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FOREWORD

The work of thz Study Group ceased, and the first draft of this report was
written, in February 1971. The report therefore represents the state of the art
at that time. Substantial developments in ion sources have occurred over the last
few months that are not included. These are likely to lead to the achievement of

10-20 amps frum one unit (albeit at low energy) within a year or two.

In view of this, some of the discussion of possible ion source developments
is somewhat outdated. Nevertheless we feel that it is worth publishing the report

since much of the information contained therein is not obtainable elsewhere.






1. INTRODUCTION

In this report we summarise the conclusions of a Study Group on Neutral
Injection into ToroidalISystems. The study grew out of a working party which was
set up to investigate the feasibility of neutral injection into mirror systems
faking into account the largé reciroilating power. In February 1970, however,
as a result of the work for the Heating and Injection Study Group at Culham,
the terms of reference werechanged and effort was concentrated on establishing
the feasibility of neutral (or ion) injection as a means of start-up for
toroidal reactors.

The parameter range of reactors based on Stellarator/Tokamak systems is
open to much debate at the moment. In order to sidestep these rather complex
issues, for the purposes of much of this study we assume a toroidal system of
(1)

the general type disaissed by Carruthers, Davenport and Mitchell though

expanded somewhat in major radius to allow for additional windings that may be

necessary.

Thus as a starting point the following parameters are taken for the running

reactor conditions:

Minor wall radius = 175 cm

Mean plasma radius = 125 cm

Major radius = 750 cm

Power flux at wall = 1300 watts/cm?
Mean power density = 30 watts/cm®
Total power output = 7000 MW(th)
Mean plasma temperature = 20 keV

3 x 10"%em™

Mean plasma density

The work is not however, restricted to this reactor design and where
possible calculations have been performed over a wide parameter range.

For much of this report it is assumed that a beam of deuterium atoms is
used for injection. All the relevant data on beam penetration have not been
assembled for any other mass particle but in several places in the report the

dif ferences introduced by the use of a higher atomic mass beam are disaussed.



The length of time for which injection is required is likely to range from
some tens of seconds for stellarator start-up to quasi-continuous for an injec-
tion heated Tokamak. Pulsing with on-times of order seconds does not give any
substantial advantage over continuous operation except in the cons ideration of
indﬁced radioactivity (Section 3.8.2), beam dumping (Section 3.5) and overall
reliability requirements. The accelerator is assumed to be capable therefore
of essentially continuous operation.

The following order of presentation is adopted. In Section 2 of the report
the major constraints that decide the basic parameters of injection are disaussed
and we arrive at a unit size suitable for more detailed design study. 1In
Section 3 the technological constraints that decide the design of such a unit
are discussed stage by stage and, where appropriate, attention is drawn to areas
requiring further work. Some physical processes in the resulting plasma are then
discussed. The conclusions reached in the Study are then enumerated. Much of
the detailed discussion is put into the several Appendices. These Appendices
were based on papers presented at Study Group meetings and are not therefore
hecessarily completely consistent, in balance or content,with the main body of

the Report.

2. BASIC REQUIREMENTS

In this section we discuss the constraints which define the bsam power

and energy and the basic neutralisation requirements.

2.1 Beam Power Requirements

Appendix 1 discusses the start-up power requirements following the original
analysis of WOrt(z). In this treatment the power requirements were calculated
on the assumption that the loss rate from the reactor scales from the 20 keV
running requirement either as the Bohm rate (« T) or as the classical rate
(e T3/2). Thus the diffusion time was assumed to be long during the start-up
period and only reached its final value (Tc ~ 0.6 sec) at the working temperature.

The density was assumed to be constant during the build-up phase (necessary to

keep the neutral beam penetration roughly the same).
_2_



This treatment is not accurate in a number of respects pointed out in the

Appendix. More significantly than these is the assumption of the T3/é classical

scaling which implies oﬁeration in the plateau regime: for temperatures above

2 keV the collisionless regime is more appropriate. To correct these matters

a calaulation of the actual heat transport as a function of temperature

has been made (rather than scaling from the 20 keV value). The results are

shown in Fig.1.

Fig.1
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In the classical case,

(r =1.),
e 1

the heat transport component of the energy loss

1
rate scales as T2 in the collisionless regime (> 2 keV) and as T5/2

in the plateau regime (< 2 keV). The curve labelled BREMS, calcula-

ted assuming only bremsstrahlung loss is operative, is shown for

comparison.

The following relationships were used in the two regimes and are derived

from transport coefficients

banana regime

plateau regime

where the units are gauss,

given by Hinton(TZ)

1
0 q® n° 7%
r.2 (P/-R)3/2 B2

P=1.9 x 107

. EI“T5/2
P =35.1 x 10 r2 R B2
cr, é€V.

and Rutherford

(13)

respectively:

watts/cm3

watts/cn?



In the banana regime the energy loss rate scales in the same way as brems-—
strahlung loss and, moreover, for the example chosen the latter is dominant.

It should be noted that on classical assumpﬁions the major loss processes
(particle loss and bremsstrahlung) scale as n° and the thermonuclear power
generation scales in the same way. Thus the ignition temperature is independent
of density and in principle, the reactor may be started at arbitrarily low
density, the start-up power scaling as n®. This carries with it the assumption
however, that the containment time may be increased as the density is reduced
(keeping nt fixed): a particle containment time of 7 seconds is already
implied at T = 2 keV., Other losses which do not scale as ng, for example
synchrotron radiation, are likely to restrict this line of approach and for the
purposes of this report we prefer to Keep this as a favourable factor in hand
and we assume a fixed density.

The Bohm curve shown for comparison in Fig.l is calculated on the assump-
tion that the particle loss time is 0.5 sec at the working temperature of 20 keV
and scales as Te_1 below that temperature.

As may be seen from the figure the maximum power requirements are estimated
. to be 0.09 and 0.25 watts/cm3.f0r the classical and Bohm assumptions which
result in total power requirements for our standard reactor of 20 and 60 MW
respectively. In view of the changing state of toroidal diffusion theory at the
moment, these should be regarded as only estimates and for the purposes of this
report we prefer to régard a total power requirement of 100 MW as our design
aim. For general servicing/reliability reasons we have broken this down into

10 x 10 MW units.

2.2 Beam Penetration

Appendix 2 deals with the question of neutral beam penetration into the
reacting plasma for reactor conditions appropriate to both mirror and toroidal
systems. Fig.11 of that Appendix summarises the situation for toroidal systems
where Te e Ti' The plasma thickness for a 1/e attenuation of a DO beam is
calaulated for various injection energies: it is essentially independent of

-4 -



plasma temperature. To achieve a reasonable radial distribution of injected
particles and to minimise the loading on the far wall, approximately 2 e-folding

distances are required in the plasma radius. Thus for our standard case the

plasma thickness for an e-folding distance is required to be 2.10"%cm™ and with

our assumed density of 3 x 10"#cm™ that determines a p° injection energy Of

~ 1 MeV. As will be seen later, this is a reasonably convenient injection energy
from the point of view of power supplies and acceleration. As will also be dis-
cussed later this choice of D° energy implies that heat is transferred initially
to the plasma electrons. Since a lower energy would be required to transfer
energy directly to the ions, the possibility of relaxing the beam penetration
requirements has been considered briefly. Perhaps the most profitable way to
achieve this is to reduce the starting density as discussed in the previous
section: the energy required for beam penetration scales approximately linearly
with density. However, the reservations disaissed there prevent this being
pashed too far.

As an alternative method Appendix 1 disausses the drifts in simple stellara-
tor geometry and shows. that it may be possible to use the natural drifts of
energetic ions in the stellarator field to deposit the energy relatively uniformly
even though the injection is only at the outside. This possibility may not be
bpen in Tokamak geometry (or in stellarators with the diffusion current included)
because of the higher rotational transform near the minor axis. Also if drifts
can be invoked to transfer particles to the centre the injection of high energy
ion beams is not completely excluded though we do not consider this further here.

If we take then our basic requirement as a 10 MW beam of DO at 1 MeV, the

. equivalent current requirement is 10 amps.

2.3 Energy Transfer Processes

The rate of transfer of energy from a trapped ion to the electrons is given

(14)
by

dE. 2 pnA

V_ » V. y EL d—_:z-S.SxIO'—e—Z:——L—Ilsec'1 S (T)

i A Te3/2



where A, E, are the incident ion atomic mass (AWU) and energy (ev) and T, is

the electron temperature (eV).

(14)

The rate of transfer of energy to the ions is given approximately by

won L2}

where Ap is the mean plasma ion mass (AMU),

Thus the ratio

3/2
. : 32 T
transfer rate to ions _ 55 A _%T“ eee (3)

transfer rate to electrons Ay g7°
1

and we may set a condition for the energy transfer to be primarily to the ions:

if A =2
p

then

E. <10AT Y
1 e

The above gi?es the condition for the transfer rates to equate at a given
value of Ei' If we integrate the energy drain to the ions and electrons as the
injected particles decrease in energy from the injected value EO then EO is
allowed to be 2.4 times the above values.

One possibility that_would enable energy transfer to be primarily to the
ions is the use of a high atomic mass beam. In this case the permissible impurity
level in the plasma (&) sets a lower limit to the mass that may be used.

From conservation of energy flux
T. + T T.
e = _—l e . —l LRC (5)
Eq g
where Tir Tp are the lifetimes of the injected ions and the plasma energy con-

tainment times respectively.



But from equation (4) ()
LI ) 6

"If T, =T_ then
i e ;
1 1
€ >*97T A ( Ta ) .
Thus if . ~ Ta and the contamination level is to be kept below say 1% then

A must be greater than 11. A constraint on the impurity level is set by the need

to keep the bremsstrahlung radiation within a factor of about two of that used in

2

estimating the power requirements i.e. € z= < 1 (where z 1is the injecﬁed ion

atomic charge). Combining this with the condition for energy transfer to the ions

gives
A < 44 (q:E/q:i) 5

Since Ta is likely to be greater than T this does not appear to be a
‘serious constraint,

In practice, as we have seen, the injected beam energy is decided by beam
penetration requirements. To a first approximation (that the ionization cross
section is independent of the beam mass) penetration requirements decide the
beam velocity. Thus to tﬁis level of approximation penetration requirements
decide the ratio of energy trahsfer to ions and electrons (at a given electron
tempe rature) independently of the atomic mass of the beam. A more detailed study
might show advantages in using a specific element other than deuterium.

Another important consideration is the absolute rate at which energy is
taken from the injected particles. If n = 3.10'%, Te = 5 keV, A = 2, equation (1)
gives a time constant for loss of injected particle energy of 70 msec. This is
to be compared with a plasma lifetime which is greater than 2 seconds. However,
as is shown in Appendix 1, the energy loss time may be comparable with typical
drift times. For this reason the energy deposition as a function of minor radius
can only be determined completely for specific systems where the detailed drifts

may be calculated.



2.4 Neutralisation Efficiency

Appendix 3 disausses the problem of beam neutralisation. At an erergy of
1 MeV the neutral isation efficiency of gaseous targets using D+ as the primary

beam has dropped to an unaéceptably low value (< 0.3%). The practical choice

appears to be between Dg, D; and D as the primary beam ion. Dg is likely to

give a neutralisation efficiency of around 20%, D. of 10-25% and D~ of 65-90%

2

depending in each case on the degree of ionization of the neutraliser gas. It

should be noted here that for D; and D* it is an advantage to neutralise on a

fully ionized plasma. For D; the relevant cross sections for an ionized neutra-
liser are not known. Thus to produce our 10 A 1 MeV D0 beam we may define the
beam requirements at the accelerator stage to be:

(1) 17 Amps of 3 MeV D

w +

(ii) 25 Amps of 2 MeV D

N+

or
(iii) 12 Amps of 1 MeV D .

3.  TECHNOLOGICAL FEASIBILITY

In this section we examine the technological feasibility of producing a
suitable 10 A D° injector unit working at 1 MeV. We also examine some of the

associated reactor problems.

3.1 Accelerator Design

A combination of ﬁhe Child-Langnuir law and geometrical restrictions of a
cylindrically symmetrical accelerating gap results in an expression for the
maximum ion beam that can be obtained from a single ungridded hole (correspond-
ing) to an equivalent electron perveance of 6 x 107° ampere volts—%/g). This

current is independent of the hole size and is given by

where V 1is the extraction potential in volts and A 1is the mass in A.M.U.



This is shown in Table I as a function of accelerating potential for the

+ + -
case of D,, D, and D ions,

2
TABLE I
Extraction I, (amperes)

Potential s = i =
(volts) D3 D2 D
104 0.057 0.07 0.1
3.104 0-3 0'037 0i53
10° 1- 8 2, 2 302

3.10° 9.3 11 16
105 57 70 100
3.108 300 370 530

Most existing high perveance designs give maximum currents less than this
theoretical valué (by perhaps a factor two). Thus we see that to achieve our
design aims with a single symmetrical extraction system would require an
extraction voltage of order 500 kV,.

With such a single source, however, working at > 500 kV extraction poten-
tial, radial space charge-comsiderations lead to a very large plasma boundary.
This is illustrated in Fig.5 of Appendix 4 which traces back the trajectory of a
10 amp beam in a uniform accelerating field. The angle of injection of the ions
becomes unacceptably lérge below some 50 kV potential and, in order to reduce
the sensitivity of the initial injection cordition to the beam current, it is
probably desirable to inject into such a single beam at some 200 keV, the beam
being divided into a number of separate beams below this energy.

An additional problem with a single unseparated beam is that the beam pro-
file is adjusted for one operating condition and there is therefore the difficulty
of switching the bean on without excessive electrode bombardment.

Also, if the unseparated beam is used a large low density plasma boundary

with relatively low gas efficiency is implied. As will be disaussed later,

A o e



pumping near the plasma boundary is a serious difficulty with such systems. The
pumping problem is less severe for & series of sgparated 200 keV injectors
working at relatively high current density at the plasma boundary.

Similar arguments appiy to the acceleration of these separated beams below
200 keV where it may be desirable to use an initial further sub-division of the
beams for acceleration up to 1 to 50 keV. Thus we arrive at the concept of a
series of stages of acceleration the beams being screened from each other within
each stage. Of course, cylindrical geometry is not essential to this argument
and slit or annular beams might be possible alternatives.

That some such staging as the above is likely to be necessary is now
generally recognised and disaussion rather centres on the number and energy of

the stages.

Conditions on Angular Spread

In the calaulations that have been carried out to date, perfectly collima-
-ted injection into the final single beam has been assumed. Some idea of the
angular tolerance at the injection point can be obtained by examining the
trajectory of particleé with small deviations from the trajectories assumed
in a calailation such as that given in Appendix 4. If a cordition is set
that the displacement of a typical particle at the beam neck is some fraction (& )
of the radius (ro) at that point then, for a given maximum & there is a condi-
tion on the angular spread (6,) at the input energy (E4)

r Es %
61<§-§a<E—1) sse LB)

where E2 is the final energy and d 1is the length of the accelerating column

(see Fig.2).

In addition we have a cordition on the angular spread due to the angular

1
Ep \?
01 < 62 <'E: ) oo (9)

acceptance of the reactor (65)

- 10 -



Fig. 2

Alternatively these may be regarded as conditions on the maximum perpendi-

cular energy at the injection point.

_ 2
From (8) g%
EJ_max < (—za'> Eo ... (10)
and from (9)
2
E, . < %3 Ea. waw CTT)

If we take £ = 0.2, rG/d = 0.1, 6, = 0,05 then equation (8) becomes
%

| {Be
04 <m<—E':> & i (12)
' %
and equation (9) becomes . Es
' 04 <50 (E)D swn: CIBS

Thus we see that the displacement condition is the most restrictive. If
Eo, is taken to be 3 MeV then the accéptable angular spreads for injection at

200 keV, 50 keV, 10 keV and 1 keV are respectively * 2.20, x 4.50, X 100

and
x 300 or, alternatively, the maximum perpendicular energy at injection is 300 eV.
These constraints on the beam spread at the injection point into the main

combined beam do not appear to be very severe and are well within the performance

capability of existing sources (see Table II). Equation (10), however does

=] =



emphasize the desirabiliﬁy of short high field gradient accelerators (d/r‘0 small)
to avoid undue constraint on the beam quality in the early stages. Other advan-
tages of high field gradient acceleration are pointed out in Appendix 4 and
include reduced electron mﬁltiplication effects, reduced gas ionization and
reduced space charge problems;

Thus the acceleratorrproblem has been divided into two parts: the produc-
tion of sub-units of say, 0.5-1 amp at 100-200 keV suitable for injection into
the main beam, and the final acceleration of the combined beam.

Some of the practical problems of accelerator design are discussed in
-Appendices 4 and 7. One of the major problems of existing accelerator designs
is back bombardment by electrons resulting in X-ray loading and consequent
external current drain. This problem is mentioned in Appendix 7 where it is
shown that the power drain may be as much as 20% of the final neutral beam output
power. The problems associated with backstreaning electrons although they do not
~appear to impose a fundamental constraint on theraccelerator size, are identi-
fiable as important for study, though little progress can be made until a specific
accelerator design has emerged from the other accelerator considerations.

Thus we may summarise the accelerator discussion with the statement that,
provided a suitable ion séurce first stage accelerator system can be devised
which produges a beam of 50-200 keV, D+, D;

density in the range 10-100 mA/cm® and a perpendicular energy of less than 300 eV,

or preferably D~ ions with airrent

then bunching such sources and acceleration to the required energy does not

" appear to present any in-principle problems. It does, however, represent a sub-
stantial extension of existing technology and the back electron bombardment and
X-ray problems have not been tackled with any source of the scale required. Also
there is the need for furthef theoretical study of the space charge problems

associated with combining beams of this type.

= P



TABLE II

. *
Source Type Beam Bean Beam # Emitting Current/cmz Equivalent Brightness | Beam
Laboratory Energy (emps) Area (mA/cmz) Electron Power
(keV) (em?) Perveance/hole X
" -6 8
e 331 holes gt 1 0.8 52 25 3.3 x 10 5 % 10 0.8
1.5 mm dia
ORNL 18 holes ” -5 8
5 mm dia H2 50 0.5 20 25 0,2 x 10 1 x 10 87
. -6 o8
ORNL Expanded Plasma Hy 50 0.6 19 53 L x 10 7xA 30
Boundary + Central
button
+ -6 8
Culham Single hole He 20 0.15 .28 530 L.5% 10 L.Bx 1% 5
6 mm dia 5 x 107 ¢
-6
Culham 13 holes HE 25 0.2 2 100 0.7 x 10 5% 107 13
3 mm dia
= 8
Hé 27 0.35 2 175 0.5 % 107° 1.2 x 10
B
Kurchatov Calutron el 25 0.5 60 17 1.2x10 25
+ % -6 9
Sukhumi Expanded H) €5 0.85 80 =11 3.3x 10 2.5%10 55
plasma +
boundary H?;
B3
Rutherford Pulsed H* 350 0.02 1 20 0.9 x 1679 1.5 % 1011:‘ 7
Duoplasmatron
no lens
-6
M.P.F, Duoplasmatron H 200 0.02 1 20 0.42 x 10 2.5 x 10° /| &
(LASL)
-6
Saclay ut 300 0.1 0.8 x 10 1,252 1004 | 30
Serpukhov w* 750 0.3 2.5x10°° & x10° £ | 225
- B
CERN Pulsed it 540 0.5 1 500 P B 2.8 x 10" #| 270
Duoglasmatrun
gridded
H.V.E.C. Duoplasmatron Ht LO 0,2 1.4 10_6 3x 108 ?‘I 8
Culham Hall Accel. 1 1800 60 3 x 10" ~ 1 x 10'%/] 1800
Berkeley Calutron H 10 0.005 3 2
Notes:
. V.
# Equivalent electron perveance is calculated using the formula e,e.p = (mi/me) I/V:5
where I is the total extracted current in amps and V is the extraction'putential in volts.
# In these cases the brightness has been calculated using the measured normalised emittance
(e) according to the formulze b = _2_2_I_Z£mA)’ in the other cases the expression given in
n e
reference (9) has been used for the bewn transmitted through a double stop system.
Since in general stop syslems are not filled, this latter method gives a1 lower brightness.
7 This is the current obtained through a stop system at the brightness indicated. The total

extracted current may be larger and is used to calculate the perveance,






3.2 Ion Source and 1st Stage Acceleration

The ion source is required to produce an acceptable aurrent density and have
angular spread within the limit discussed above and give a beam suitable for
acceleration to ~ 200 keV.

We may take a minimum acceptable average current density of Dg, D; ions at
the first acceleration stage to be ~=1£L£ﬁﬁgmi, i.e. in the case of our
17 A D; beam the total area of the first stage would be 1700 cm® (a 50 cm dia-
meter circular array for instance). This current density of D;’ D; ions is
exceeded by many existing sources (see Table II).

Table II also shows the performance of existing negative ion sources. The
best that has been achieved to date is about 2 mA/cm®. This, if extended to a
large array to prodice 12 amps of D would require a total area of 6000 cm”
(i.e. a 90 cm diameter array). The negative ion beams obtained to date probably
do not represent the best that can be achieved. 0.75 keV H+ (equivalent to
_1.5 keV D+) incident on Cs vapour has been measured to give an equilibrium yield
of 21% H_(S): such a capture process might be used with a multihole source which
éiVES a high yield of D+ at 1.5 keV(l]). Alternative methods of giving high D
yields include side extraction from a Calutron arc and direct capture of
electrons. Further experimental and theoretical study of negative ion sources
suitable for large arrays 1s required.

A normalised measure of the angular spread of ion sources is given by their
"brightness'". Kelley(4) gives a practical definition in terms of the beam that
can be obtained through a double stop system. For cirailar stops:

900 I A (14)
E, d? d3/¢?

b =

where I is the beam current in mA, A is the mass in AMU, E; 1is the energy
in MeV and d4, d» are the diameters of the apertures distance £ apart. The
brightness of sources for which data is available is given in Table II.

Some idea of the required brightness to match the input of the accelerator
can be obtained from our considerations in the previous section. For comparison

=13 =



purposes we may rewrite the brightness as

B = 180 % 108 2=

ve. (15)
Lmax

where J is the beam current density (mA/an®) and ELmax is the maximum perpen-
dicular energy as defined by conditions (10) and (11) (in eVv).
If we take for example A =6, E = 300 eV and J = 10 mA/cm® then the

minimum brightness acceptable to the accelerator is

b = 3.6 x 107 |

This figure is within the capabilities of most of the existing sources listed
in Table I.

Thus, if we consider positive ion sources, the choice lies between multihole
sources (with 1st stage acceleration to ~ 200 keV, either of the whole beam or
the separated beams), single plasma boundary units of the ORNL type, Calutron
sources or Hall accelerators.

Hall accelerators have achieved high beam brightness at an energy of a kilo-
electron volt or so, but with current density considerably in excess of that which
can be handled by the main accelerator. They have E comparable to the maximum
allowable (~ 300 eV). They appear to have no significant advantage over conven-
tional ion sources as a first stage accelerator and are certainly less well
understood. Therefore, we regard their primary role as an alternative 10 the
complete accelerators, if by suitable development they could provide 10-100 amps
of Dy at 2 MeV: this will be considered later.

Calutron sources also satisfy the beam brightness requirements and achieve
. suitable aurrent densities at the 900 deflection point. However, there are
problems of stacking them to form a larger array and of developing them to pro-
duce high D; or D; yields. Progress in solving the latter problem is hampered
by the difficulty of obtaining a physical understanding of side-extraction arcs.
We conclude that they cannot be dismissed as competitors and that it would be

desirable to give further consideration to these problems. Calutrons may have a

role as negative ion producers.

= 18 =



Highly developed single expanded plasma boundary sources have produced beams
well in excess of the required quality and current density. They are of course
limited, by the.Child—Langﬁuir constraints discussed previously, to the currents
given in Table I; however, the ORNL button source approaches the theoretical
limit for 40 keV extraction potential. It is a subject of debate whether to settle
for ~ 0.5 amp at this potential and post-accelerate to ~ 200 keV before merging,
or to develop such a system to higher current at higher extraction potential.

Multihole arrays have also achieved brightness and current densities well in
excess of the required value and total currents well in excess of the limits given
by Table I. Extraction potentials of up to 30 kV have been used. Again it is
a subject of debate whethef to increase the extraction potential further (thus
approaching the concept of a group of expanded plasma sources), or post-accelerate
the whole array, or post-accelerate the individual holes. Of course, there is no
restriction to arrays of cirailar holes and linear or annular slits may offer some
~advantages.

One of the major problems with both multihole sources and expanded plasma
boundary sources is the provision of a plasma with suitable enrichment of Dg or
D; ions and uniform density over the required area. For ease of bunching several
sources together, compactness is also a consideration. Many existing systems use,
for essentially historical reasons, duo-plasmatron plasma sources. Hollow cathode
arcs would appear to offér advantages and have been used successfully by Luce and
others. In general, there is a need for large area uniform plasma sources and
this is an area for further study and devel opment work.

Thus the conclusion of this section is that provision of a basic 0.5-1.0 amp

100-200 keV D or D+ injector for the accelerator is a very reasomable extension

3 2
of existing technology and the most straightforward way of achieving this is

simultaneously to develop expanded plasma boundary and rmltihole sources and
suitable techniques of acceleration to 100-200 keV. The decision as to the exact

configuration can await further information from these devel opments.
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In addition, for the reasons outlined elsewhere, D sources may be capable
of achieving the required conditions and would_haye very considerable technological
advantages. Beqause of the highly resonant charge transfer processes involved,
such sources are unlikely to be developed by hit and miss methods and a coordinated

experimental and theoretical épproach is required.

3.3 The Hall Accelerator as an Alternative Ion Source/Accelerator

In Appendix 5 the possibility of extending the Hall Accelerator to 2-3 MeV
as a replacement for the accelerator system is considered. The main advantage of
this is that it may be possible to achieve the full output of ~ 100 amps in one
relatively cheap unit. Present-day Hall accelerators work at ~ 1 keV and produce

(5). The angular divergence is * 300 i.e. E~L ~ 250 eV which is well

~ 500 amps
within the acceptance limit of the reactor of 7500 eV given by equation 1)
provided that further acceleration stages do not introduce much extra perpendi-
cular energy. Some work has been done at 20 kV potential difference but the total
current and angular divergence is not known at present.

An ektrapolation from the existing devices to ~ 2-3 MeV results in a device
of modest dimensions (Q 4 metres long). However, the extrapolation is considerable
-and does not take into account the extra perpendicular energy acquired due to mis-
match in the various stages or the power deposited on the electrodes in the later
stageé of acceleration. In addition the device would have to be developed for
D, or Dy,

densities involved.

the survival of which may not be commensurate with the high current

Further theoretical and experimental work is required before the usefulness
of the Hall accelerator can be properly assessed. It might become competitive if
particle drift studies showed that an appreciably lower injection energy than

1 MeV could be used.

3.4 The Neutraliser

As was disaissed in Section 2.4 there may be some decided advantage in

neutralising on a fully ionized plasma. A total target thickness of order
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10" em™ is fequired (e.g. a plasma density of ~ 5 x 10" em™>, 20 cm long).
Such a density is currently obtained in arcs, and H; break-up experiments
have beén carried out on.these plasmas in connection with the DCX experiments at
ORNL. As far as is known ﬁowever, no carefully regulated optimum target thickress
expefiments have been performéd. It would be useful to have at least one such
practical check on the opfimum neutral yield at high impact energy as well as
+

more accurate cross section and equilibrium yield data for H+, H3 impact on ions

and electrons.

In our final 10 A unit the necessary plasma conditions might well be obtained
by somewhat inhibiting free ion flow from a gas neutraliser. An estimate of the
plasma density produced by primary ionization in a field free neutraliser suggests
this to be in the range 10'" - 10" cm™ (compared with a neutral gas density of
~ 5 x 10’ em™). 1If the plasma is confined for long enough for the electrons to
gain appreciable energy by Coulomb collisions with the fast beam ions, then
.secondary ionization can raise this plasma density appreciably. Under these con-
ditions the plasma in the neutraliser could be maintained essentially fully
ionized without any additional source of energy.

The detailed problems of the neutral iser have not been considered in this
study. The question of tWo—stream instabilities needs further investigation.

This would appear to be serious if the saturation amplitude of the instability
was sufficient to give the fast ions X 7-5 keV perpendicular energy (equation (11))

or remove a significant fraction of their parallel energy.

3.5 Dumping the Unwanted Beam

The power efficiencies quoted in Section 2.4 show that, together with the
10 MW of neutral beam, there is emerging from the neutraliser some substantial
unwanted charged beam. For the cases of D;, D; and D* the powers in the urwanted
beams are respectively = 40 MW, 30-90 MW and 1-5 MW, the range depending on
whether the neutraliser is fully ionized or not.

The possibility of recovering some of this waste power electrically has been

considered. However, this is a difficult problem technically and the cost of
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corverting this to a con#enient form for re-injection is not trivial. Therefore,
since the power is a small fraction of the station output, required for only a
short period and is likely to be available in the form of standby generators, we
have considered it hardly Worth“hile attempting to recover a large fraction of

+

the energy from all the products of D_ or Df break-up.'

3 2

If this energy is not recovered, however, then there is a considerable energy
dumping problem. With a corventional solid target the power density at the
recovery surface is likely to be limited to ~ 100 watts/cm2 for quasi-continuous
operation. Thus to handle a power level of say 40 MV, an area of 4 x 10° cm?
would be required. This could conceivably be achieved by clever re-entrant design,
but great care would have to be taken to avoid local "hot spots". As will be
discaussed later, the gas load from such a system is not easy to handle.

An attractive idea is to deposit the beam directly in a liquid lithium target
or a lithium spray. To dump 40 MW with a SOOOK temperature rise, ~ 60 litres/second
of Li metal must be flushed through. Thié is an order of magnitude smaller than
the capacity of a typical pump on a present-day sodium cooled reactor. The system
ﬁas the additional advantage of greatly easing the vacuum problem (see Section 3.7).
Of course, the use of D would reduce the loading by more than an order of
magnitude.

Thus in summary, it would appear that although beam dumping is not a trivial

problem, it can be solved in principle and the use of D ions offers a decided

advantage in minimising the problem at source.

3.6 Vacuum Problems

Appendix 6 deals with the vacuum problems of neutral injectors. There are
two mﬁjor sources of gas: the ion source itself and the beam dump. Excessive
gas pressure rear the first region causes unwanted neutralisation in the early
stages of acceleration which leads to loss of efficiency and some power drain
and deposition. Excessive gas pressure near the beam dump can lead to inefficient

neutral isation and excessive power dissipation in urwanted places.
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With exténded sources of the multihole, or multiple beam type, neutralisation
on the ion source gas in the very early stages of acceleration sets a limit on the
current density that can be handled (typically ~ 50 mA/cm® for a source gas
efficiency of 0.5) - from this point of view it is important to develop sources
of high gas efficiency. The gas at this stage may be pumped using carefully
designed cryogenic panels.

The gas problem in the beam dump region may be greatly eased by using a
suitable target which traps ions. Several target materials are available but
lithium has the advantage that it may be used in the molten state which facili-
tates the removal of the beam power (see Section 3.6). The pumping of the
untrapped gas again requires substantial cryo-surfaces.

The most important conclusion from this work is that the handling of the ion
source gas must be carefully thought out as part of the integrated system or

serious beam loss could result.

3.7 Power Supplies

Appendix 7 deals with the power supply question in some detail. Though the
voltage (3 MV) is rather higher than that currently used in general power trans-
mission the power requirement (~ 50 MW/unit) is relatively modest.

The Appendix disaisses the possible power sources and decided in favour of
the tfansformer-rectifier set where efficiency is of prime importance (for a
continuously fed Tokamak for example). The insulating core transformer is a
possible competitor for systems where less efficiency can be tolerated (e.g.
stellarator start-up).

There do not appear to be any fundamental difficulties in developing either
of these systems to the required voltage level. The question of protection in

the event of beam collapse is one that would require careful consideration.

3.8 Technological Problems Associated with the Reactor

3.8.1 Blanket peretration

Eor the purposes of a design study it has been assumed that a roughly

cylindrical hole in the blanket structure is allowed. The value of 6> inserted
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into equation (11) would be consistent with, say, a 60 cm diameter hole 6 metres
from the accelerator. A few holes of this diameter through the 2 metre thick
blanket would not appear to seriously upset the breeding but may create a radia-

tion shielding problem.

3.8.2 Damage and radioactivity in accelerator due to neutron bombardment

" The effect of the neutron flux on the injector materials has been looked
at briefly(s). Depending on the position in the injector the "hard" neutron flux
may be in the range 10'2 - 10" n/sec/cm® and the accompanying "soft" flux in the
range 10% - 10" n/sec/cm®. These flux levels do not create a serious heating
problem, though cooling of the components nearest the reactor will certainly be
required. Neutron damage is difficult to assess at the present state of knowledge
on the subject and may put constraints on the materials used. Induced radio-
activity appears to be the most serious problem and probably excludes the use of
iron in constructional materials. If iron is used, the induced Fe®® activity

"(2.6 yr half-life) after one year is estimated to range from 1 to 2 curies/bm; at
various positions along a typical injection line. Aluminium is a much more
reasonable choice - the induced 15.4 hr half-life Na 24 activity level being
similar to that for iron but the short half-life would give better access after
a cooling off period. It is fairly clear however, that any component continuously
exposéd to the direct reactor beam will require remote handling techniques for
sgrvicing.

The above problems are probably not serious if the injector is used only for

start-up and a screening plug is inserted during normal running.

3.8.3 Limitations on gas flow accompanying beam

Gas entering the reactor volume may cause the emission of fast neutral
atoms which represent an energy drain and may cause local wall loading. If ¢
fast atoms are prodﬁced (isotropically) per incident gas molecule and the ratio
of the power drain to the input beam power is p, then there is a limitation on

the input gas flux due to energy drain from the reactor
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where Ti and Ei are the plasma ion energy and beam energy in eV, F ard I
are the fluxes of gas molecules and beam atoms in particles/second.

'~ Since
e<1 Ti~1o4ev s Ei~106e\f

then for serious power drain not to occur (p ~ 0.1) the flux of gas molecules
must be < 20 times the beam flux.
Similarly, assuming the vacuum wall is a distance £ from the plasma the

gas flux is limited by wall loading to

22 W
e T.
i 1y

F< 7.7 - 10"
where W is the limiting wall loading (watts/cm®).
If £ =50 cm, W = 100 watts/cn?, ¢ < 1, T, = 10% ev
F < 1.9 x 10°' particles/second (i.e. 300 amps current equivalent),
Thus to satisfy the wall loading condition the gas flux mist be < 30 times
the beam flux.
| Since the gas is essentially generated by the beam both of these conditions

are easy to satisfy and are considerably less constraint on gas flux than is the

vacuum requirement in the accelerator.

3.9 Costs

It is beyond the scope of this report to attempt an accurate estimate of
costs. However, some attempt may be made to estimate the constraints on the
injector costs.

Our standard reactor has an electrical output power of ~ 3500 MW(e)., If we
allow that 5% of the total reactor cost of say, £70/kiW(e) is available for start-up

then the injector system must be built for ~ £12M.
If the neutral beam requirement is 30 MW, D; is used and the unwanted beam
energy thrown to waste, the power requirement is ~ 150 MW. This order of power

would be expected to be available for standby in a station of this size. However,
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the cost of éonversion td a suitable voltage is estimated in Appendix 7 for a
100 MW neutral beam injector. Scaling from those values and allowing for
3 x 55 MW insulating coré transformers in action and one standby, the cost of
providing the power is ~ £4M. Then approximately £8M is left to be divided between
the three 10 MW neutral injectors. At this stage all that can be said is that
£2-3M does not seem an unreasonably.low sum for the production of a 10 MW
accelerator. If however, more than the estimated 30 MW beam power is required
then the cost allowance per unit is correspordingly more restricted and the cost
of say 100 MW of beam power is likely to be appreciably more than the 5% of the
reactor cost.

This gives additional support to the case for negative ion sources with

their reduced total power demands.

4. SOME PHYSICAL QUESTIONS ASSOCIATED WITH NEUTRAL INJECTION

4,1 Self-consistent Electric Field and Plasma Currents

Fast ions and electrons created at the same point have a displacement of
their guiding centres and this can lead to an electric field. This field has
been calaulated for a given number of trapped ions injected and, in the plane
geome try approximation, it is given by

E=2%-ﬁ;-iﬂi- volt/cm
where EL is some average trapped ion energy perpendicular to the field lines
(in eV) and Ei is the Larmor radius (cm), A and Ap are the injected particle
and plasma ion masses, n, and n are the trapped ion and plasma densities.

It should be noted that this field is essentially a potential equal to the
perpendicular injected particle energy dropped across a Larmor radius but reducéd
by the presence of the reactor plasma.

The above relationship gives essentially the rate of creation of the electric
field — the equilibrium value will depend on the processes destroying the electric

field. These are not clear at present and are intimately tied up with the toroidal

diffusion problem.
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The eleétric field results in an E x B motion of the plasma around the torus.
It can be shown that the velocity of this motion-is exactly that required to give
conservation of momentum. Thus if the ions are injected into trapped orbits or
have little velocity parallel to the field lines, essentially all the beam momen-
fum‘is transferred quickly to the plasma via the electric field. If the beam ions
are untrapped and have appreciable momentum along the field lines this part of
the momentum remains in the fast ions and is transferred only relatively slowly
by collisions.

As we have seen in Section 2.3, the momentum parallel to the field which is
transferred to the plasma by collisions, goes primarily to the electrons. This
gives rise to a aurrent which is considerably greater than the beam current and

(7)

which Ohkawa has considered in some detail.
The value of the current depends on the balance of the rate of gain of
momentum from the injected ions and loss to the cold ions. Ohkawa takes both of

these rates to be the classical electron-ion collision rate (Tie) and in that

case =
v

J &I, Rt T

where j and Ib are the electron current and beam current densities, ;b is
the average beam velocity in the plasma and R is the major radius.

If we take the parameters of our standard reactor: Ib = 30 amps,
?b =5 x 10° cm/sec, R = 750 cm, T;e ~ 0.4 sec (at T_ = 10 keV) then
j = 1.4 x 10° amps, compared with a Kruskal limiting current of = 10’ amps. The
rate of loss of momentum from the electrons may be greater, and the current con-
sequently smaller, if there is anomalous resistivity or if electron trapping
plays a role.

The above current does not include the diffusion current and the derivation

is presumably only valid when the latter is small. The ratio of the Ohkawa to

the diffusion current for a Tokamak-like field scales as

. 5 %
Iome T % To P
- oc
- 2 r.% 1 dn
diff R (5% 1 dn
+ n (R) n dr
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Thus thé Ohkawa current may be important at low density or if B6 is
high.

The self—cqnsistent electric field and the effect of plasma currents are
subjects of intensive study at the moment and will not be considered further here.
It Should however, be noted that by choosing to inject into trapped or untrapped
orbits and with or without net canonical angular momentum, extra degrees of free-

dom are provided which might be useful during a critical start-up phase.

4.2 Instabilities

Instabilities can arise due to the energy distribution of the injected ions
and due to their anisotropy.

Some work has been carried out on the isotropic case aimed at the problem
of instabilities caused by reaction products in reactor plasmas.

(9) (10)

Kolnesnichenko and Oraevsky and Oliphant have calaulated the hot ion

energy distribution function over a range of plasma parameters appropriate for

(8)

reaction products and the former authors have catalogued some possible modes
with their thresholds and growth rates. At low p the double hump cyclotron mode

is important and electromagnetic modes become important when

where ﬁc is the ratio of plasma pressures to the vaaium field for the cold

plasma and Ti 'I‘ic are the respective hot and cold "temperatures'.

h’
If this condition is exceeded then there are two Alfven modes and one ion
sound mode which must be considered. All these modes rely on the dbuble humped
nature of the ion velocity distribution. The distributions appropriate for the
neutral injection case have not been calailated during the time dependent plasma
build-up and until this is investigated in detail it will not be pbssible to make
categorical statements about the stability or otherwise of the above modes.

The anisotropy of the injected ions depends very much on the geometry of

injection and the details of the confinement system. Broadly speaking, however,
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if the beam ié injected perpendicular to the field lines then there is the whole
spectrum of Harris-like modes to be considered. At low P and if we are pre-
pared to assume a quasi-Maxwellian distribution of ion energy, the Harris modes
should be stable if T”/T¢'> %. If on the other hand, the beam is injected along
ﬁhe'field lines then two streém modes may occur depending on the shape of the
energy distribution function. The effect of finite @ on these modes is under
investigation.

More definitive statements as to the likely presence or otherwise of micro-
instabilities must await more specific, time-dependent, calculations of the
injected ion energy distribution functions. Meanwhile it is appropriate to list
some possible consequences of micro-instabilities:

(1) they are likely to increase the transfer rate of energy from the
fast ions to the plasma. This to some extent, is self-compensating

since the increased transfer rate reduces the density of fast ions;

(ii)  the Ohkawa current will be modified;

(iii) micro-turbulence might change the effective resistivity of the plasma

and this could have consequences for the equilibrium of some systems;
(iv) micro-turbulence could lead to diffusion.

The first toroidal experiments using neutral injection should throw some

light on these problems.

5. CONCLUSIONS
We may summarise the conclusions of the Study Group as follows.
1. On the assumption of a classical, or Bohm, dependence of loss rate on Te

the beam power requirements may be estimated to be £ 60MW for our standard

7000 MW(th) reactor.

2. To penetrate the reactof plasma a deuterium energy of about 1 MeV is required.
This implies that the major transfer of energy is to the electrons. The use of
high atomic mass beam will increase the energy transfer to the ions but the effect
on penetration is not fully known. In certain systems suitable ion drifts may

relax the beam penetration requirements. A somewhat lower starting density would

reduce both the energy and the power requirements.
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3. If the discussion is limited to deuteron injection, then neutraliser
efficiency considerations lead to the production of the bzam from accelerated
beams of D;, D;_or D . The neutralisation efficiency using D; or D; is low

(~ 20%) whereas for D it is much higher (80-90%).

4, A useful basic unit sizé for the purposes of study is 10 MW, i.e. a 10 A,

1 MeV_D0 injector. The feasibility study of this sized unit shows no in-principle
objections, it does however, represent a substantial extension of existing
technology.

5. Acceleration in two or more stages is likely to be necessary, the beams
being separated in the early stages and combined only in the final stage. The
choice of 1st stage energy will depend on the ion source chosen but it is likely
t> lie in the range 50-200 keV. The current per source is likely to lie in the
0.5-1 amp region.

6. This concept is also of value in leading to a development program of smaller
‘units which fips in with the requirements of intermediate experiments,

Zia The maximum beam angular spread at each stage may be defined approximately.
Typically, a maximum perpendicular energy of 300 eV is allowed. These require-
ments allow a minimum beam 'brightness' to be defined which is exceeded by most
present-day high performance sources.

8. The choice of source forllst stage acceleration is open to some debate. The
+

most likely contenders for D., D3

mised single hole sources. Calutrons need further assessment and Hall accelerators

production are multihole arrays and high opti-

need further experimental development before they can be seen as competitors.

9. Little information is available on suitable D  sources but the requ ired
current density does not appear to be out of the question from consideration of

the cross section data available.

10. As an alternative to conventional ion accelerators the Hall accelerator
cannot be dismissed and may become competitive if a lower energy than the 1 MeV

can be used. However, more experimental information is required at high accelerat-

. . . + +
ting potentials and the survival of D2, D3 in the accelerator is open to question.
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11. There is a need for a more uniform plasma source with which to illuminate
multihole arrays and large plasma boundary ion sources.

12. The neutralisation‘of high airrent D+, D; or D* beams does not appear to
generate serious problems ﬁhough there is a lack of cross section data and the
nonélinear consequences of béam plasma instabilities have not been considered in

detail,

13. The dumping of un-neutral ised beams from D; or D; dissociation is a non-
trivial problem and may need the development of unconventional techniques. For

D beams the problems are much less severe.

14. The necessary power supplies represent a reasomable extension of existing
technology though the protection of the accelerator in the event of beam collapse
may pose some problems.

15. A start has been made on the understanding of the interaction of the injected
ion distribution with the reactor plasma. The electric fields generated would
~appear to be those consistent with momentum balance and the plasma currents may

be comparable with the diffusion current. A proper assessment of the instabilityv
situation must await better calaulation of the energy and angular distribution
functions of the injected ions. |

18. An estimate of the capital cost of such an injector system is diffiailt but
the allowed cost per kilowatt'of injected power leaves a reasonable margin pro-

vided the required power is not greatly in excess of that predicted from the

elementary scaling laws.
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APPENDIX 1

STELLARATOR HEATING REQUIREMENTS

by

J. Hugill

i, Introduction

The Heating and Injection Study Group concluded that, of the presently
available methods for igniting a fusion reactor, neutral injection was the most
promising. The present purpose is to consider in more detail the heating of a

Stellarator reactor to ignition point, by neutral injection.

As a guide we will take the requirements of the R 85 reactor(A]'S). Although

.present designs indicate a stellarator reactor may have to be a Tactor of 2 to 10
times larger in ﬁower output, most of the calculations will follow through on a
pro-rata basié.

The maximum heating power and ignition point Tig’ have previously been
calculated by Wort(Al']) assuming that the energy confinement time scaled like the
Galeev-Sagdeev diffusion time in the intermediate regime. The heating process
is envisaged as starting with a neutral gas at the correct density or a 'cold'
plasma. During the heafing process sufficient power and fuel are supplied to
maintain the particle density constant while the temperature increases from
~ 0 to Tig'

The following sections deal with various aspects of this process in relation

to a stellarator-like reactor.

2. Power Requirements

Wort's calculation of the power required to ignite a stellarator reactor
assumed that the confinement time, T at 20 keV was 0.6 seconds, and scaled

/e
as T , as in the Galeev-Sagdeev intermediate regime(m"z)o This argument neglects
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two points.

(a) The confinement time of 0.6 s is an arbitrary one, not related to diffusion
theory.

(b) As T increases towards 20 keV the plasma enters the low collision frequency
regime where a 'T'_:3 y variatibn of TC is pessimistic for tokamaks, but
optimistic for stellarators, because of the growing importance of localised
particlés. This means the use of By = 0.6 s at 20 keV as a normalising
point is not valid. When T < 5 keV, T bears no simple relation to the
value at T = 20 keV.

In Table Al.I the confinement times assumed by Wort are compared with values

calculated from G-S theory inserting the parameters of the R 85 reactor(Ai's),

Wort's estimate is a factor of 6 below the theoretical value, and s0 appears
pessimistic: however, the same factor is observed experimentally in this

. (Al1.4
regime ). We may conclude that Wort's calculation is essentially realistic

Whether Ty = 0.6 s at 20 keV can be achieved in a stellarator depends very
much on plasma behaviour in the low collision frequency regime where localised
particle diffusion is important, and which has not been extensively explored
experimentally. It has recently been shown that a unidirectional 'Taylor'
current is associated with plasma diffusion in this regime, which produces a
rotational transform adding to that of the vacuum field(A1°5), The effect of this
on diffusion rate and critical { has not been worked out in a self-consistent

(A1.6)

manner, but preliminary studies show that the stellarator is subject to the

Kruskal limit in the same way as a tokamak.

The net result of Wort's work is that the ignition point of the R 85 reactor
is 6.4 keV and the minimum power required is 0,12 W/bms compared with a thermal
output of 30 w/bmsat the steady working temperature. Thus total power input
to the plasma is 1/250 times thermal output. For the R 85 reactor this amounts
to 20 MV. This rinimum power is of course only just sufficient for ignition.

To make the heating time scale comparable with Tex the power input should be

doubled to 40 MY. The heating time will then be ~ 7 seconds.
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(A7) | gi-

The R 85 reactor is small compared with those which recent studies
cate may be necessary when fusion reactors might become operational. For reactors
of 3 - 6 GV(e) and 405 thermal efficiency the ignition power on a pro-rata basis

comes to 30 to 60 MV.

Present optimisation of stellarator reactcrs shows that if localised particle
diffusion is ignored there is a mis-match between the values of B required for
equilibrium and for diffusion-controlled confinement, with the former values
being higher. Thus it may be necessary to use higher values of B and increase
the diffusion rate artificially at the working temperature. However, during
the ignition phase, this may not be necessary. It would imply longer confinement

times and lower ignition power than indicated above.

In the calculations above we have assumed n constant. However, there is
an advantage in using lower densities during the ignition phase. Wort shows the

minimum ignitable density in R 85 is ~ 1.9 x 10" *cm™2 and the power required is

reduced by about 30%.

We conclude that a stellarator or tokamak reactor of the size presently

envisaged will require between 14 and 60 MN of power for ignition.

3. Heating Mechanism, Characteristic Times

In heating a plasma by neutral injection it is assumed that the neutral

beam is ionized in traversing the plasma and that the high energy ions share
their energy with the plasma by classical collisions.,

Some characteristic times associated with the heating process are calculated
below,
3.1 Values of the slowing down time, T, defined by Spitzer's equation

(5—27)(A]'8) are given in Table A1,II. For D" ions in the range 100 keV to

1 MeV and plasma temperatures from 100 to 4000 eV this time is < 50 ms,

which is two orders less than the corresponding diffusion times in Table Al.I.
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3.2

3.3

3.4

For the parameter ranges given, the fast ions are slowed mainly by plasma
electrons, so the electrons are initially heated, and the ions must be
heated by electron-ion thermalisation. The classical equi-partition time,

Teq’ given by Spitzer(5-31) for hot electrons to heat cold ions is shown

in Table A1.III and is of the same order as Tg? so that the ions will be

“heated along with the electrons, although the temperature of the latter

will be somewhat lower.

If the injected particle is in the loss region in velocity space, for
example because it is localised, it will escape from the confinement region
in a time approximately equal to the plasma radius/drift speed in B@

field gradient.

= & 1078 eee (A1,1)

units; seconds, gauss, eV and A.M.U.
Typically for a reactor r = 10° , R = 10°, B = 10°, E = 10°,

A=2, _ —5
’ED—SXIOS N

It is clear that, if the injected particle is in a loss region of
velocity space, it will drift out of the system before it loses its energy.
This generally means that the parallel velocity of the particle must not
be so sméll that it is mirrored in the helical field gradient and becomes

'"localised' (A1°9)°

Another important quantity is the time taken to complete a drift orbit
closed in the minor cross—-section. If it happens that the particle loses
all its energy before returning to the injection point there would be

no problem in having an injection 'snout' at this position: thus it

may be feasible to inject charged particles rather than neutrals. If

so this may greatly simplify the problem of producing the heating beam.
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The transit-time of the particle around the major axis

_ 27R -
’ER = ——Y\)i LR ] (A1-2)

where ¥ = v”/v. Y must not be so small that the particle is in the
loss-region (see paragfaph 3.3). The allowed value will depend on the
particle energy, the field strength and configuration and details of the
injection point, but might be ~ O.1.

For a typical stellarator the maximum rotational transform is ~ 2=
and the effective rotational transform of a particle orbit, Lorb’ will
be about half this. Thus the time to complete a drift orbit in tﬁe

minor cross section will be

27
To = TR L LR (AI.S)
orb

however, unless LOPH/Zﬂ is rational the particle will not return to

its starting point. Its chance of returning within a distance s of the

S
starting point per transit will be I Torbis2 (Later, s
wryl + (_EEE*

will be put equal to the 'snout' radius). So the mean time to return

within a distance s of the starting point will be (for r « R)

1
xr -5 RrA®
= = 1.4 x 10~ == , eee (A1.4)

ygE™?

Example: for R = 103, r = 102, Y = 10", s=10, E=10, A =2,
T =2 ms ,
p

This is an order of magnitude smaller than the slowing down time
of ~ 50 ms at ignition point from Table A1.II, which indicates the particle
can not lose a large fraction of its energy before returning to near its
starting point. However, even if it should have lost only a small part
of its energy, the orbit may be so changed by collisions with background

gas that it misses the 'snout' anyway. This point will be further dis-

cussed in the next section.



3.5

The situation becomes slightly more favourable for lower energy

injection since T~ EJ/é whereas T is ~ E°, so TD/T o E_%.
p s s

In addition to loss of energy and scattering on the background
plasma an injected ion also partakes of the general drifts of the other
plasma particles. The magnetic drifts have already been discussed in
sections (3.3) and (3.4). There is in addition a convective motion due
to electric fields in the plasma. This is only well understood in the
collisional range of plasma diffusion which does not apply here, except
for Te < 500 eV. However, the time scale of the analogous motion in
the intermediate diffusion regime will probably not be an order of
magnitude faster, For the M.H.D. regime the time scale is TO/L
i.e. ~ seconds. It is therefore unlikely that injected particles will
be much affected by E x B drifts before losing their energy to the

background plasma, and such effects will be ignored in what follows.

Geometrical Considerations

In this section we wish to examine the questions of where the neutral

atom is ionised, what its subsequent trajectory is, and where the energy is

deposited in the plasma.

4.1

The problem of the penetration depth of a neutral beam will be discussed
in (£1-10) where it is concluded that a 1 MeV beam is required to penetrate
to the centre of a 150 cm radius plasma with n =3 x 1014 and T = 10 keV,
However, for the neutral beam energies which we are considering, and

for an £=3 stellarator penetration of the neutral beam to the centre

may not be necessary. A 1 MeV D" ion at B = 100 kG has rp ™ 2 cm,
Pp/PL’“ 75. For particles of this energy the displacement of the drift
surfaces from the magnetic surface can amount to a quarter of the plasma
radius in an £=3 stellarator. The reason for this behaviour is the

very low transform in the centre, which means the dominant drift in this

region is the toroidal drift. This can carry particles vertically through
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a large fraction of the plasma radius before the field transform
predominates.
By reversing the orbit one can see that a particle starting

near the outside of the plasma can have a drift orbit passing

through the centre.

These results will be strongly modified in a reactor at
operating temperature where, because of finite p effects and the
transform produced by the Taylor current, the stellarator field is
modified., It is a matter for calculation whether these effects
will be important at temperatures of ~ 5 keV, at which maximum

heating is required.

The conclusion of this section is that we may be able to allaow

(A1,10)

lower injected energies than indicated by » The geometry is

indicated in Figure Al.1.

plasma boundary

injected particle
drift surfaces

injected
beam

penetration
distance, rp

radius of drift
centre , ip

Fig. Al.1

The radius of the centre of the drift surface, D is given by
the condition that the toroidal drift and transform drift just

cancel i.e. with distances expressed as fractions of the plasma

Al=7



4.2

radius.

2ﬂPL =rpt , U= rotational transform.

For £=3 - stellarators . = Iy e The penetration distance is

proportional to particle velocity to first order so that

1,
l"p =1 - 2I‘D"‘ E 7y

where & is the energy. . 27, rp =1 for 1 MeV gives e = 300 keV.

The calculations of the last section assumed implicitly that v, was
so directed that the toroidal drift and transform were opposite. For
particles injected with the opposite velocity the drift orbits are dis-

placed in the opposite direction as shown in Figure Al.2.

Fig.Al.2

Evidently many different regions of the plasma are accessible with the
same injection energy, depending on the angle and position of the
injected beam. Using several injectors it will be possible to arrange

a very wide dispersion of particle orbits in the plasma being heated.

For a single particle the drift orbit in a stellarator is closed and
drift surfaces are formed corresponding to the magnetic surfaces.
However, we have already seen in section 3.4 that the time to 'complete'

a drift orbit, in some sense, is comparable with the slowing down time.
Since the energy and magnetic moment of the particle are continuously
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4,4

changing it is not reasonable to expect the particle trajectory to
form a drift surface. Two effects may be important. Since the trans-
form is lower the closer the particle to the centre, the particle will
spend more time in the centre of the plasma and 1lose more energy
there. In the limit in which all the energy was lost at the centre of
the plasma the particle would be stopped at the magnetic axis. The
effect is similar to the reduction in apogee of a satellite due to

friction with the earths atmosphere at perigee.

Secondly, as the particle loses energy, the displacement of the
'instantaneous' drift axis from the magnetic axis is reduced. This also

results in a centering of the'particle orbit on the magnetic axis.

A computer program to test some of the results of sections 4.1 and 4.3

: la :
has been written (A ]]). It calculates the trajectory of a particle with
given charge, mass, initial position and velocity in a simulated ¢=3

stellarator field filled with plasma with specifiied parameters.

The effect of sloving down and scattering of the injected

particle is included via Spitzer's diffusion equations (5-15) to
(5-17).

It is hoped to use the program to gain better understanding of
some aspects of the orbit theory just discussed. Some preliminary
results are shown in Figure Al1,3. In these examples the magnetic field is

16 -
reduced to 20 kG and the plasma density increased to 3 x 10 = cm 3,

as compared with 100 kG and 3 x 1014 cm_5 for a reactor. The reason for

this is to save computing time by increasing the gyroradius and decreasing
the slowing down time, however the essential features of the particle
orbits should not be very different from those in a reactor. In both

cases the inward drift of the particle orbit is apparent.
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4.5

From the above remarks it is fairly obviously difficult to ensure that

the heating produced by neutral injection in a stellarator field is
uniform. However, for £=3 stellarators at least, this may not be a
severe problem, The diffusion and thermal conduction coefficients in

the intermediate regime are proportional to Ld1 so that in the centre
of the plasma, at least, thermal grédients may be removed by conduction
on a much shorter time scale than the confinement time. Thermal gradients
will also be influenced by the method of injection of cold fuel which is

necessary to maintain n constant. At present this appears to be a

bigger problem than that of supplying heating power.,

Interface Between Injector and Stellarator Reactor

As presently envisaged a stellarator reactor would have the Torsatron
configuration in which the confining field is produced by a single sct of
helical field windings. The space between the winding contains field
lines which connect the outside of the confinement region with the
'helical divertor' as proposed by Gourdon (Al°12)g The access in this

system is very good and the dimensions of the 'holes' available for

neutral injection would be typically 50 cm x 50 cm.

The handling capability of the divertor can be simply calculated from
the thermal output of the reactor. The following calculations are for

the R 85 reactor.

Therral output, P 5000 MW
Fractional burn-up, fb 0.035
Energy release per reaction,QT 22.4 MeV
.« Equivalent throughput, 4
( 1.28 x 10" Amperes.
A ( 29
- Qpfy ( 8 x 10°“ particles/second,

A1-10



Assuming cold fuel is injected and all charged particle energy is

deposited in the divertor (3.52 MeV per reaction):

Divertor power 785 MW
Area of divertor surface (~ area vacuum wall) 4 x 106 cm2
200 W/cm2

Approximate divertor loadings (
: (
{ Bx2 111A,/Cm2 ion current,

Thus the superficial handling capability of the divertor is rather small:

not sufficient to act as the beam dump for the neutral injector without

careful consideration.
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TABLE Al.I

Comparison of theoretical diffusion time (Galeev and Sagdeev)

with figures used by Wort (A]'I), for the R 85 ° reactor
! T To_s Wort's estima}e
. (xeV) (seconds) 0.6 (T/20)~%2

0.5 8L 152

1 32 ol

1.5 170 23

2.0 E 111 19

2.5 79 g R

B0 60 10:%

3.5 L8 8.2

4.0 39 6.7

4.5 33 BB

5.0 28 4.8

20 - | 0.6

TABLE A1,IT
Slowing down time of fast deuterons in a D-T plasma
(mean ion mass = 2.5 AMJU.) at various temperatures
n=3x10"" | tnA=20 , T, =T; , 15 inms

Plasma temp.( ev) 100 500 1000 2000 3000  LOOO 5000 10000

Ion energy f

50 keV ; 0.22 2.1 5.0 9.8 13 15 16 19
100 keV |02 2.3 5.9 14 22 28 33 L6
500 keV | oy 2.7 7.0 18 33 49 67 158

1 MeV f 0.83 3.2 7.7 20 36 51 7 188
5 MeV % 7.5 9.2 14 28 Ly 63 8, 220

TABLE Al1.III

Equipartition times between hot electrons and cold ions in a D-T
plasma (mean ion mass = 2.5 AMD.) at various temperatures
n=>3x10"%m™® , bn A = 20 , T_, in ms

eq

T Taq T /1 '
(s7) (ms) od s
100 0.13 ; 0.16
500 1.5 § 0.46
1000 oA 5 0.5.
5000 L6 i 0.65
10000 131 l 0.70
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PROJECTION DN MINOR CROSS SECTION
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0.
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-108 = -
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R-RMAJOR [N CM

Fig, Al,3(a

Motion of 1 MeV DY ion in &=3 stellarator field containing plasma.

Field parameters :

Plasma parameters

Injected particle :

V A DIXON RN 33

Z IN CMS

Major radius 1‘.7!3 cm, minor radius ll:l2 cm, rotational
transform 240% at 80 em rrom toroidal axis, B = 20 kG.

e

in =3x10'% en3, T, =T, = 1.0 KeV, A = 2,5 AM.L.

A=2AMU., E =1 Mev, initial velocity in the
azimuthal direction, starting point on minor axis.

PROJECTION ON MINOR CROSS SECTION

.

—

=1§0. =20, -60.

=100
-1ee. -40. -80.

R-RMAJOR IN CM
Fig. A1.3(b)

Field and plasma parameters as for Fig. Al.3(a).

Injected particle :

A =2AMU., E=1MeV, initial velocity in the
azimuthal direction, starting point on median plane,
87 cm from minor axis; chosen so as to make the

unperturbed orbit pass near the minor axis.






APPENDIX 2

NEUTRAL ATOM PENETRATION INTO A FUSION REACTOR PLASMA

A.C. Riviere

1. Intreoduction

The successful injection of a neutral atom beam into a fusion reactor for
heating and refuelling the plasma depends on the extent to which the beam can
penetrate the plasma. It is important to establish that the rate of ionization
is not so high that it prevents the penetration of the beam to the centre of
the plasma nor so low that a substantial part of the beam passes right through
the plasma. Some preliminary estimates were made by Rose(AE'l) for the attenuation
lengths to be expected. Here, the relevant cross section data has been summarised
and rate coefficients have been calculated for the appropriate ion and electron
energy distributions. The plasma thickness, T, for a 1/e reduction in intensity
of the neutral beam has been calculated as a function of energy from these rate

coefficients. Finally, the required ratio of T to the product of plasma density

and radius is calculated in a simple case and found to be of the order of 0,5.

Ze Collision Cross Section Data

The collision processes of interest are:-

(1) Tonization by the electrons, with cross section o} 5
(2) Ionization by the ions (02),

(3) Charge exchange with the ions (03), and

(L) Collisions with the alpha particles in the plasma.
Ls discussed in Appendix 3, collision cross section data is gererally cbtained
with hydrogen beams, but the values for deuterium beams are the same for equal

velocity. Thus to obtain o for deuterons at energy E the value for protons

at 0.5 E can be used.
A2 -~ 1



2.1 Tonization by electrons, o,

A review of experimental data on electron ionization was published by

o)
Keiffer and Dunn(AG'e)

and mean values for atomic hydrogen have been taken from
their report. These are plotted in Figure A2.1 up to an electron energy of 800 eV.
At high energies the cross sectian is expected to tend towards one half of that
for molecular hydrogen. High energy ionization of H2 was measured by Schram

et al.(AE'B)

and their results have been plotted at half their value in Figure A2.1
from 600 eV to 20 keV.
In order to join smoothly from the atomic hydrogen data to the molecular

data one can make use of the high energy behaviour of the cross section as pre-

dicted by theory using the Born approximation, namely

CT‘] m%(ﬂnE-l-B)u e s (AQ.l)

- 2
A good fit to the date is obtained with A = 1+36) x 10 15cm eV and B = 1°82,

Values obtained from equation A2.1 with these constants have been plotted as

crosses in Figure AZ.1.

i . (A2, . ; ‘
Gryzinskl ( k) obtained a fornmula for Ul using a classical theory:
. 1
o = L223 X0 1 o (x) o
1 2
E
where

7

Je -
g(x):%( §$~+1-)32 L’I +% <1 -—;;)Bn (2'?+‘/->c—?7)},

x + 1

E is the electron energy in eV and x 1is the ratio of the electron energy to

the ionization potential which in this case is 13+605 eV, Values obtained with

this formula are sho'm in Figure A2.1 as the solid curve. The 10 per cent discrep-

ancy around 50 eV is of the order of the present experimental uncertainty so
that there is 1little point in adjusting the Gryzinski formula to fit the data
more closely and we shall adopt it for the present calculations as a good

analytic expression for GH.
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2.2 Ionization by protohs, Oé

—_—

The cross section for ionization of atomic hydrogen by protons was measured
Eam
by Fite et al. A2+5)

A2.6 ; ; y
Ireland ( ) for energies from 50 to 370 keV. Their data is plotted as solid and

for energies between T and 40 keV and by CGilbody and

open circles respectively In Figure A2.2. Tne ionization of molecular hydrogen was

measured by Hooper et al., (A2.7) at higher energies and their results are

plotted at half their measured values between 150 keV and 1 MeV as open squares.

At high velocities ionization by protons is expected to be equivalent to ioniza-

tion by electrons and data on 0} is plotted (as crosses) at 500 keV and 1 MeV

for electrons of the same velocity as 500 keV and 1 MeV protons respectively.
Theoretical calculations using the Born approximation also predict a

dependence of the fomm of equation 1 at high energies. This is used here in

the form

=]

= 36 x 102 & log,q (01666 E) evs LAD.2)

" which is plotted as the short-dashed curve in Figure A2.7. The Gryzinski formula

for ionization by protons is not such a good fit as it was for the electron case
so a parabola was fitted to the log-log plot of the experimental data in the low
energy region. The result is the expression

log,, O = —0-8712-(10510 E)2 + 8°156 (1og10 E) - 34833 ass (42:3)
which is plotted as the solid curve in Tigure A2.2. We have adapted equation N2.2
above 150 keV (proton.energy) and equation A2.3 below 150 keV as good analytic

expressions for T

2.3 Charge exchange with protons, 03

The cross section for charge exchange by protons in atomic hydrogen was

(A2.5)

measured by Fite et al. and their data is plotted in Tigure A2.3 as solid

circles over the energy range from 400 eV to L0 keV. 'This cross section was also

5 C e - A£2.G : ; 3
measured at very low energies Dy 3alyaev et al. (A2.0) and a single point 1s shown

as an open circle at 100 eV. At high energies the cross section was nmeasured by
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A (A2,.9)

Gilbody ané Ryding

ané their values are nlottcd as open triangles between
38 keV and 90 keV. Tae charpge exchange cross section for protons in molecular

(£2.10 .
(£2.10) ancé their results

hydrc;én was measurcd aﬁ hirh enerzies by Sarnetl et zl.
are plotted as crosses axlhalf thelr measurcd velues.

| At high energies, i.e.,‘above 50 keV the data seem to fit an energy
dependence of the fomm E_5'5. Al though a much faster fall off is expected
theoretically, more like E_6, this-probably occurs at much higher energies than
100 keV and since the cross section is then very small the error introduced will
not affect the present results. Any calculation of the charge exchange of the
injected beam at high energies to detemmine for example the wall bombardment must
of course use the correct values for those energies and not the approximation

used here,

At low energies the cross section is given by the expression

]‘n.

\_NLNCL

:A+B£I’].Eo

This form was combined with the E

3

dependence at high energies to obtain an
empirical expression which fitted reasonably well over the whole energy range.

The final expression was

06937 x 10" (4 = 0+155 log1OE)2 R
o, = : 373 cm” ... (A2.4)
1+ 01112 x 10T % &

where E 1is in electron volts. Values of 03

shown as the solid curve in Figure A2.3 and the equation was adapted as a good

derived from equation A2.4 are

analytic expression for o..

3

2.+ Tonization by alpha particles

The ionization of atomic hydrogen by alpha particies does not seem to have
been measured experimentally. Ionization of molecular hydrogen has been measured
by Langley et al. (A2.11) from 500 keV to 1 MeV and their results are plotted at
half their value in Figure A2.4(a). Since we are dealing with a bare nucleus it

is expected from collision theory that at high energies the ionization cross section

scales as Z° for equal velocity of impact. We assume here that this applies over
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the whole eneryy range of interest snd we use the formula Tor ionization of
hydrogen atoms by nretons derived above Lut sczled in tiais wey. The result is
rlotted as the sclié curve in Tipure A72.%{a).

2.5 Charge exchange with alpha particles
The capture of electrons from atomic hydrogen by-He++ was measured by Fite

A2.12) : . 3
et al. ( ) between 0.1 and 308 keV using a He” beam and their results are shown

in Figure A2.4(b) at the appropriste energy for mass 4. Also plotted in

(42.13) for charge

Figure A2.4(b) are the cross section values given by Allison
exchange in molecular hydrogen but again plotited at half value. The experimental

points were fitted by simple analytic expressions. Above 12 keV
log 0= - 14°78 - 1+33 (45 - log E)? aan LADLS)

and below 12 keV :
log 0 = - 16°54 + 0-09 (log E)z wou GAZ:6)

‘where E is in electron volts. Values derived from these expressions are shown

as the solid curves in Figure A2.4(Db).

T Energy Distribution

In a mirror reactor piasma the electrons will have a Maxwellian energy
distribution with a temperature Te related to_the ion injection energy E‘O
in a way which is dependent on the mirror ratio R (Kuo-Petravic et al.(Ae'lh))-
The value of R will most likely lie between 3 énd 10 and in this range we may
take EO—/Te ~ 7, although as will be seen later, the electrons have only a small
effect on the beam attenuation so the exact value of this ratio is unimportant.
The calculaticns by Kuo-Petravic et al. (A2.1%) show however, that the ion
energy distributions are far from llaxwellian. The distributions for R = 3 and for
R = 10 are shown in Figure A2.5(a). Also shown in Figure A2.5(a) for comparison is a
Maxwellian distribution with kT = Eo and it can be seen that the mirror distribu-

tions lack high energy particles in comparison with the Maxwellian., Analytic

expressions have been obtained for both of the distributions. For R = 3 the result

was
f(E/EO) = - 1:316 (E/EO)2 + 2831 (E/EO) - 0*L467, for E/E0 <1 see (A2.T)
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and

£ (E/ED) = 168l - 10526 (- 369 + 5(E/EO) - (E/EO)Z)% ees (£2.8)

for 1 < (E/EO) < 2°5, For R = 10 the result was

f (E/EO) 0:9123 - 1-4251 (0-85 - (E/EO))2 for E/EO <1 cee (A2.9)

and
T (E/EO)

| 1
14417 - 048857 (- 369 + 5 (B/8 ) - (/B )%)% for 1 <(B/E )< 2'5.

sw WBEe10)
In both cases .[1

245
£(E/E,) a(E/E ) +[ £(E/E,) a(8/E ) = 1

o} 1
and the distributions were assumed to stop at (E/EO) = Z=h,
The alpha particle energy distribution has also been calculated by Kuo-

(A2.1k) and is reproduced in Figure A2.5(b) for R = 10. It is

Petravic et al.
assumed here that this déistribution is insensitive to nirror ratio and to the
injection energy. The solid curve in Figure A2.5(b) shows the values derived from
the analytic expression

2 2
P(E) = 1+11 x 107* { 1ol=1+94 = 1:55(5 - 1og E)7) (261 -1-4(6 -Log E)7) }

ees (A2.11)
where E is in electron volts and this seems to be a reasonable description of

the alpha energy distribution.
In toroidal reactors the ion and electron energy distributions are exnected

to be Maxwellian with Te o Ti'

L. Rate Coefficients

The rate coefficient for a collision process is the effective volume swept
out per second by the bombarding particle and is basically the product of
collision cross section and velocity of impact. With a wide energy distribution
of particles in the plasma the definition of the rate coefficient becomes

max
<crv>:f £(E L[U(Ec) |¥P—?0| d|¥P—§O aE

p° 4m
o]

where EP and Ec are the energy of the plasma particle and the effective

bombarding energy for the collision respectively and ﬁp and ?o are the
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velocity of’the plasma particle and velocity of the beam atom respectively. The
plasma distributidn is assumed to be isotropic in ¢, the azimuth about the

beam. This means, tﬁat'for a mirror reactor the distribution in ¢ is taken to be
that for R = «». The distfibution is also isotropic in 0O, the angle with respect

to the beam. The relative collision velocity depends only on ® so that
Emax T
<0"V> = [

7] .
f(Ep) %‘/ U(Ec) (VP 4 vi - 2v,T, cosB)? sind 46 dEp

E . 0
min voo(A2,12)

In a mirror reactor the electron velocity is always much greater than the
étdm beam velocity so that the integration over 6 can be replaced by U(E%)'vp F
Using a Maxwellian distribution énd the analytic form for o, the integration
was performed for the electrons by using Simpson's rule with Emax = 200 x Te,

Emin = ionization potential and taking 100 steps. The result is plotted in

Figure A2.6 from T_ = 100 eV to 1 ifeV. The effect of relativistic changes in
velocity were in&luded.

For protﬁn jonization in a mirror reactor the integration over 6 was
rcarried out as a simple summation in 50 steps from O to m. The integration over
" E_ was also carried out as a simple summation in 50 steps with the energy
distribution both for R = 3 and R = 10 and the results are plotted in Figure A2.7(a).
The change from R = 3 to R = 10 is within the experimental errors on Ué S0
we will use R = 3 only in calculating the total rate coefficient. It should be
noted here that the béam energy is coupled to the plasma "temperature"
E, and was taken equal to E_ in Figure A2.7(a).

The same number of steps and integration method were used to calculate the
charge exchange rates and the results are shown in Figﬁre A2.T(b) for R = 3 and
R = 10. However, if the fast neutral formed by the collision is heading within an
angle Bmin of the beam and its energy is greater than E0 the injected atom beam
could not be said td have been sttenuated. The effect of excluding such events with
emin = 0,2 is shown in Figure A2.T(b) where it can be seen that the effect only

becomes appreciable at high energies. The reason for this is that g is large
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at low energigs and falls rapidly with energy so that at high plasma and beam
energies only those collisions with low relative velocity contribute to the rate
and these are just the ones which lie within emin' Here again the effect of
changing from R = 3 t> R = 10 is not very great except at high energies where
in fact the rate is small. The R = 3, emin = 0.2 result will be used in calcu-
lating the total rate coefficient.

We have, from the previous section, analytic expressions for the cross
sections for alpha particle collisions and the alpha energy distribution. Thsse
were used in the same way as for the proton collisions above to obtain the rate
coefficients except that the alpha energy distribution was divided into 100 parts
rather than 50. The results are shown in Figure A2.0 for the two processes.

All rates are summarised for a mirror reactor with R = 3 in Figure A2.9 but
now as a function of deuteron energy. It can be seen that the electrons play a
minér role and that the choice of Te = % Eo is not critical.

The rate coefficients for a toroidal reactor plasma were obtained by using
a Maxwellian energy distribution but allowing for the relative velocity between
beam and plasma particles. The expressions for the cross sections derived above
were used and the results are shown in Figure A2,10 for various hydrogen atom bean
energies, The emphasis with the toroidal reactor is on the use of neutral
injection as a means of heating the plasma up to ignition temperatures so that
we choose cases where the beam energy is much greater than the plasma temperature.
It can be seen that charge exchange has a very small rate and that electrons only
have an appreciable rate at low plasma temperatures. The attenuation of the
atom beam is mostly due to collisions with ions leading to ionization and this
process is almost independent of plasma temperature since the beam atoms are
moving at a much higher velocity than the plasma ions. Total rate coefficients
are plotted in Figure A2.11(a) as a function of deuteron plasma temperature for

deuteron beam energies of 256 keV,1°024 MeV and 2-048 MeV.
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S Attenuation Thickness, T

The thickness of plasma which will attenuate the atom beam by 1/e is given by

velocity of beam 7V -2

0
= — — : = m .
rate coefficient for collision processes (G“VI> G

Valﬁes of T éalculated for.the toroidal reactor case are plotted in Figure A2.11(D)
for deuteron beam energiés of 256 keV, 1°024 MeV and 2°048 MeV respectively.

For the mirror reactor case values of T are plotted in Figure A2.12 as a
function of EO the characteristic energy of the plasma. In this case we also
gdnsider injection energies different from EO as it may be desirable to inject
at several energies simultaneously. Values of T are plotted for Einj/Eo
equal to 2, 1 and 0°5 but neglecting the effect of the alpha particles. The
effect of an alpha population of 10 per cent is shown for Einj/'EO = 1 and also
for this beam energy the values of the parameter T are shown for injecting
tritium atoms into a pure-tfitium plasma. These results show the range of values

of T +to be expected and the exact value will depend on the deuteron-tritium-

helium concentration ratios.

6. Radial Distribution of Injected Particles in a Cylindrical Plasma

We assume the reactor plasma has cylimdrical symmetry simply to be able to
say that particles ionized beyond the axis will precess around the axis at
constant - R. We assume also for the present discussion ‘that the density distri-
bution of the plasma is independent of radius, that is, a "top-hat" distribution.
The consequence of this assumption is that the number of particles between r
and r + dr increases linearly with r and this distribution is the one to be
matched by the injected distribution. The intensity of the atom beam at radius

r on the incoming side of the axis of a plasma of radius Rb and density N0

is simply
B, &
- =201 - ©/R)
T o}
I1 (I‘) = 8
Ny, R
where the initial beam intensity is unity. We replace —_E_Q by ¥ and
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n/RO by R, the injected distribution is then

8. Iy (R)

oy o YUR) ... (A2.13)

d R

Beyond the axis the beam intensity is
I, (R) = e Y YR

and the injected distribution resulting from this attenuation is

d I, (R)
T =ye e . e (AZWINL)

The total trapped distribution is simply the sum of A2.13 and A2.1h;

- R -y R -
%% =y e Y ( U ) = 2ve ¥ cosh (YR) .

This distribution for ¥ = 2 and 2°*5 is shown in Figure A2.13 in comparison with
the desired distribution ol constant x R. The fraction of the beam which

dR
penetrates to the far side of the plasma is e_2Y and for ¥ = 2 and 2+5 is 1+8

and 0*7 per cent respectively. It can be seen that a value of ¥ mnear 2 would be
acceptable but that relatively more injection occurs at the edges and on the

axis than at intemmediate radii. The density of the plasma would increase

rapidly on the axis in fact but it seems plausible that the exact density dis-
tribution required can be obtained by varying injection energy and the direction
of injection, that is, by some off axis injection.

i

For toroidal plasmas with densities of 3 x 101 5 ‘I'e = 10 keV and Ro = 15 metres
a deuteron energy of about 1 MeV is required. For mirror reactors with injection

EO = 300 keV and RO = 1+4 metres +the plasma density should not exceed about

10 x 1014 om-s. These results indicate the possibility of neutral injection

but the actual requirements will depend on more exact information about the

reactor plasmas.
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Fig. A2,2 The cross section for ionization by protons in atomic hydrogen.

@ - experimental points for H [Ref., A2.5],

0 - experimental points Tor H [Ref. A2.G],

O - 0.5 x value of experimental points for H2 [Ref. A2.7],
+ - electrons in H at same velocity [Ref. 2.4],

--- equation (A2.2),

— equation (A2.3).



10 . — . — . —
WY H—H+HY
5‘““““““‘--.ﬁ
b ll.____‘. -
"-“...
=5 —~
[
10
: \n j
L T \o ]
(em?) \.
o A -
t\
<16
Io “!\ i
al
Ay
i,
- A -
=17 %
0 ol | 10 100

kev (HY)

Fig. A2.,3 The cross section for charge exchange by protons in atomic hydrogen.

0 - experimental points for H [Ref. Az,,a],

® - experimental points for H [Ref, A2.5],

A - experimental points for H [Ref. A2.9],

+ — 0.5 x value of experimental points for H2 [Rrer. A2.,10],
— equation (A2.4).

10 — v — T —
He e n
| Charge exchang
{b)
lo—ls
9 B
Py
o A o~ lonisation
lem?) - {a}
Cal
/,a
- I
1§71
=17 ; i N
10 1000 10000

Fig. A2,4 (a)
® -

(b)

keV (Hett)

the cross section for ionization of atomic hydrogen by lle'H'.

0.5 x value of experimental points for 112 [Ref, A2,11],
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velocity,

and plotted at equal

the cross section for charge exchange by He'H' in atomic
hydrogen .
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experimental points for He ions scaled to the correct energy
for the He* ions [Ref. A2.12],

0.5 x value of experimental points for I-[2 [Ref. Az.ls],
equation (A2.5), above 12 keV, equation (A2.6) below 12 keV,
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APPENDIX 2

NEUTRALISATION EFFICIENCY

A.C. Riviere

1. Introduction

An essential part of the injector is the conversion of the ion beam
into a beam of fast atoms and the expected power efficiency for this process
is calculated here for a range of beam energies and for several ion species.

To obtain the beam of atoms the ion beam, after acceleration to the
required energy, is passed through a gas target. A fast atom is formed
when either an electron is captured by a positive ion, a molecular ion is
dissociated or an electron is lost by a negative ion. The effectiveness
of these processes is generally known or can be calculated since most of
the cross sections required have been measured,

For a reactor a beam of deuterium or tritium atoms is required whereas
the cross section data has generally been measured using hydrogen ions.

The collisions causing the processes mentioned above mainly involve elect-
ronic interactions and the diffeerences in the electronic wave functions
between the isotopes are extremely small. There are differences in the
vibrational energy levels between the isotopic forms of the molecular ions
but the effect of these on the cross sections are small and will be
neglected. In what follows it will be assumed that the cross sections
depend only on the velocity of the particles but not on their mass and at
equal velocities the data obtained using hydrogen ions can be used for
deuterium and tritiﬁm.

In a full scale inJjector the gas in the neutraliser will become ionized

to some extent. The effect of this on the performance of the neutraliser
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will be simnly related to the sum of thg effect of the collisions with the
neutral molecules and the =ffect of the collisions with the ions and elec-
trons. The electrons in the plasma can be assumed to be cold and because

of the relatively high velocity of the ions in the beam the effect of the
ions can be taken to be equal to the effect of the electrons. Where possible
the effect of a pure electron gas has been calculated and the net efficiency
can be expected to lie somewhere between that of the un-ionized gas and that

of an electron gas.

Mvailebhle Data on the Vield of Atcme +wer Peam Ion

D" primary beam

The only possible process in this case is electron capture. In the
present energy range the formation of negative ions can be neglected so
that the equations describing the fomation and destruction of D° and

e I
D ions become

= 610 . D - 601 ° D s (_A3.l)
LT (o] A=

= : B° = .D ... (A3.2)
D" = 9y, %0 :

o _+
where differentiation is with respect to target thickness, D , D are the

fractions of the beam in each charge state, is the electron loss cross

%01

section and %o is the electron capture cross section. After a sequence
of collisions an equilibrium is reached and equations A3.1 and A3.2 then shou

that the fraction of the beam in the neutral state is simply

g
Fo = 6‘_1_?-—0_ - [N ] (A3'3)
® 710 01

‘ . -6
With increasing energy %0 falls approximately as E whe reas 0b1

falls approximately E_1. Thus the value of FO falls of'f as about E_5,

+
that is, very rapidly. Values of F0 are given in Figure A3.1 for a D
o
beam passing through a hydrogen and a helium neutraliser. These were taken

. A3.1 "
from the summary of data published by Allison and Garcla—Munoz( ), hut
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where F0 was not measured directly it was obtained from cross section
o0

=

values through equation A3.3. Other materials give values of F which ere
g @
equal to or less than those shown. Ionization of the gas will result in

smaller capture cross sections and a reduction in Fo .

2]

D; primary beam

In this case electron capture and/or dissociation of the molecule can

produce fast neutrals. Although the electron capture cross section falls

rapidly with energy the dissociation cross section falls only as about E"1.

When the molecular ions are dissociated there is no feasible return path

for reforming them and the yield of atoms for thick targets becomes that

obtained for atomic ions in the previous section. At intermediate target
densities the yield of atoms goes through a maximum and at high energies

this can give a high efficiency compared with electron capture alone.

There are four possible constituents to the beam as it penetrates the

target gas, D2+, DQO, D" and DO. The four equations determining the rate
of change of each component are rather unwieldy to handle as is also their
analytic solution. A simplification can be made if the reaction D2+ - Dg

is assumed to be the reaction D2+ - 2D0. There is then no channel feeding

the D2+ component and its intensity can be written as

D?+ =exp (-t . Zo) eoe (A3.4)

. where Zo is the sum of the cross sections for all the processes leading

to the loss of D", t+ is the target thickress and the primary beam inten-

2 E
sity is assumed to be equal to 1.0. The equations defining D° ana DY are

then - °
D" = (c&1 + 2.0&2) . exp(- t.2o ) - 0b1 o D eee (A3.5)
l+ 0
= . - - -Z L] -D °es e
D" = oy, + 2 0&5) exp(- t.Z0) + 1 (A3.6)
where 0, is the cross section for dissociation into D° + D+, 930 that
for forming 2Do, and oai that for forming 2D". The contribution to D°
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from electron capture by D' is neglected. Substituting for D * from A3.h

2

equation A3.5 beccmes of the forn
%_% = A eXp (- Bt) - Cy e e e (AB-T)

which has the solution

y = - -ilB [exp (_ Bt) - exp (— Ct)} i ove (£3.8)

This goes to zero incorrectly at t = « because the electron capture by
D" was neglected but this is only important for thick targets whereas y

goes through a maximum at intemmediate values of t. The maximum value of

y is given by c
C-B
s2{ B (43.9)
ym _B<C> aea -~
at
1 C
= = A3.10
t = C - B in ( B > . ve. (A3.10)
For the maximum value of the yield of atoms A = 0&1 + 2.0&2, B =20 and

C = 0.,. The maximum atom yield in H_, gas calculated from equation A3.D 1is

01 2
plotted as a function of energy in Figure A3.2 as the curve marked Ho(calc).

(£3.2)
Values of 0&1, 0&2 and Gaﬁ for H2 gas have been taken from Sweetman

- A3.3 . 3 : . o .
and McClure( . J). Experimental values of the maximum atom yield are available

”".‘ ) p\.3.
for Li, Mg, Zn, and Hg from D'yachkov(ﬁg */ and for L0 from Sweetman( 5).

These are also shown as individual points on Figure A3.2.

The dissociation of H2+ ions by electrons has been measured by Dunn

(A3.6) (A3.7)

and Van Zyl and by Dance et al. . It was shown by Dunn that the same

results were obtained with D2+ ions. Their experiments did not differen-

tiate between reactions leading to H® + H' and those leading to H + H.
Some indication was obtained by Dance et al.(AB'Y) that the second reaction
was of the order of 10 percent of all reactions and this assumption was
used to obtain the electron curve in Figure A3.2. The transition energies
for the two processes (obeying the Frank Condon principle) are about 11 eV

(£3.5)

and 29 eV respectively and if the Grysinski formula for ilonization is
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used to calculate the cross section for dissociation it is found that the
second reaction will occur in 25 percent of the reactions at the highest
energy and in 10 percent at the low energies. The electron-gas curve is

probably in doubt to the same extent. The cross section 0b1 f'or electron

: ‘f"“.f‘l -
_impact has been measured by Fite and Brackman (43.5 and thelr values are used

here. The electron curve indicates the maximum atom yield to be expected

for a fully ionized target.

D5+ primary beam

This case is similar to D2+ but with additional reaction paths available.
; . + (A3.10)
Cross sections for all the reaction paths from H3 were measured by Sweetman
in hydrogen for energies from 1 to 3 MeV and cross sections for H and H2+

(A3.11)

production were measured by Barnett from 40 to 200 keV.

The cross section for H2 - H2+ + e was extrapolated as E_1 from the
last value given by McClure at 100 keV, i.e. 2 x 10—16 mm2. The cross
sections for the processes leading to 2H, H +, H + H' and 2H+ from H2
were assumed to be inversely proporticnal to the excitation energy required
for each reaction. These energies were taken to be 7, 15.6, 30, and 45 eV
respectively.

The rise and fall of the various beam components in traversing the gas
target can be described by a set of simultaneous differential equations
whose coefficients are all known. The solution of these equations for H2
gas has been carried out and the result for 1.5 MeV H3+ is shown in
Figure A3.3. The maximum yield of atoms per incident Hﬁ+ ion is 0.6 and

3
variation of the H, break-up cross sections by X 30% causes this to change
from .57 to .63 only. Variation of the relationship between the various
channels into which H2 break-up can go will have an effect but what varia-
tion is most likely is not known. The results in Figure A3.3 also shqw what
proportion of the beam appears as H3+, H2+ and H  at maximum yield.

The results for the atom yield calculated as above for a range of

deuterium atom energies are shown in Figure A3.4 with the results of soue

recent measurements made at Culham (Middleton, Payne and Riviere).
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A measurement of the yield of atoms and molecules was made by

AFull) . . . : :
D'yachkov( Ba%) in L1 vapour and his results are also shown in Figure A3.k.

No data has been found on the collision of electrons or ions with H3+.

D~ primary beam

Because the outer electron of the negative ion is bound by only 0,75 eV
to the atom the cross section for electron loss by D is much greater than
that for DO. It is possible therefore to comvert a large part of a D beam
to a D° beanm without producing an appreciable population of D' ions. The
yield of atoms passes through a maximum as a function of target thickness as
for the H2+ molecular ions above and equation A3.9 can be used to determine the
maximum yield.

The cross section for electron loss by H in hydrogen gas is known.

(A3.1) and the

The data used here was taken from Allison and Garcia Munoz
result of evaluating equation A3.9 neglecting electron capture by D' is shown
in Figure A3.5 as a function of energy. A direct measurement was also made by

(A3.L)

D'yachkov for B in Li and his results are also plotted in Figure A3.5.

The cross section for electron detachment from H by electrons has been

measured by Dance et al, (A3jl2)

« Their results were used with equation A3.9 tc
obtain the maximum atom yield for electron impact as a function of energy
and the result is plotted in Figure A3.5.

It is evident that very high yields of atoms can be obtained through
the use of negative ion beams. However, the production of these ion beams
must also be considered. Although it is possible to extract negative ions
directly from an ion source, present source performances are rather low.
The production of negative ions by electron capture occurs when an ion beam
is passed through a gas target, and the maximum yield is obtained under
equilibrium (or thick target) conditions. A summary of the available
information on the maximum yield of negative ions produced in this way is
shown in Figure A3.6 as a function of energy. More dats is available on other

materials but the H yield is not greater than that shown. The data of
Figure A3.6 suggests that at any ion energy high enough to produce a high ion
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current the negative ion yield is too small for reactor purposes if produced

in this way.

3+

He primary beam

The production of a beam of neutral helium atoms msy be required if a

k)

reactor operating on the D He” reaction is required. Data is included here

lon the yield of He3 atoms as a function of energy when He3 ions are neutra-
lised by electron capture. Thick target yields are shown in Figure A3.T for
the H2 and He gas. These were taken from the cross sections and ratios
published by Allison and Garcia-Munoz(Aa'l). The seme problem exists as
for the production of v by electron capture, namely that the capture

cross section and therefore the yield falls rapidly with energy. Molecular
ions, such as H82+ and HeH+, have been observed but very little infommation
is avallable on the yield of these ions from a high current source. Some

'.\.° L] 5 . *
measurements have been made by Wilson‘ﬂJ = on the ccllisicnal break-up of

_ 560 keV HelIr H' ions in hrdrogen and helium gases. H93 H ions of the same
velocity would have an energy of 450 keV and the energy of the H83 atoms
arising from the dissociation of this ion would bé 340 keV. Sufficient
information was given by Wilson to use equation A3.9 above for calculating
the expected maximum yield of fast He3 atoms. This was found to be 0.12
for both gases and is substantially higher than could be obtained by elec-

tron capture at 340 keV although still a very low yield.

3., Neutraliser Power Efficiency

The power efficiency of the neutraliser is defined as

_ Power in beam of atoms leaving neutraliser
o = Power in ion beam entering neutraliser

In the previous section the yield of atoms per incident ion was calculated

for various cases and in the case of electron capture this number is equal

+

to i In the case of D.° and D the atom yield figures have to be

2 3
divided by 2 and 3 respectively and in the D case Ty is again simply
equal to the atom yield. A summary of the values of s for primary beams

of D+, D2+, D = and D is shown in Figure 23.8. In the absence of a high

5
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current D source the most efficient ion beam is D, although the effect of

3

ionization of the neutraliser gas is not known.

Values of s for He3 beams can be read directly from Figure A3.T and there

3

is a single value no = 0,09 for 340 keV He3 obtained from an He H+ ion beam.

L. Date Still Required

The most important collision cross sections for i production which are
not yet known are those for the dissociation of H3+ ions under electron
impact. These are required in the electron energy range of 20 to 300 eV.

For any proposed use of He beams with energies above about 200 keV it

would be necessary to investigate sources of high current beams of molecular

helium ions and to measure the collision processes involving these ions.
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APPENDIX L

TON SOURCE AND ACCELERATOR CONSIDERATIONS

D.P. Hammond and E. Thompson

The reguirement conshiered is for a 10 A beam of D3+ with beam energy
in the region 1 - 3 MeV. We discuss the problems of producing the required
beam current and also the separate, but very closely related, problem of
accelerating such a beam to the final required energy. Possible solutions

are also put forward.

1o High Intensity Ion Scurces and Thelr Possible Development for Reactor

Injection

Introduction

There are two separate properties of ion sources which we should consider.

Firstly, the equivalent electron perveance defined as

(2) - 3

Yo ="\m/ ° 32

-where M is the ion mass, m the electron mass, I the total extracted
current in amperes, and V the extraction potential in volts. The perveance
is a geometrical figure of merit and, as defined above, comparison can be made
between electron guns and ion sources, the values of Ko obtained being
similar for both devices, (= 10—6). The perveance detemines the amount of
beam obtainable at a given energy. The "optical quality" of this beam is
measured by the second fundamental parsmeter, viz: the nommalised emittance,

defined as
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_BX Area in phase space with coordinates of
S beam radius and the ratio of radial to

axial momentum

=

where f = =

1
andy= (1 - Bz) 2 ywhere v is the ion velocity. This quan-
tity is then an invariant of the beam, (excluding scattering) and is
conserved throughout its motianAh'l). A high quality; beam has a low value of

nommalised emittance and this leads to a concept of normalised "brightness"

defined as

(ref ALk.2) .

Examination of these parameters is the only real quantitative method of
obtaining a comparison between different source systems. Unfortunately,
these parameters are not always measured by experimenters (especially in the
case of ribbon beams) and this leads to some confusion and ambiguity.

The definition of brightness given by Kelley(Ah's) may ve used as a
simple approximation to b in which case e, is replaced by the normalised
acceptance of the stop system through which the beam must be transmitted.

As such, this definition gives a lower limit to the real normalised

brightness.

Types of Plasma Sources and Extraction Systems

The commonly used sources for high current beam production are

1. Duoplasmatron (in various versions)
2. R.F,
3, Calutron

using one of these extraction geometries
1. Modified Pierce
2. Grids
3. Calutron

L. Single or multiple disc apertures.

The most common grouping is a duoplasmatron coupled to a "modifed
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(Al b Ak, 5,84.6)

Pierce" extraction geometry . Although not amenable to thecretical

treatment, very high currents (0.5-1 A) of protons or molecular ions can
be extracted from these systems, at extraction voltages up to 100 kV,

The R.F. sources used at CERN and RHEL have plane gridded extraction
systems. This leads to very High perveance and also low emittance, as
shown in Table ITI of the main report.

The calutron has been widely used and gives total extracted currents

of the order of 1.0 A, ana Golovin has reported a calutron giving 0.5 A

of neutrals. The "ALICE" injector(kh'T) Tor example, has the following
characteristics:

ENERGY 10 - 18 kV

EXTRACTED CURRENT 500 mA at 18 kV

m 9 x 1070 at 20 kv

1.7 x 1670 g4 9 KV

EMITTING AREA 2.21 o (3" x 0.1" slit)

EXTRACTION GAP 1.5 cm

TON SPECIES H

Although it gives large currents, we are of the opinion that the source is
not well understood and is somewhat inflexible. Tt relies on anomalous
diffusion across field lines in order to supply the plasma boundary and

also has a low gas efficiency (~ 2 - 5%). Also one of the supposed advan-
tages of side extraction across the magnetic field - that of "stiffening"
the plasma boundary does appear to be obtained, since the perveance is
observed to decrease at high energy. No measurements of emittance have been
found, but the beam quality is not very high since the current transmitted
through the ALICE injector (admittedly very restrictive) is ~ 20% of the
extracted current and it is not clear how the usable output can be increased.

_ . _ _ (AL.S,AL.G)
The aperture disc system however is fairly well understood .

6

The

theoretical perveance can be 6 x 10_6 or more and values of 4 or 5 x 10~
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il \
have been obtained by Hamilton et al.(nh'lo). At Culham we obtained

p=1.9 x 10_6 for focussed H3+ which represents about 60% of the total
beam and similar values of p appear to be obtained in space thrustor
devices. The extraction gap for such a system determines the rest of the
geome try for a given perveancé, and for purposes of comparison with the
calutron with an extraction gap of 1.5 mm as in the above example, we find
by using three disc-aperture systems (to give the same emitting area as

the calutron), we can expect the same output for a value of By ™~ 2.5 per hole
which in fact, refers to usable currents. We see then that in temms of total
output, the calutron-appears to have no advantage over the disc aperture
system even using conservative wvalues for Moo It is found experimentally
that the emittance of a disc aperture is quite low (+07 rad.cm) but more
work is needed to obtain a full relationship between perveance and emittancé
for various geometries.

The major problem to be resolved with multiaperture~disc systems is that
of uniformm illumination of a large array of extraction systems by a quiescent
plasma of the required density and ion species. This problem is at least well
defined and does not appear to be insurmountable. It is because the problems
of plasma production are largely decoupled from those of ion extraction that
we favour multiaperture (or multi slit) systems over the calutron as being
the most promising method of obtaining high current ion beams suitable for

reactor start-up.

Parameters for a 10 A Ton Source Using Multiple Apertures

Since the current per hole is solely determined by the perveance the
nunber of apertures required for 10 A can be determined as a function of
energy. The result of this trivial calculation for D3+ ions is shown in
Fig. Ab.1l where we have assumed s BB 10_6.

Since the hole size is determined for a given extraction gap we can

also calculate the current density at the emission surface as a function of
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energy for any assumed variation of extraction gap with energy. Fig, AL .2 shows

the current density if we assume that the extraction gap is limited by
1
vacuum breakdown according to the relationship V = k d2

gap and k a constant(ﬂh'll). This curve represents the smallest gap and

where d is the

‘hence highest current densitylattainable for the assumed value of By

also shown is a curve which assumes that the gap is a factor of 5 greater
than that for vacuum breakdown (comparable to our presently uéed values) and
this of course results in a lower current density at the emitting surface.

We also indicate on Fig. Al.2 the meximum value of emitted current density we have
obtained experimentally for H3+ from a single aperture. Our preliminary
measuranents indicate that higher current, and hence ion densities, results
in break-up of the molecular ion prior to extraction and this may set an
upper limit to the maximum allowable current density at the plasma boundary.
(If we assume that the molecular ion has thermal velocity, this limit corres-
ponds to a density of H.,)+ of ~ 1013 cm_j).

Taking this limit we see that the extraction energy must be R 30-50 keV
in which case we need to illuminate an area of some tens of cm2 containing
~ 50 apertures in order to obtain 10 amperes of ion current. It is important
to note that the analysis assumes that the extraction gap scales as the
square of the voltage as in vacuum breakdown - another scaling law would
yield a different result but as long as the gap varies as V' where n > 0.4

then the highest current densities are obtained at the lower extraction

energies.

Conclusion

Experimental investigation into the scaling of the fupdamental parameters
of a single aperture extraction system to voltages higher than our presently
used 15-25 keV,would appear to be the first step in assessing the validity
of this approach to the pmduction of a source capable of extrapolatioﬁ to

reactor injection conditions. Also, development of the existing single
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aperture system to a multiple aperture system will form a complementary
program which could also be of great benefit to present and planned injection

experiments,

2. Accelerating Systems for‘Eigh Current Injection

Introduction

Some of the highest current injectors of the present time are found in
high energy nuclear physics and a review of some parameters of typical
existing devices are given in Table IT of the main body of this report.
Generally the beam brightness falls as the total current is increased
presumably due to space charge(Ah'lg’Ah°13’Ah°lh)-

Some of these pre-injector accelerating stacks are worthy of study in

(a4.15) accelerates 100 mA to

our present context. The existing CERN machine
540 XV across 12.6 cm, and a tube to accelerate, eventually, the full 500 mA
output of the ion source to 1.4 MeV has been constructed and tested in the

(AL.16)

absence of beam . A total voltage of over 1 MV has been sustained across
6 cm. This extremely high performance is attributed to the use of polished
titanium electrodes and very clean vacuum conditions. The source is pulsed

for 50 psec bursts approximately. Fig. £4.3 shows the arrangement of the exist-
ing CERN device, and Fig. Ab.4 shows the equipotentials and beam trajectories in
the central region. The advantages of this type of accelerator tube for high
current acceleration are very marked. Because the beam sees only one gap,
loading due to electron multiplication is significantly decreased. Because

of the short column length, both the gas ilonization and space charge expan-

sion are reduced - and, demonstrably, the optics are extremely favourab135

The normalised emittance for this device of 6 x 10_1 cm mrad has to be

compared with say, the admittance of the largest port which can be allowed
through the field coils of a plasma trap or, ultimately, the blanket of a
reactor., For example, the normalised acceptance of a tube 10 cm in diameter

Al
and 2 metres long is 7.3 cm mrad at 1 MeV. The Los Alamos MPF injectoé T).
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uses a Pierce type accelerating tube of interesting design, with a planned
final gradient of 4O kV/em., The DCX 2 machine at Oak Ridge has for some

years been used with an injector of H2+ jons operating at 600 keV. In this
case, the accleration is accomplished over 45 cm and the operation is D.C.

.0f an extracted 300 mA, 50 mA is actually injectedpAu'le)

, but no figure for
normal ised emittance is available,

In the nuclear physics field, demands for higher injected currents for
experiments like the CERN storage rings, the study of low yield nuclear

reactions and isotope production, have met a barrier due to space charge

effects in the circular machines. At some critical density, the space charge

field of the beam has been found to modify the focussing properties of the

. . - —_ . ; (Ak.19) .
guide field and certain instabilities are excited, » One machine, the
CERN Booster Injector, overcomes this problem by maintaining four beams in
separate orbits until the energy has been increased above the level at which
space charge effects are significant in the main ring. In general, the peak

current of circular machines is of the order of a few tens of milliamperes, but

the normalized brightness and peak power levels can be very high (Fig. A4.9).

Thus, the provision of an accelerator to handle currents like 10 amperes
at energies of 1-3 MeV represents a significant fechnological advance, but
interest is strong in fields other than fusion. A dominant factor influenc-
ing the design will be the effect of space charge. The design may attempt

. to use space charge as a major focussing force or the space charge inter-
actions may be minimised by the use of a short high gradient columéAA.ls).
with possibly sub-division of the beam at low energy. The space charge may

by modified by externally applied fields, either electrostatic, as in Pierce

geometry, or magnetic as in Brillouin flow.

Beam Profiles

A, Space charge dominated pfofile

The problem of an ideal beam expanding under the action of space charge

forces during acceleration has been treated, with some approximations, by
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(ALh.20) .

C. Moak Fig. Ab.5 shows the profile obtained by this calculation for a

10 @mpD ¥ beam, being accelerated up to 1 MeV. Some typical values have

3
been assigned to the final beam radius, and the tube length. Intensity
contours at 50% and 25% are shown, (calculation assumes unifomm current
density throughout and zero divergence at the beam waist). The injection
angle at the beam edge for the case shown is as much as 550, but this figure
is sensitive +to the field gradient and the assumed final radius. Tangents
drawn to the three curves at the injection energy converge at a point inside
the accelerator, emphasizing that this treatment is valid only for a zero
emittance source aysfem. In practice a finite input velocity - space spread
will cause some divergence at the tube exit, and may make it necessary to use
a high energy lens, e.g. a magnetic quadrupole.

In addition to the space charge forces, the beam will be influenced by
the lens action at the tube input and exit and by the focussing action of
the tube itself. This effect is well known, and is treated by Elkim;Ah'zl)‘
Analysis of the optics of the system of Fig. AL.5 by this method shows that, with
the virtual object presented by the injection scheme, the tube focussing
forces have very little effect in this case.

For the case shown, the beam current density increased some ten times
over the flight path, from 13 mA/cm2 at 50 kV to 127 mA/cm2 at the tube exit.
From present sources, beams of the order of 100 mA can be extracted from a

single aperture of 0.5 cm diameter(Ah'asAh-ﬁ,Ah-lo)

» 50 the necessary input current
density could be achieved by clustering sources of this type on a mesh size
of 2.7 cm spacing,

The beam profile, being space-charge dominated, will be sensitive to
neutralisation due to electrons in the beam. It can be shown that, due to
the high field gradients, electrons produced by ionization of background

gas or by secondary emission are so rapidly removed that their contribution

to the total space charge is negligible.

A4 - 8



In general, the electrons will have a more serious effect by loading
the power supply, with consequently poor efficiency and high radiation
levels. In Fig. A).G is shown a sinplified scheme of sone processes leading to

electron loading in an accelerator tube. From the viewpoint of total

Zoad, electrons produced directly from a process involving one or more

11 2 -3

ionization cross-sections will be insignificant. (nove =10 x 10'16 x 10° =10

for some typical numbers.) Loading caused by secordary emission can be a more
serious problem, being determined by ©&e x M, where ©&e is the secondary
emission coefficient for electrons and will be in the range 1 - 10, and M
is the multiplication due to the electrode geometry.

In modern Van derGraaf ion accelerators the number of electrons (and
their average energy) is greatly reduced by inclining the tube electrodes,
so that secondary electrons are accelerated with a significant radial compo-
nent of veloecity and strike subsequent electrodes at scme radial distance
from the aperture(ﬁh'?o). The chance of furthar sccondaries tiaen being accelera-
ted is small. Similarly the CERN accelerator has tilted electrodes, and in

this case the electrodes are also remote from the henm envelope, although

no quantitative infomation on tube loading is available in this case.

B. The separated trajectory accelerator

The principal disadvantages of the scheme outlined under 'A' are:
. {ah.21) . ; . ; .
(1) The analysis ) is approximate and at most valid only for tihc

case of a zero emittance source and a long beam path. In this case,
Liouville's theorem does not apply and the trajectory transfommation

of Fig. £4.5 is unrelisble. The case of a beam expanéing uader the coubined
influence of space charge and finite emittance has been studied by

Walsh (44.23,7%.24) and Starling (A%.25), and for practical values of emittance

found in existing sources, the modification to Moak's treatment can be

significant.
(2) Due to the reliance on space charge, the design, e.g. the distri-

bution of the sources, is inflexible and applies to one current and

voltage only.

These objections are somewhat reduced if the system is sub-divided not
only as far as the plasma boundary in the ion source, but so that the identity
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of separate pencils of rays is maintained until the energy has increased to
the point at which space charge forces are becoming negligible. Each pencil,
or group of pencils, of rays can be electrostaticlly shielded from its
neighbours over the sensitive low energy region. By this means the optics
of each group of rays can be érranged to take advantage of the focussing
action of an accelerator when given a real object distance, the actual
magnitude of which can be controlled by a focus electrode in the usual way.
Bach pencil will be subjected to symmetrical distortion of its envelope by
space charge, but as the trajectories are considered to be diverging on
injection, the overall effect will be to shorten the object distance.
Adjustment of the focussing field to compensate should be possible. The
subdivision could be accomplished in a number of ways, e.g. 100 apertures at
100 mA/aperture, as one extreme, or preferably, something like 10 groups of
a total of 1 A each.

To demonstrate the benefit of this system, curves are given (Figs. Ak.T
and AL.8) of a 100 mA beam expanding in free space and a 1 A beam being
accelerated to 200 keV at which point it is visualised that it would begin

to mix with the other beans.

Conclusions

The approach to the problem of the 10 A multi-MeV beam should concen-
trate initially on the effect of space charge on the beam while it is at low
-energy prior to and during the initial stages of acceleration. No complete
theory for the effect of space charge on finite emittance sources is known,
but a great deal could be done by studying the optics of a small cluster of
sources, extracting at low energy and accelerating to ~ 100 keV. The
mechanics of "blending" low current units to make the final beam require
some investigation at this stage. Studies of the very important features of
loading and beam profile at this energy would be essential before proceeding

to a further stage. At the same time, the problem of miniaturization of the
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ion source could be tackled in order to 'cluster' the sources at the required
input density.

Shbuld a negative ion source become a practical proposition, it is
expected that beam loading effects could be troublesome, due to the fact
that electrons produced by ionization while the beam is at low energy will
now tend to be accelerated the full length of the tube. This effect is
observed in Van der Graaf tandem accelerators where, in the case of unsup-
pressed tubes, a few microamperes of negative ions produce as much radiation
as hundreds of microamperes in positive ion machines.

In general, the feasibility of a 10 A MeV injector is summarised by
Fig. Ak.9. Here, parameters of known devices are plotted in terms of brightness
against peak power. The values of existing injectors lie to the left of the

figure., The target point is also shown.
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APPENDIX 5

PLASMA HEATING DY HEUTRAL INJECTION 1IN A

STELLARATOR REACTOR USING A IALL ACCELERATOR

by

H.,C. Cole

1. Introduction

A fusion reactor can be started, in principle, by injecting plasma at the

. ; ; : (45.1)
required operating density and temperature, However, it has been shown that
this is unlikely to be a viable proposition because of the power loading at the

point of injection, and fundamental difficulties associated with the injection
process itself,

Neutral injection, however, offers considerably more promise, particularly
if it is considered as a means of heating an existing cool plasma.

This paper discusses the use of a Hall type accelerator to produce the
primary beam of ions from which the neutral atoms are produced by charge exchange

before injection into the reactor.

As discussed elsewhere, the total beam requifements before neutralization

_I_

are Vv 75 A of D2 at 2 MeV in order to provide 30 MV for our standard reactor.

2a Hall Accelerator Characteristics

An experimental Hall accelerator is shown in Fig. A5.1. This is similar to

. . (A5.1 A3 .
that described 1n( 5.1) and (45.2) and operates in the same manner. These experiments

showed that output plasma beams of ~ 500 A equivalent could be obtained at
energies of a few keV. More recent experiments have shown that the efficiency of
the accelerator can be increased Trom the earlier figure of ~ 16% (45.1) and (85.2)
to values > 60%. This means that plasma flovs in excess of ~ 1500 A equivalent

can now be obtained. The Hall accelerator is therefore clearly capable of pro-

ducing the required beam current. However, the problem of scaling up to potential
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differences of ~ 2 MW remains.

There are two results which indicate that such a scaling may be possible.
Firstly, the electric field in the accelerator is, to a first approximation,
directly proportional to the magnitude of the radial magnetic field, particularly
at low current densities, and secondly, the electric field increases as the current
density is reduced. The latter result is illustrated in Fig. A5.2 which shows the
electric field in volts/cm/kG as a function of the current density. It should
be noted that when the current density is ~ 1 A/cm2 the electric field is

~ 1 KV/em/kG.

3 The 2 MV Accelerator

If we assume that the above results are still valid at magnetic fields of
10 kG it should be possible to achieve electric fields of ~ 10 kV/cm. The
total effective stage length then required for a 2 MV accelerator would be
~ 200 cm., However, if the field is setup using an iron cored system the overall
length would need to be increased to ~ 400 cm in order to accommodate the
magnetizing winding. A possible arrangement of the iron cores for a 1 MV accelerator
is shown in Fig. A5.3. A 2 MV accelerator would require the addition of a further
five 20 cm stages. The initial stages are made shorter in order to avoid ion
trapping at the lower energies. Output collimation is improved by using equal
stages over most of the accelerator as the ratio of Larmor radius to stage

length then decreases as the ions are accelerated.

The efficiency of an accelerator with sixteen stages is not known at present.
However, for a given cross-section the wall area is proportional to the length,
so for similar operating conditions it is reasonable to suppose that efficiency
will decrease with increasing length. It is proposed , therefore, that a further
increase in magnitude of radial magnetic field coupled with a corresponding

reduction in length is desirable.

This cannot easily be done using an iron cored system, but by discarding

cores altogether and constructing a system using superconducting coils, it should
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be possible to reduce the overall length to less than 2 metres.

Problems that have not yet been considered include the breakup of DZ ions
during the acceleration and the vacuum criteria imposed by wall loading in the

accelerator.

It should be pointed out that the Hall accelerator might be particularly
valuable if consideration of particle drifts in the reactor allowed injection

at an energy well below the 1 MeV assumed above.
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APPENDIX 6

PUNMPING REQUIREMENTS OF NEUTRAL INJECTORS

G.M. McCracken

1. General Considerations

There are two main gas sources in the neutral particle injectors, firstly
rthe neutral gas flow from the ion source and, secondly, the gas resulting from
those ions which are not neutralized in the charge exchange cell. In addition
there is the possibility of ions being dissociated or charge exchanged on the
residual gas in the system, and the probability of this happening will obviously
be greatest near the ion source where the pressure is high. Although at first
glance it might seem that these neutrals resulting from dissociation on the back-
ground gas could be used, it seems impractical to accelerate them sufficiently
before they are neutralised.

The relation between the gas flow and the ion currents in the various parts

of the system are shown schematically below.

st DISSOCIATION 2nd
SOURCE ,° ON RESIDUAL NEUTRALIZER
ACC LIk | Acc
Np, Npg+ — Nps+
——] ¢, \t <, \ €3 > Np°
I+
Nloz N'D'z |’|[)|-l-'-'--|'||)3 (3-¢5)

The N's define the flow in number of particles/econd and the efficiencies, P

& are defined as follows:-

& 3

2?

ol
=
Lo
+

The gas efficiency of the source e, =

=
[\*)

3
The factor 3 has been introduced so that €4 will be %.0 when all gas molecules

are converted to Dg ions.,
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The efficiency of transmission through residual gas ¢_ =

Nbo

N!

The efficiency of the neutralizer €z =

+
DS
It is to be noted that the total charged particle flux from the neutralizer,

i.e. DT, D;, Dg has been put in terms of its DT equivalent flux. It is con-

venient to write all gas flows in terms of the defined neutral output of the

injector, thus -

/ 1 < ) !
N =—(2N. =~ 3N_+ N+ =N _+ (3 -¢,)
D, ~ 2 D, Ds D, Ds 3
. I Npo (3 - e5)
= ‘E ND+ 'e" -1 = e
3 1 3
3 1
3 NDO ( E] -1 5
= LR (AGol) & N o ( = ] ) LA (AG.Z)
52 33 D 83

The value of €y depends on €

the background gas depends on how much gas comes out of the source. Even in the

1 since the probability of ions dissociating on

case where one has a pump with unity sticking coefficient on the walls, dissocia-

tion can take place on gas streaming from the source,
The density of the gas immediately outside the source will be given by:-

' 3 1
N = N_o ( - - l)
D2 2D El

no = AV rc=e Av E E L (AGQS)

where v 1is the gas velocity and A the total area of the source. The density
will decrease as the beam moves away from the source (although the decrease will
be small within a distance comparable with the dimensions of the source). Let

us assume that the beam travels an equivalent distance d in a density n,
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(i.e. d =.[ n(r)dn/no). But we know that e, is determined by n, and d

2
from
opnd=1-¢, eoe (A6.4)
where Op is the sum of the cross sections for all reactions leading to
dissociation. Thus from (A6,3) we have:—
3 1
A EO'T ('51 - 1) NDO
pr i) e ° e (AGQS)
d v (1 82) €y €5
But the current density of D; at the source is given by
eNDo
J + = s ses (ABo6)
Dy A5ty

If we assume a circular source and that the equivalent path length in the gas is

proportional to the diameter of the source D, (i.e. d = fD), then using (A6,5) and

(A6.6) we obtain

2 2
T4 35233 ev® (1 - 82)

D =
3 i 7} 7 .
%ﬁ(a—i) Nyo f

LR (AG.?)

The gas velocity v is calculated assuming deuterium gas at SOOOK, c& is

estimated from McClure's data(A6°lJ to be 6.8 x 10"16 cm2 at 50 keV, and a value
of €5 =0.6 for 3 Mev D; is taken from Appendix 3, hence
c 2
J+ 213 2 1
Dz == e, (1 -¢,) ( 1‘:‘;") oes (ABo8)
T I0 2

where I0 is the equivalent current of neutrals.

If we now specify e_ 2 0,95 in order to minimize beam loss, take g = 0.3,

2
f=1.0 and I0 = 10 A we have JD + < 50 mA/cmz. As we allow 82 to
3
decrease JD+ increases and NDO increases but the ratio NDo/JD+ decreases, as
3 3
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is obvious from equation (AG.6), thus making less efficient use of the ions pro-

duced.

Using equation (A6,5) the source diameter has been calculated as a function

of gas efficiency € for some values of sz(Fig.Aﬁol) It is clear that if e, is

2
relaxed to 0.9 the current density limitation is not a serious one for a 10 A
neutral beam., If the limitation was serious, as for a larger current source, then
by using a slit source rather than a circular one it should be possible to reduce
the effective path length in the streaming gas. The value of d will obviously

depend markedly on how directional the gas flow from the source is and therefore

on the details of the extraction system design.

2.1 Pumping of source gas

Now consider the gas coming out of the source. After it has streamed out
initially, it must be rapidly pumped so that the residual gas pressure in the
chamber outside the source makes a very small contribution to reducing 32.

Let us consider the criterion.
o n; d =(1 - 82) = 0,02 ees (AB,9)

where n; is the contribution to n, from the background gas. If we assume

the chamber length d' is 100 cm
n =3 X 10 molesgém” = 10 ° torr pressure,

If conventional pumps are used, or even using cryopumping panels with radiation
shields, the effective capture coefficient over the pump surface is = 0.2.
Thus an equivalent pumping speed of 31 x 0.2 £ s_l thg is obtained for deuterium.

Now the gas flux obtained from equation (A6,1) taking £, = 0,5, e, = 0,95,

1
€z = 0.6 is 5t&/s for a 10 A neutral beam, Thus the surface area required

is ~ 1 x 105 cm2 implying, say, a cylindrical pumping surface ~ 2 m long by
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1.5 m diameter., This would obviously be done most conveniently by cryopumping.
If the radiation load from the ion source can be minimized so that direct con-
densation without radiation shields can be used one could possibly reduce the
pump area by a factor of 5. These calculations are only order of magnitude and
should be more carefully done; for example using a Monte_Carlo analysis, when

the angular distribution of the gas emitted from the source is known.

2.2 Thermal loading on cryopumps

The thermal load will be composed primarily of radiation from surrounding
surfaces and the heat in the condensed gas. The enthalpy of deuterium at
300%K = 2.06 x 103 cals/mole(A6°2)° Hence if we assume the gas flow calculated above

we have the heat load W, = 2.5 watts. The latent heat of vapourization is

i
108 cals/gm, thus the heat load due to latent heat is W2 = 0.12 watts,

Radiation can be simply calculated in two extreme cases. Firstly if we
assume that the pumping surface is covered with a liquid nitrogen cooled baffle
with a molecular transmission of 0.2. Then, as before, a surface area of

1,0 x 105 cm2 is required and the radiation load will be:-

Q77 =mog A T4 = 6 watts for an emissivity m = 0.3.

Using an unbaffled surface the area can be decreased by a factor of about 3

but the radiating temperature will be 3000K, thus

QSOO = 280 watts,

This last figure might be reduced substantially if the geometry can be arranged

so that the surface looks in on itself,

3. Purmping of Unneutralized Beam

From equation (A6.2) we have that the flux of charged ions from the neutralizer

For e, = 0.6 and a neutral beam of 10 A we thus have a gas load F = 4t¢/s.

This calculation makes the assumption that particles leaving the source come out
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either as D; or as neutral gas. In fact there is bound to be an appreciable
fraction of D' and D; coming from the source as well. Unless these are
separated out at low energy they will increase the gas load at the neutralizer

end and decrease the load at the source end. They will however be neglected in

the following.

Three methods have been considered for pumping the unneutralized beam,
firstly dumping the energetic beam directly in a metal surface, secondly allowing
it to pass through a thin metal foil, and thirdly letting the beam pass through

a hole, thermalising it, and pumping by conventional means.

3.1 Trapping in solids or liquids

It has been shown experimentally that energetic hydrogen ions can be trapped
with efficiencies m ~ 0.97 in a number of hydride forming metals (e.g. Li, Ti,
Zr, Er) over the temperature range SOO—GOODK and the energy range 3-60 kéV(A6°3’A6°4).
At the higher energies being considered, trapping should be better. In non hydride
forming metals the re-emission of incident ions is primarily by a diffusion
mechanism and the net trapping efficiency will be close to zero for the ion current
density, time and temperature with which we are concerned. In the hydride forming
metals there appear to be two main release mechanisms:( a) a component due to the
finite dissociation pressure of the partial solution of hydrogen in the metal,
which is temperature and concentration dependent and (b) the re-emission of the
incident ions by backscattering with an appreciable fraction of their incident
‘energy. Backscattering depends on the atomic number of the target and on the

incident ion energy (approximately as E_S/z)(A6°5)n

By working at temperatures below 600°K and concentrations of hydrogen in
the metal less than 1 at. % the dissociation pressure should be small compared
with 10_6 torr and so the effective trapping efficiency determined by re-emission
should be > 99%. If the beam were decelerated to low energy backscattering could
contribute to re-emission, Fig. A6.2, but at 1 MeV the backscattering is expected to

4

be ~ 10 " of the incident beam. The gas load will therefore be less than
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1% of that calculated above or .04 t&/s, and thus a pumping speed of ~ IO4 &/s

would probably suffice; this could then be pumped by a conventional diffusion
pump .

The current density which can be tolerated will depend in the steady state on
‘the rate at which the deuterium can be removed from the trapping surface. The
removal would probably have to be by causing the trapping surface to move con-
tinuously out of the system to desorb the gas. Trapping in liquid lithium (A8+3)

which can be pumped through the system is probably the simplest way of doing tuis,

For pulsed operation it may be simpler to dump the ions in a metal plate
which can be removed between pulses. Assuming that the transport of deuterium in
the metal is by thermal diffusion it can be shown that under these circumstances

the maximum current density allowable is given by

7D 2
v =GP Oy

where D is the diffusion coefficient at the operating temperature, CM is
the maximum allowable concentration at the surface which will keep the dissocia-
tion pressure less than 1077 torr, and t is the length of time for which ions

are trapped. Values of D and CM are not very reliable but from the available

da\ta("'\e'69 AB.7) a value for JM has been calculated for zirconium to be 6 mA cm"2 for

a 100 s pulse. The data for titanium is inconsistent, while that for Nb and
V gives considerably higher values of JM’ if it were possible to maintain the

‘bombarded surface at low temperature ~ SOOOK.

The major difficulty of this technique will not be the ion trapping but
dumping the energy, If, for example, the power density has to be limited to
~ IOOW/Cm2 then the total area for 40 MV (the power in the unneutralized beam)
will be 4 x 10° cm2. Thus the particle density will be O.1 mA/cmz., Operating at
this lower flux a laf‘ger total dose of ions may be trapped. However there is a
serious difficulty in trying to trap ions and remove the energy deposited in the

same surface, because the thermal conductivity of the trapping materials is in
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general low. Moreover the upper temperature which they can be allowed to

reach is determined by the dissociation pressure. For zirconium this is

~ SSOOK. If the temperature rise is specified as 2OOOK and the heat flux as

100 watts,/cm2 then the maximum thickness of zirconium is determined as 3 mm, and the

allowable thickness will of course be inversely proportional to the heat flux.

A slightly different approach to beam dumping is possible if low current
densities are used. Low doses of hydrogen may be trapped in non hydride forming
metals if the temperature is low, so that the diffusion coefficient is low.

For example, molybdenum and stainless steel will trap up to ~ 10]7 ions/Cm2 of
30 keV D' ions at around room temperature. The number trapped would be expected
to increase with primary beam energy. Such a target would therefore be capable
of trapping a beam of 0.1 gA/Cm2 for ~ 100 s. The deuterium could be then
thermally desorbed by increasing the target temperature a few hundred degrees.
The main difficulty will again be maintaining a sufficiently low temperature

under ion bombardment.

At energies of ~ 1 MeV the sputtering coefficient for metals by deuterons

is low. Even for the worst case, copper, the sputtering coefficient is~ 5 x 10—4

atoma/ion(A6°8)D Thus the rate of erosion is negligible at the current densities

determined by the thermal load.

3.2 Beam dumping through thin foils

One method of pumping the ions which should work in principle is to pass
them through a thin foil which could maintain a pressure gradient from the
injector and allow the gas to be pumped conventionally at high pressure on the
other side of the foil., Three aspects of this technique have been considered;
the energy lost in the foil, sputtering and back diffusion of gas through the

foil.

Since the energy lost in the foil must be small compared with the beam

energy in order that the beam gets through and in order that the temperature
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rise is limited, the foil must be thin. Thus it must be radiation cooled.

We can thus equate energy lost by the beam to heat radiated i.e.
4
moT =snlJ .oo (A6,10)

where m 1is the emissivity of the surface, o the Stefan Boltzman constant,
T the equilibrium temperature of the target, n the target thickness in

: 2
atoms/cm” and S the stopping cross section for deuterons in eV cm?/atom.

The foil, however, will be sputtered by the beam and if we say that the
lifetime of the foil is determined by the criterion that it must not be reduced to

less than half its original thickness then we have

0.5 nz 6,3 x 1018 JSt

where § is the sputtering coefficient and t is the foil life, Comhining

this inequality with equation (A6.10) we find

;

0.5 m o 2

J S ( 18 ) T o LI (Aaqll)
6.3 x 10 e St

If we consider D' ions of 1 MeV then the atomic stopping cross section varies
14 -
from about 1.5 to 3.0 x 10 €V cm%/atom depending on the atomic number of the

target material(A6°9)n We must choose a refractory material such as carbon, molybdenum,
or tungsten. We also require a low sputtering coefficient., It is shown later
molybdenum is not satisfactory from the point of view of diffusion. No informa-

tion is available for carbon on eitﬁer sputtering or diffusion so we will consider
tungsten. The sputtering coefficient at this energy is estimated to be ~ 10_4

atom/ion(Aﬁ'lo). We will assume the emissivity m = 0,5 and that a lifetime of

104 s is required. Thus,

J < 2,9%x 10‘9 ? A/cm2

or for T = 1300%, J < 5 x 107° A/cm>.
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Taking the maximum value of J we get from equation (A6.10) that the
thickness n = 100 Ao. This is obviously impractically thin when the total
current of unneutralized beam is ~ 40 A (DT equivalent) implying a foil area
of ~ 104 cmz. The current density could be reduced by say an order of magnitude
increasing the target thickness and area proportionally, but the technical diffi-
culties of producing such a foil would be formidable. Moreover radiation damage

in the foil may set an even more severe limit than sputtering, on the current density.,

We must consider now the effectiveness of the foil as a barrier to the
gas. Such a thin foil at high temperature will obviously allow the gas to diffuse
back into the vacuum system. Reliable measurements of diffusion of hydrogen through
tungsten and molybdenum tubes .02 cm thick have been made(Aﬁ'll). Provided the foil
is structurally sound it should be satisfactory to scale the permeation rate
inversely with thickness provided permeation is diffusion limited. We will specify
that the gas flow back through the foil is less than 10% of the gas equivalent of
the ion beam i.e. < 0.4 t&4, Then for a foil thickness of 1000 AO and the area
105 cm2 the permeation rate must be < 4 x 10_6 t.&cm_2 S_In Moreover in order
to justify the use of foils we must be able to maintain a higher pressure than in
the injector in order to reduce pumping speed — let us say 10-4 torr., Extrapolating

8w & gt should be obtained

the results for tungsten a permeation rate 4 x 10
o]

below 1200°K whereas with molybdenum it would be necessary to keep below 800K,

The lower temperature would reduce the current density f or a 1000 A2 thick target

down to ~ 10_5 A/cmzu

3.3 Differential pumping

If the beam is extracted through a sufficiently small hole then it may be
possible to thermalize it and pump it conventionally at a relatively high pressure
relying on differential pumping to keep the pressure inthe injector line lower.
The difficulty is that the three charged particle beams resulting from break up

of D; in the neutralizing cell will have different radii in a deflecting field.

This will be further complicated if D.

2
the beam. However, it should be possible to at least arrange a cross-—over of

+ . ;
and D species are also accelerated in
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the beams and allow them to escape through a hole of approximately the same
diameter as the primary beam, If we assume this to be 20 cm (corresponding to

a current density of 50 mA/cm2 in the primary beam) and that the hole is 20 cm
long, then a pumping speed of ~ 5000 & /s will be obtained. In this case using
two pumps of 105-6/5 would maintain a pressure of 2 x 10_6 torr in the injector,
Pumping gas in these conditions will be much less difficult than near the ion
source since the actual speed is less and space will be less critical. A further
improvement may be obtained by combining differential pumping with surface

trapping of the beam,

4, Conclusions

The pumping of a netural injector appears to be practical. It will however
depend on the use of large cryopumps at least at the ion source. The design of
these pumps will néed to be closely co-ordinated with the ion source design. The
gas efficiency of the source is an important parameter which has a bearing on

the maximum current density which can be used.

The design of the unneutralized beam dump is determined primarily by the

necessity to remove the large amount of energy associated with the beam. This
energy makes it difficult to use a hydride forming metal to trap the beam but

this may still be possible., The use of foils which transmit the unneutralized
beam but prevent the back flow of the resultant gas is considered impractical
because of the technical difficulty of making foils thin enough over the required
area,

A partial focussing of the three beams although adding extra complexity and
cost would greatly reduce pumping problems by allowing differential pumping.
Differential pumping together with the surface trapping of the beam would producé

the best vacuum conditions in the injector line.
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APPENDIX 7

NOTES ON POWER SUPPLIES

FOR

NEUTRAL INJECTION INTO TOROIDAL SYSTEMS

F,A. Julian

1. Introduction

High voltage accelerators available today seldom give power outputs greater than
ten kilowatts, whereas fusion injectors of this type require several tens, or
even hundreds, of megawatts. The voltage requirement is well within our
experience but the (C.W.) power required represents an extrapolation of three
orders of magnitude beyond presently available high voltage accelerators. The
principles and methods of generation applying to such large accelerators may
differ widely from those in use today. A1l known methods of power generation
should be examined for technical feasibility, operating efficiency, economy and
reliability, including capital costs, maintenance and deprecijiation.
These notes attempt, very tentatively, to assess the technical feasibility
of some possible methods of high voltage generation which might be worthy of
further investigation. They do not deal with the difficulties of ion beam produc-
tion acceleration and neutralisation but merely assess the generation problems
which are likely to arise when optimistic assumptions of beam handling are made.
Before dealing with the generation requirements we make a brief assessment
of the likely demands of the accelerator for a toroidal reactor and optimistically
estimate probable losses. The term "accelerator' here is intended to include
the accelerating tube and the ion source, together with their corona shields,

potential divider, and enclosing vessel.
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2. Simple Considerations of the Power Requirements.

Assuming that the neutral particle flux required to ignite the reactor
is 100 A of I° at 1 MeV then the power to be injected is P - 100 MW and the
1
total power to be generated is:

P .
B, = n = 550 MW ...(A7.1)

Tna
where the neutralization efficiency v)n = 20% (see Bection 2.4) and the
acceleration efficiencyf[a = 90% (see page A7-6, Equation (A7.9)).

With the difficulties of beam handling in mind it is assumed that injec-
tion will take place at ten points around the reactor, each injector producing
10 A of D° at 1 MeV from an accelerated 3 MéV‘D; ion beam of 16.6 A At
this stage the possibility of a 3 MV distribution system from one generator to
a number of accelerators seems to be remote, we prefer to assume that each
accelerator will be supplied by its own isolated D.C. generator, the output of
which must be at least 55 MW at 3.0 MV.

Thus the beam power of the accelerator for each injector is to be
VB IB = 50 MW where VB and IB are beam energy and current respectively. = To
this power requirement must be added unavoidable power losses within the

accelerator:

( a) Ion Source and Extraction System Losses

Let the ion source extrgction voltage be Vé
the ion beam current reaching the neutralizer be IB
the electrical efficiency of the ion source be ?S
the beam extraction efficiency be N e

and the source power supply system efficiency be Q G.

Then the input power to the ion source is given by:
B, = YelB(-1) ... 07.2)
s rlG
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The extraction potential will depend on the type of ion source used but for the
sake of discussion we choose V= 70 KV and assume that, T = 70%; Ty, = 90% as
obtained at present in ion thrustors. Assuming also that the ion source power
is derived from a motor-generator set, then typically r]G = 80% and the
power to be fed directly to the ion source is:

P~ 500 kW.

m

(b) The Accelerating Tube and Losses

This simple description of a probable tube arises from a preliminary glance
at some of the difficulties. Any tube suitable for high power beams of this
magnitude will be much larger and heavier than existing (1 mA) tubes. At this
stage it is extremely difficult +to envisage the physical size and shape of a
practical tube and what follows is little more than a guess.

Potential division along the tube will probably occur at 100 KV intervals.

Assuming that beam focussing and tube admittance are good to such an extent
that only 1% of IB is intercepted by tube electrodes, and that the intercepted
current Ii is distributed along the tube in such a way that most current impinges
on electrodes at the upstream end of the tube, we infer that the power deposited
by I, within the tube is

B, <3 I, V=2 250 10 .., (A7.3)

It is fairly clear that the accelerating tube will be force cooled, that
each of its electrodes will be hollow and contain circulating fluid to keep
the electrodes cool in the presence of this standing loss, and also to give
further protection during beam adjusting periods. Thus at this stage we envisage
the accelerating tube to consist of say 35 electrodes at a pitch of about 3 ins
(100 kV per gap) each electrode being about 2 in. thick, with a wall thickness
of say 0.1 in., giving an overall accelerating tube length of about 10 feet and
an 0,D., of say 7 feet.

So far we have taken no account of retrograde electron current ie which

must inevitably occur. Experience with 6 MeV 1 mA tubes shows that i, can
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be up to 5 times greater than Ii’ but if magnets are fitted within each electrode
this retrograde electron current can be reduced by about 2 orders. In our case
therefore we might reduce i; to about 10 mA, where i; is retrograde electron
current directly due to beam impact on electrodes.

But we must also consider retrograde electron currents iv born of beam
interaction with residual gas molecules throughout the length of the accelerat-

; . A7.1, AT.2) |, _, .
ing tube. The literature ( d ) indicates that the cross section q for

16 and 10—15

electron production in thesecircumstances lies between about 10~
cm2 per molecule.

If the average pressure in the accelerating tube is 10_5 torr and in this
case we assume the magnetic suppression coefficient to be 0.1, then the retro-
grade current due to residual gas effects will be

i = IgNglw=0.0504 - ...(AT7.4)

where N is the number density of gas molecules ~ 10" cm-'3

and 1 is the length of the accelerating tube ~ 300 cm .
Thus total retrograde electron current (ie) in our case is roughly assessed as

i o= i o+ i 0.010 + 0.050 = 0.060 A, ...(a7.5)
e e v
indicating a probable power loss directly due to retrograde electron current of

~ L i ~ it .
P o~ F i Vp =90 kW (A7.6)

This power (Pe) will be dissipated in the area of the ion source extraction
system and clearly the beam defining apperture plate must be force cooled.
Also pumps must be carried within the H.T. terminal to ensure good vacuum at
the upstream end of the tube.

A further loss which occurs in all accelerators is due to the production
of X rays by the impact of ie on electrodes and beam defining apperture plates.
These X rays produce ionization in the insulant gas surrounding the H.T. section

of the accelerator and give rise to a current ig which flows from H.T. terminal
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through the insulant gas to the walls of the pressure vessel. Experience with
6 MeV 1 mA accelerators enclosed in 9 ft. diameter pressure vessels containing
(200 p.s.i. N2/C02) insulant gas shows that,when target materials such as
beryllium backed by lead or uranium are used the magnitude of ig can be ten
times greater than ie; and the X radiation measured at the surface of the vessel
reaches several rad. per hour (A7'3). Clearly, in
our present case the X radiation is likely to be enormous unless revolutionary
methods of suppression can be adopted. However, if we assume that ig is ten
times greater than ie and that it flows mainly from the H.T. terminal then the

power loss due to ig is:

P - i V.~ 0.6x3x10°=2 MV. .o(A7.7)
g g B

Assuming a pressure vessel diameter of 16 feet (accelerator only) then the power
deposited at the vessel top cap surface would have a density of about 4 kW per
square foot.

In addition to the foregoing losses directly and indirectly due to the ion
beam we must also consider the heat losses of a potential divider, which will
probably be shared by the generator and accelerator. For this divider to be
effective it must draw current id at least one order greater than ie; assuming
it to be a passive element (resistance) then the power loss in the divider will

be

. 6.
P, = i, Vg~ 0.6x3x 10 =2 MV ..o(7.8)

The picture of the accelerator, as far as it has formed at this stage, is
that of a 16 foot diameter, 25 foot long,water jacketed,pressure vesssel
surrounded by radiation shielding. The vessel contains the complete ion source and
accelerating tube within a potentially divided stack which also encloses a force
cooled potential divider. Each stage of the force cooled accelerating tube is
fitted with electron suppression magnets and radiation shields to minimise ie

and i .
g
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The generator is considered to be housed in a separate vessel which will not

require radiation shielding, and connections between generator and accelerator

are made through pressurised branch pipes connected between the two vessels.
The total, roughly estimated, accelerator losses which we have arrived at

by this stage are:

Ion source losses Pm ~ 500 kW
Intercepted beam current losses Py ~ 250 kW
Iosses directly due to retrograde electrons P, ~ 90 kW
Losses indirectly " " " Pg ~2.0 MW
Potential divider losses Fy ~ 2.0 MW
Total losses Pt ~ 4.84 MW

Based on the foregoing simple optimistic assessments the efficiency of the
accelerator will be:

'I_ ~ o - 50 o 90% . eeo0 (A7.9)
a P s+ P 50 + 4.84

Several of the above values are based on such flimsy evidence that they should
not be taken too seriously. Up to this point we have merely attempted to get
some idea of the achievable accelerator efficiency so that the generator output
requirements can be defined reasonably closely. A more thorough accelerator
assessment must be the subject of a separate study.

We turn now to the main subject of these notes, namely High Voltage

Generation in the 55 MW 3 MV range.
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3. iigh Voltage D.C. Generators

Our requirements are well beyond present experience and all methods of
generation should be considered. In particular,commercially successful methods
of low power high voltage generation must be examined and compared as to their
suitability for high power application. These notes are restricted to a com-
barison of relatively conventional methods with regard to their technical
feasibility, efficiency, reliability, and safety, simply on the basis of a
cursory examingtion of the more obvious factors. Where known, the capital costs
of commercially available equipment are given and the recommended method is
chosen on economic grounds taking into account likely development costs as well
as production capital costs.
There are two distinct commercial classes of DC high voltage equipment in’
use today:
(a) Convertors used in DC power transmission systems at voltages
up to + 600 KV and powers up to 2000 MW. The present capital
cost of such convertors lies in the region £ - £10 per KW for
each convertor. Tigure A7.1 is taken from Miller (A7'4).

(b) High voltage generators generally associated with particle
accelerators or test equipment at voltages up to 6 MV and
ﬁowers up to 60 kW, The present capital cost of such generators
lies between £1000 and £10,000 per kW.

In our case the environment énd geometry of the generator, accelerator and
their inter—connecting links can be chosen in such a way that we need not extra-
polate beyond present good insulation practice; and it is clear that power
supplies of several million volts with outputs up to thousands of MW are entirely
practical in a controlled environment. The question is merely whether using

low capital cost equipment they can be made compact and cheap to operate.
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Obviously, the larger lhé power output of the generator the more economical it
becomes to invest in control and protection equipment., Consequently we should
not lose sight of the possibility that it could be more economic to supply
several accelerators from one large generator via a 3.5 MV bus bar.

Turning now from these simple commercial considerations to pointsof general
technical interest: both classes of equipment referred to above and, for that
matter, all practical high veltage D.C. generators, have one major characteristic
in common, namely their output volt-amp characteristics must be of the general
form shown in Figure A7.2, In other words, in the interests of controel and protec-
tion the output of a high voltage D.C. generator must be voltage regulated and
adjustably current limited according to the demands of the load.

This is an imperative requirement of all high voltage D.C. systems. Present
success with large ( ~ 1000 MW) D.C. power links is very dependent on the operat-
ing characteristics of mercury arc rectifiers. Used in conjunction with
conventional tranformers and chokes these rectifiers shape the output character-
istics of the overall conversion equipment to conform with Figure AT7.2, The need
for this arises from the fact thét no effective high voltage D.C. switch or
circuit breaker has yet emerged: the protection of these large systems is
entirely dependent on the "blocking" and "clamping" ability of grid controlled
mercury arc rectifiers (response time = a few milliseconds) and the A.C. circuit
breakers (response time = 50 milliseconds). At the present time high voltage
applications of the S.C.R. (Thyristor) are developing fast and compact 3100 kV
thyristor units should be commmefcially available within the next few years.

Although it might be possible to develop an explosively detonated fuse for
catastrophic emergencies, such an approach does not appear to be practicable for
normal overload protection intended to deal with relatively minor load
instabilities.

OQur present requirement is no exception to these general considerations,

short circuit protection must be included as an integral part of the generator.
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With the foregoing considerations in mind, the following preliminary

functional specification of the generator is intended to meet the minimum

requirements. We note that Mirror Systems need much larger continuously

rated generators(A7.§) and the chosen method of generation should be capable

of being extended to produce a continuous power output of up to 1000 MW.

3.1 Preliminary Functional Specification of the Generator

@)

()

(f)
&)
()

(i)
(k)

To provide a continuous power output of at least 55 MW for the reactor
ignition period (say 1 minute ). This implies that the generator need
not be continuously rated but it must be essentially C.W.

Output Voltage: 3.5 MV D.C. (for tube conditioning)

To be stabilised at any chosen value from 2.5 to 3.5 MV,
Voltage regulation to be less than 12% at full load.

Voltage ripple to be less than 5% (RMS) at full load.

Output arrent: To be smoothly controlled from 0-20 A, and

limitable at any intermediate value.
Overload and short circuit protection to be provided for both generator
and accelerator.
Input power to be derived from a "prime mover'" independent of CEGB mains
supply. (In line with normal power station practice.)
Efficiency of the overall generation system must be reasonably high (:7'60%)
so that the total capital cost can be minimised.
Safety standards to be at least as effective as conventional power systems.
The stored energy of the system to be minimised to facilitate (d) and (g)
above.
Each component of the system to be as compact as possible.
The total capital cost of the system to be minimised.

R and D costs to be minimised.



Note: The most suitable method of generation will be the one which
satisfies (a) to (g) of the Preliminary Functional Specification

in the most economic way.

3.2 Possible Methods of Generation

Seeking the most econoﬁic relatively short term solution,only the more
conventional methods of generation are examined here. For example, MHD
generators are not considered on the basis that they represent a subject as
vast as Fusion itself.

At this point it is noted that the overall problem of high voltage insula-
tion is common to all methods and the assumption is that the generator will be
housed in a vessel containing insulating fluid or pressurised gas, the breakdown

1

strength of which is greater than 100 LV cm .

For purposes of selection conventional methods of generation can be divided

into three broad groups:

A - Electromagnetic Methods
B =~ ZElectrochemical Methods
C - Electrostatic Methods ,

Each of these groups can be further sub-divided into types, the advantages and
limitations of which are mentioned below.

The method selected in Section 4 is finally chosen from these types not
because it is the only method but because it appears to offer the most direct
and economic solution and to require rather less development work than other
metho&s. Probably the most impoftant reason for its selection is that it
involves capital cost in production close to those of present commercial D.C.
high voltage transmission systems.

Tarning now to a simple examination and comparison of possible types of
generator:

Group A - Electromagnetic Methods

All the machines in this group rely on electromagnetic induction, they
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are fundamentally A.C. machines and are voltage rather than current generators.
Although strictly speaking the Homopolar Generator (a D.C. machine) belongs to
this group we discard it because in practical geometries it is limited to low
voltage generation. Thus for our purpose all the machines in Group A must

be used in conjunction with rectifiers and there are three types of rectifier
available commercially, viz:

The Mercury Arec - at present available in units suitable for operation

at up to about 100 kV and up to about 400 A.

The Thyristor - rapidly developing and at present available in

composite units similar to the Mercury Arc.

The Vacuum Valve -~ at present available in units suitable for

operation at up to about 100 kV and up to about 5 A.

0f these types of rectifier the thyristor promises to become the most
compact in the near future.

The machines in Group A divide into two classes rotating and non-rotating.

Rotating electromagnetic machines are compact, efficient (95%) and are
successfully established commercially (capital cost about £0 per kW at 50 MW
output). In practice, the insulation difficulties associated with high
voltage rotating electromagnetic machines are greater than those encountered
by non-rotating machines. Present day commercially available alternators
seldom exceed output voltagesof a few tens of kilovolts; they do not lend
themselves to economic application in the 3 MV regime, but as an intermediate
component used in conjunction witﬂ a non-rotating A.C. to D.C. high voltage
convertor they are essential in such arrangements as shown in Figure A7.3(a).

Non-rotating machines performing the functions of rectification and voltage
transformation are well-established commercially in the 3 MV regime. Examples
of successful types are compared below:

The Transformer Rectifier

The most suitable circuit on which high power, high voltage D.C. transmission
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Fig. A7.3 Required generator output characteristic.

CILM-R 112

A7-13



systems are based is the three-phase full-wave (Graetz) bridge shown in
Figure A7.4,Recently ASEA have put into operation a Graetz bridge rated at
30 MW at 150 kV(Az'ﬁ)‘In this installation each valve unit comprises sixty
3kV (PIV) thyristors connected in series, giving an in-built reserve such that
if a fault develops on one thyristor, the valve unit continues to operate.

For very high output voltage it is more economical to connect a number of

bridges in cascade, each bridge being supplied by its own transformer (F&gure.A7.5)-

n
A Q : — o
L ]
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x 5 e
» ﬁ I E T
i | ! { A [ |
—1 | Voc
| I
S |
.y N .y
Y. N iy
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m3f lom % INPUT
Fig. A7.4 Graetz Bridge Rectifier, Fig. A7.5 n bridges in cascade.
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The transformer supplying each bridge unit is phase-rotated with respect
to its neighbours and in this way up to 24 pulse rectification can be obtained
giving a relatively smooth (ripple voltage ~0.25%) D.C. output without the use
of a smoothing filter.

When extended towards the 3 MV regime this cascaded arrangement tends to
become bulky and, consequently, costly. The transformers supplying each bridge
must be insulated for their respective voltage levels and the insulation distances
required become very large, but each transformer bridge unit is highly efficient
( = 99%), and for a very high continuous output power (1000 MW) where efficiency

is important, this method compares favourably with all others.
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Nevertheless, for an output voltage of 3 MV at 60 MV for a period of
1 minute the Insalating Core Transformer, using compact thyristor Graetz bridge
rectifiers appears to be the most promising of all the methods under consideration.

The Insulating Core Transformer

This device was invented by R.J. Van de Graaff in the late 1950's to fill
the needs of relatively high current, high voltage accelerators. It has been
commercially successful at output voltages up to 2.5 MV D.C. and output currents
up to 100 mA, The highest power ICT at present marketed (Figure A7.6), gives a
maximum output of 60 KW (2 MV, 30 mA), with a full load voltage regulation of
25% and voltage ripple of 1.5% (peak to pealk). There appears to be no funda-
mental reason preventing the method from being extrapolated to meet our requirements.

The schematic diagram (Figure A7.7) and simplified physical arrangements of the
ICT (Figure A7.8) illustrate the general principles of the method.

The transformer secondary circuits are composed of modules which are individ-
ually supported on insulating decks. Each module comprises a three-phase
secondary winding, a set of rectifiers, and any necessary control and protection
components. These modules are mounted over insulated iron core legs and are
electrically isolated at each level by a high grade insulating film. The con-
struction provides a good magnetic flux path of low reluctance and high dielectric
strength. Equipotential rings surrounding each of the stacked modules control
the electric field throughout the volume of the transformer. The primary winding

is wound around the three core legs at ground potential.

The transformer-rectifier assembly is housed in a steel vessel filled with
sulphur hexafluoride at a pressure of about 60 p.s.i. Present models < 60 kW
are cooled by forced gas convection and water cooled coils mounted in the vessel
at ground potential. The transformer primary is supplied from a variable
autotransformer with power factor correction capacitors.

At this stage of technological development the ICT three-phase full wave
Graetz bridge rectifier promises to be the device most easy to develop for

intermittently rated high power, high voltage applications.
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Fig. A7.6 Insulating core transformer (Reproduced by permission
of High Voltage Power Corporation, Burlington, Mass. U.S,A,).
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Fig. A7.8 Simplified physical arrangement of I.C.T. (Reproduced by
permission of High Voltage Power Corporation, Burlington, Mass. (U.S.A.).

A,B,C Three phase core sections 4 Bleeder Resistor
1 Secondary Windings 5 Series Resistor
2 Rectifiers 6 Deck Separator
3 Voltage Doubling Capacitors 7 Equipotential Ring
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When compared with other possible methods it has the following advantages:

(i) The physical layout of the ICT assembly greatly simplifies the insulation
problems associated with conventional transformer rectifier assemblies.
(ii) The ICT promises to be more compact and economic than all other methods.
(iii) Taking into account the present state of development of each of the
possible competing methods the ICT compares very favourably in that it
uses materials and components which do not differ essentially from the
economically proven conventional transformer rectifier. Thus the
amount and degree of technological development required to extend the
ICT into the high power range should be much less than for the other
methods under consideration.
(iv) For the reason given under (iii) the capital costs of an ICT should be
comparable with those of a conventional transformer rectifier,
i.e. < 820 per kW at an output power of 55 MW.

(v) The ICT intrinsically has a high leakage reactance which, in turn, gives
rise to higher copper losses and lower efficiency than in the conventional
transformer. However this feature is to some extent offset from our
point of view in that its output volt—amp characteristic tends towards
that shown in Figure AT7.2.

A possible 3.5 MV 20A insulating core transformer rectifier arrangement as
applied to an accelerator for neutral particle injection is outlined in Section 4.

Trans former-Rectifier—Capacitor Voltage Multipliers

A large number of commercially successful equipments of this type have been
produced at voltages up to a few MV and output currents up to about 10 mA. They
all derive from the original Cockroft Walton circuit and in practice they are
limited to low output currents because they are dependent on energy storage by
capacitors. Their voltage droop and output voltage ripple characteristics are

determined by the size of the storage capacitors. One of the more suitable
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circuits for higher output currents is the three~phase split bridge (Figure A7.9).

The D.C. output voltage of this circuit is given by:

VDC = 2 nﬁ - I [En'S + n2 + E] e.,(A7.i0)
3fC .3 2 6

where E is the peak value of the three-phase output voltage of the transformer
I is the D.C. load current
f is the supply frequency
n is number of stages = number of reservoir capacitors (CR)

and C = CR = QCD.

The second term in equation (A7.10) is the voltage drop due solely to the
number of stages, size of capacitors and supply frequency employed. Ignoring
voltage regulation due to other causes such as the internal impedance of the
transformer, the physical size of capacitors required to meet our case can be
roughly assessed by making the following assumptions:

Input voltage to multiplier (E) ... 105. kV

Operating frequency (f) ... 50 Hz

Number of stages (n) ee... 12

Permissible voltage regulation at full load (204) ceeee 12% .
Then typical values on open circuit would be

~
VbC = 2nE = 3.56 MV
and on full load
VDC = 3.14 MV
and minimum permissible C = 4004 F Lo {AT.11)

and the peak stored energy in each reservoir capacitor (CR) is

; A2
E=1 ¢ E” ~4.5 wj, v -(a7.12)
2
Now maximum energy density so far achieved in practice by modern high voltage
capacitors is about 1500 joules per cu.foot and the present price of energy
storage by capacitor is about £0.5 per joule.

Methods dependent on capacitive energy storage at supply mains frequency are

absurdly bulky and uneconomic. Clearly more favourable characteristics can be
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obtained at higher operating frequencies but there are practical limitations.
At frequencies above a few kHz the natural capacitances of practical corona
shielded rectifier stacks begin to dominate the mode of operation. Also the
upper limit of frequency at which present day thyristors operate satisfactorily
is between 50 and 100 kH=z. One of the most successful higher power voltage
multipliers is the RF Dynamitron.

The RF (Dynamitron) Voltage Multiplier

This type of high voltage power supply is marketed by Radiation Dynamics Inc.
Westbury, N.Y. Presently available models operate in the range 1.0 to 5.5 MV
at currents between 25 mA and 3.5 mA. The maximum output power so far marketed
has been 40 kW. Figure A7.10 is a schematic diagram of the Dynamitron high voltage
generator. The H.T. rectifiers contained in the pressure vessel are hard vacuum
valves. The Dynamitron is essentially a cascaded rectifier stack which is
parallel fed through the inherent coupling capacitance between the corona rings
of the stack and a pair of semi-cylindrical R.F. electrodes mounted just inside
the pressure vessel wall. The operating frequency of present models is 112 kHz.

The tank circuit of the oscillator is formed by a gas insulated toroidal
transformer and the total capacitance of the electrode system.

The oscillator is a tuned plate, untuned grid circuit. The grids of the
oscillator valves are driven by a plate located between the R.F. electrode and
the pressure vessel. The high voltage is controlled by varying the anode D.C.
voltage by means of series pass tubes.

Present models operate at an efficiency of about 30% and it is unlikely
that really high power Dynamitrons would be much more efficient.

Briefly, the advantages and the disadvantages of the system are summarised
as follows:

Advantages: The equipment contained in the pressure vessel is extremely simple.

The stored energy of +the system is low.



Disadvantages: Efficiency is low as compared with the ICT.
The radio interference produced would be troublesome
to screen effectively from other necessary equipment and
instrumentation.
The power amplifier required (150 MW output) represents a
considerable extension of present day sizes.
The capital cost of such equipment is likely to be considerably
in excess of £15/kW which appears to be likely for the ICT.

We shall therefore conclude that at this stage the Dynamitron cannot be
considered as a serious competitor, although in principle a 3MV 20 A

Dynamitron could be made. Design equations for Dynamitrons are given by
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Group B - Electrochemical Methods (Figure A7.3(b))

The secondary storage battery typifies this group. It is fundamentally a
D.C. device with high energy to volume ratio ( "4106 joules per cu. ft.) and
low capital cost (£5-£10 per kW). Commercially fully established in low volt-
age regimes it cannot be dismissed lightly and if the specification of 55 MW
for 1 minute is strictly applied with a pulse repetition rate of say once per
hour or longer this method might prove economical. However, the terms of
reference imply that the method chosen should, in principle, be essentially CW
and capable of design extension to continuous rating. The most serious dis-
advantage of this method is due to the lack of D.C. high voltage switches, and
problems of safety and protection become almost insuperable at voltages above
about 10 kV. The overall efficiency of an arrangement such as Figure A7.3(b),
taking into account charging and discharging cycles,is not more than about 50%
when using conventional secondary cells. Also the attendant maintenance costs
are likely to be prohibitive.

Because of the foregoing disadvantages the application of electrochemical
methods to high voltage generation awaits the development of a cheap, compact
and safe DC high voltage circuit breaker.and an efficient secondary cell.

Group C - Electrostatic Generators

There are two general classes:

(i) Those of substantially fixed capacitance which use charge
transporters, such as belts, discs, cylinders, dust, liquids,
or metallic elements..

(ii) Those which use the variation of capacitance to pump charge
from one level, change its potential, and cyclically transfer
it to a higher potential level.

A1l generators in class (i) are rotating machines snitable for direct

drive by a prime mover, arranged as in FigureAJ;3(c), they are all essentially

direct current rather than voltage generators. That is to say, their intrinsic
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output characteristics are such that their output power falls to zero, as in

e ~ =41 g 5 % + % > i
Figure AT.7, vhen ther are short circuito

Class (ii) are all essentially A.C. generators; for the production of
D.C. they must be used in conjunction with additional rectifiers in just the
same way as the transformer-rectifier arrangement which has already been devel-
oped to a high power level. So that, without looking more closely into their
characteristics we discard them in favour of transformer-rectifiers.

Returning to Class (i), gas, dust and liquid machines do not appear to
be likely to reach commercial viability in the foreseeable future, only the
Van de Graaff type using solid insulant transporters have so far been successful.
Their ability to transport charge is dependent upon the electrical and mechan-
ical strength of the transporter and on the electrical strength of the
environmental gas. The most compact machines of this type have been marketed
by SAMES, Grenoble. These are drum machines using conventional materials
operating in 20 atmospheres of hydrogen, they attain a power density of 20 kW
per m2 of rotor surface area. Using similar materials an insulant disc machine
having a rotor surface area of about 3000 square metres could produce an
output of 55 MW. Such a machine can be envisaged with a rotor of about 12m
diameter and 10 m long,comprising say forty insulant discs surrounded and inter-
leaved by a multipole charging and collection system of equipotential elements.
Because the power output of this type of machine is dependent upon the surface
area of the rotor it is bound to be much more bulky and expensive than the

electromagnetic machine, +the power output of which depends upon the volume

of its active parts.

4, Summary

0f all the relatively conventional methods considered here, the transformer
rectifier stands out at this time as the most suitable generation device in the
3 MV high power regime. If continuously rated high power (~1000 MW) 3 MV
supplies are required, (for use with Mirror Reactors) within the next decade, it
is unlikely that they would differ in principle from high voltage power con-

vertors used in present day H.V. D.C. transmission systems. Both
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B & D and capital costs associated with the extension of such systems into the

3 MV regime are likely to be considerably greater than those required for inter-
mittently rated 3 MV systems. But because efficiency is of paramount importance
in high power continuous systems, it is unlikely that other methods will be
found, during the next decade, which will compete favourably with the cascaded
bridge (efficiency 98%) arrangement of Figure A7.5.0n this score alone, toroidal
reactors seem to be more practicable than mirror reactors.

In the case of our present specification with an intermittent output of

3 MV, 55 MW, where efficiency is of secondary consideration, then the insulating
core transformer is the most promising device. Present ICT's achieve an
efficiency of about 70%, and due to their compactness, when intermittently rated,
it should be possible to achieve capital costs comparable with those of Figure A7.1.

Thus it is envisaged that each 7000 MW (th) toroidal reactor would require
ten injectors{ each of which would be supplied by a 3.5 MV 55 MW ICT (1 minute
rated).

Each ICT would be housed in its own pressure vessel and connected through
a branch pipe to its accelerator, contained in a separate vessel. Since each
ICT requires an input of ~60 MVA we can assume that an independent and reliable
source of 600 MVA at 50 Hz must be provided. This could be provided by three
fossil-fuelled turbo-alternators (two on duty and one on standby) each rated at

300 MVA. These three machines being used for dual functions, namely as prime

movers during the reactor ignition period and subsequently for outgoing genera-
tion during peak demand periods.

At this stage, rough calculations indicate that the specification in
Section 3.1, p.A7-10 could be met by an ICT of about 20 ft. diameter and 30 ft.
height. Each ICT would be similar in principle to the HV PC model ICT 2000-30
shown in Figure A7.6 but would incorporate some additional features.  For
example, an additional secondary winding could be fitted on the core at the

3.5 MV level to supply the ion source power units which could be housed in the
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HT terminal of the ICT. These power units being connected to the accelerator
ion source via a 3.5 MV bus bar system passing through the branch pipe between
the two pressure vessels. Each module of the ICT would probably include an
additional low power transformer winding and thyristor bridge for control
purposes. These control thyristors being operated by light beams from ground
potential would control the output of the power thyristors in each module. The
complete assembly could be made very compact by oil immersing the H.T. stack
which would be provided with vertical oilways throughout. The H.T. terminal
and bus bar regions need not be o0il immersed but simply surrounded by pressurised
sulphur hexafluoride. The output of each ICT would be voltage controlled and
current limited according to the demands of its accelerator.

With this general picture in mind it is possible to arrive at a rough
estimate of the capital costs of the high voltage generation and distribution
system required for the ignition of a 7000 MW (th) toroidal reactor, ignited by
neutral particle injection.

Assuming that the capital costs of the ICT, when in large scale produc-
tion,would not he significantly greater than present day HV DC transmission
system convertors; and that thyristors have been developed to the point at
which they are fully competitive with mercury arc rectifiers, then the likely

capital costs at 1970 prices would be roughly as follows:

&M
Ten 55 MW ICT's (on duty) at £15 per kW .ceeeeesonss 8.25
Two " " " (on stand by/maintenance) at £15 per kW.. 1.65

AC switch gear distribution and PF correction e 1.1

Total costs of 3.5 MV system: &M 11.0
Note: Costs of three independent turbo alternators

are not included because they also serve as

peak demand generators.
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0f course, in the first instance, a prototype 55 MW ICT would have to
bear the necessary development costs and we should expect it to cost several
times as much as production models.

Obviously a much more thorough study of methods and prices will be needed
and it is worth noting thé following firms with long experience in the production

and marketing of high voltage equipment:

Firm Present Capability
AEI-GEC Limited (Manchester-Stafford) H.V. Transformer Rectifiers
HVEC and HVPC (Burlington, Mass.) HV Equipment < 10 MV

Insulating Core Transformers up
to 2.5 MV at present

Radiation Dynamics (Westbury N.Y.) Dynamitrons up to 5 MV

SAMES, Grenoble Electrostatic drum machines
up to ~1 MV

Haefely (Basle) HV Equipment up to 3 MV

As the injector research programme goes forward a compatible generator
design should emerge and appropriate generator development and trials work
should be run concurrently. Even at this stage it might not be too soon to
get a reaction from some of the above firms when confronted with the

specification in Section 3, pagé A7-10.
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