,500 7500 1875 625 
Source area required (m ) 200 86 43 150 
Acce lerator power density 
(kW/cm 2 ) 1.72 3.5 3.5 0.33 

3 . Guide Fie ld 
Magnetic compress ion ratio, 
B IB. (B = ISO kG) max' 1 " m a x 2 ' 
Beam area at B- (m ) 

100/1 
2.0 

100/1 
0.86 

100/1 
0.43 

300/1 
0.5 

Currentdens l ty at B_,„„ 
(mA/cm2) m a x 875 875 437 125 
Maximum pitch angle within 
guide field: 

Entering $1 ±1° ±1° ±1° ±1° 
Leaving 9 m ±10° ±10° ±10° ±18° 

Magnetic flux required for 
injection guide f ields (Wefaers) 30 M 8 .5 7.5 

a To be multiplied by the accelerator transparency (about 70%) and the trapping 
fraction (about 80%). 

Not Including final acceleration. 
cEquals trapped current/80% trapping efficiency. 

Equals . Total injected current 
Source current density X 70% accelerator transparency 



FIGURE CAPTIONS 

Potential profile of Low-voltage source of negative ions, 

relative to potential of vapor cell. Applied potentials are the 

following: 

1. Plasma source, 1>+, T + or He +; + 1.5 kV for D + . 

2. Low voltage accel-decel extraction grids, +1.5, -0.5, and 

OkV. 

3. Alkali vapor cell; D + - D~. The actual potential Is negative 

high voltage, but is shown here as 0 kV. 

4. Electron suppression grids, -0.5 kV; to prevent thermal 

electrons from entering the high-voltage accelerator. 

5. High voltage accelerator. First accel-decel stage perhaps 

+20 to +100 kV. 

Magnetic guide fields for Injection and energy recovery. 

Calculated particle trajectory through expander, reproduced from 

Ret. [14). Notice that the bottleneck region (1) where B - 150 kG 

and the beam density is maximum Is Less than 5 meters long. Most 

of the neutrals produced in this region with pitch angles less than 

10° will enter the reactor. 

Negative ion injection and trapping In a reactor with a Yin-Yang 

magnetic field. Here are shown the penetration distances a and b 

for the injected D" and D°; the pitch angles flA and 8 B ; the plasma 

radius R; and the field line radius of curvature p = H/B. The shape 

of the magnetic field lines Is reproduced from Ref. (22]. 



Fig. A-1. Attenuation and production of injected D~, D n , and D . In this 

example the relative thickness of the reactor plasma is n Q R / r 0 ~ 4. 

(a) I.yl, I 0 / t , and I +/I as computed by Eqs. (A-6), (A-7), and 

(A-8) as functions of the relative thickness x / r Q , assuming 

T 0 = 20 T_. 

(b) I./T, lQfl and I jl as functions of the relative penetration 

distance i/ft, assuming the density profile, n{i)/h f l 

= i(l + cosjri/R). The definition x{i) «jT nW) d&* is used 

to transform coordinates from x/T f l to i/R. Also shown are 

the penetration distances a and b required for trapping for this 

example. 

Fig. A-2. Trapping fraction computed from Eq. (A-9) as a function of reactor 

plasma thickness n Q R/T 0 and the effective mirror ratio R„«. To 

avoid excessive bombardment of reactor walls by un-ionized D , 

we must require n 0 R/T 0 £ 4. For the range of parameters indicated, 

the trapping fraction varies from 30% to 84%. 
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Negative Ion source aiwmbly 
I X 50 meter. , 
Total of 4 required for area of 200 m . 

Energy recovery syfttem 
1 X 314 meters 2 required-

Injection guide field 
100 meters long. 
Total of 4 required. 

J L 
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Scale — meters 

Hamilton - Fig. 2 



*~^™— Particle trajectory 
——— Magnetic field line (schematic) 
Particle: 500 keV deuteron 

0 10 90 100 meters 

0 B j = ISO K gauss 
® 6 K gauss 
® 450 gauss 

© 600 gauss 
0 70 gauss 

Hamilton - Fig, 3 
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