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TFTR NEUTRAL BEAM INJECTION SYSTEM 

CONCEPTUAL DESIGN 

LBL/LLL CTR STAFF * 

PREFACE 

In May 1975 we were asked by PPPL and DCTR to do an independent 

design and costing study of a complete neutral beam injection system 

for TCT/TFTR. This LBL/LLL study has been iterated several times as 

the PPPL design specifications have evolved and new ideas have been 

generated at the Lawrence Laboratories. 

A cutoff date of August 22 for the study was set by the require-

ment that this document be at PPPL on September 1, 1975. Most of our 

effort has been in engineering design and costing rather than in 

descriptive material; however, the rationale and functions of the 

subsystems and components should be clear to readers familiar with 

neutral beam injection systems. 

* See Appendix A for contributors 

- viii -
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I. INTRODUCTION 

The TFTR tokamak to be built by the Princeton Plasma Physics 

Laboratory (PPPL) is by far the largest and most complex U.S. fusion 

experiment planned for this decade. The deuterium neutral beam injec-

tion systems required for heating the tritium plasma, and producing 

a reactor-like d-t reaction rate in the hot plasma, require neutral 

injector performance which considerably exceeds the present state 

of development. To help in the design and costing of this system, 

PPPL and the CTR Division asked the neutral beam development groups 

at the Oak Ridge Holifield National Laboratory and Lawrence Berkeley/ 

Livermore Laboratories to carry out independent design studies. 

This report is the result of.a short, intensive effort; as a 

result it is lacking in detail in places, but we believe that it con-

tains the design and costs of a workable system with reasonable 

accuracy. Two chapters of the report are written in the System 

Design Description (SDD) format suggested by Westinghouse Electric 

Corporation. The Beam Line Chapter is in a format requested by PPPL. 

Three subsystems are described in the following chapters: 

Neutral Beam Injection Line 
Power Supplies 
Controls 

Each Chapter contains two sections: 

Section 1 - Functions and Design Requirements 
This is a brief listing of the requirements of 
components of the subsystem. (Omitted in beam line chapter.) 
Section 2 - Design Description 
This section describes the design and cost estimates. 

The overall perfprmance requirements of the neutral beam injection. 

system were determined by PPPL, and are summarized as follows: 
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PARTIAL LIST OF PPPL - TFTR BEAM SPECIFICATIONS 

1) Beam Specifications: 

A) A single beam for all p1asm~ modes (Modes I and II now refer 

only to plasma usage, not to different beam specifications.) 

B) Accelerator Power - 80 MW 

Accelerator Voltage - 120 kV 

(Accelerator Current - 667 A) 

Pulse Duration - 500 msec 

C) 12 sources (56 A each) , 

2) Beam Lines: 

A) 4 beam lines, with provision for 2 more 

B) 3 sources per beam line 

C) Tangent Radii: 

Mode I Mode II 

270 + 20 cm 220 + 20 cm 

D) Beam lines will be aligned with one coil gap between adjacent 

beam lines. 

3) Beam Line Dimensions: 

A) 9 m from torus to far end of the power connection plug. 

B) 12 m from torus to nearest wall: 3 m of clear passage 

between beam line and wall. 

C) 6.5 m high 

D) Width to fit 

4) Attachment Duct: 

A) 70 cm high - inside clearance 

B) 40 cm projection width: The duct will be wider than this 

where possible 
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c) The power density deposited on walls should be less than P = 

V x .01 A/cm2 
= 1.2 kW/cm2. 

5) Beam Dump and Calorimeter: 

A) These will have to be the subject of a Research Task. 

B) (Possibly the measurement function of the calorimeter 

can be separated from its beam stopping function.) 

6) Gas Input to Torus: 

Less than. 1 Torr liter total 

7) Gas in Attachment Duct: 

< 2 
-5 . 

x 10 Torr-Meter from Magnet to torus 

8) Hard Seals: 

A) Hard seals everywhere except possibly on source. 

B) Source & filaments easily removed by remote equipment. 

C) Parts (except possibly accelerator insulators) indivi-

dually bakeable. 

D) Beam line not baked. 

9) Fast Shutter: 

A) Open in 50 msec 

B) Close in 50 msec 

C) Locat.ed on beam line 
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II. NEUTRAL BEAM INJECTION LINE 

2.0 Design Description 

2.1 Design Features 

2.1.1 General Design Features 

The neutral beam injection line includes all hard

ware items needed to produce and transport neutral beams to each of 

the four TFTR injection ports; e.g., ion generator, accelerator, 

neutralizer, sweep magnet and ion-beam dump, neutral-beam dump, 

isolation valves, and pumping system. Each beam line will contain 

three individual neutral-beam-source systems. The entrance aperture, 

which is limited by the EF and TF coils, will be 40-cm wide and 70-cm 

high. 

The ion-generator will be modeled after the LBL/LLL "50-Ampere" 

sources - a low-voltage, high-current discharge producing a quiescent, 

u~iform plasma, with an ion-current density of 0.25 A/cm
2

, over a 

lO-cm by 40-cm extraction area. The ion accelerator will be of the 

multiple-slot type which has exceptionally good optics in the direction 

parallel to the slot; this dimension of the beam will be focused at the 

entrance aperture. In the direction perpendicular to the slots the 

beam will be focused at the plasma target. Extremely good ion optics 

are mandatory, not only to meet the beam requirements but to eliminate 

the difficulties caused by stray beam impacting on entrance structures. 

At present a four-grid extractor, with two accelerator stages and one 

electron-suppressor stage, is .envisioned. 

The energetic ions are neutralized by electron capture in a gas 

.. 
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neutralizer. Unneutralized ions are swept out of the beam with a mag-

netic field. 

The gas flow to each beam line is estimated to be 75 to 100 Torr 

liters per second, and a cryogenic pumping system has been designed to 

", handle this gas. The maximum allowable pressure in the beam line is 

dictated by the requirement that the gas flow to the torus from all 

beam lines must be less than 1 Torr liter; furthermore, the pressure 

in the drift region between the sweep magnet and the entrance aperture 

must be kept low so as to minimize reionization of the neutral beam. We 

-5 anticipate a 1% beam loss by reionization for every 2 x 10 Torr-meter 

of gas traversed by the beam. These requirements have led to a differ-
. .. 6 

entially pumped beam line with a pumping speed of 1.7 x 10 . liters/sec 

in the high pressure section near the source and 1.5 x 106 liters/sec in 

the drift-region. 

Although we would desire the sources to be as close to the en-

trance aperture as possible, the length required for the neutralizer, 

beam sweep magnet, and the vacuum pumping structure have resulted in 

abeam line that is abou~ 8.5 meters long. At that distance the 

entrance aperture subtends angles. of ± 1.35° by ± 2.36° from the 

center of the extractor array. 

The weight of each beam line described here is estimated to be 

45 metric tons. 
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2.1.2 Design for Remote Handling and Vacuum Sealing 

For remote handling considerations, the following 

assumptions are made: 

1. The entire beam line assembly will be too active for contact 

maintainance. 

2. Adequate remote manipulator capability will be provided as 

part of the overall facility. 

3. A crane and rail system of sufficient capacity to handle the 

entire beam line will be available • 
. 

4. Sufficient headroom or clearance will be available to move 

an entire beam line to the NBI cell without disturbing the other 

beam lines. 

5. The beam line will be tritium contaminated. 

Other than for gross size, weight and space limitations the 

application of remote handling principles requires more detailed de-

signs than exist now. As the design develops toward the final design 

stage, emphasis will be placed on access, simplicity, reliability, 

spec,ial tooling, and standardization. 

Since there is inadequate space to separate the halves of the beam 

line vacuum vessel in place, the whole beam line will be moved to the 

maintainance cell for internal repairs. 

Such high maintainance items as the sources and the fast gate 

valve will ee designed for rapid replacement with minimal disturbance 

of the rest of the system. 

As in most remote operations, the bulk of the work will consist 

of making and breaking connections. In the case of the beam line, 

. 
'. 
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there will be a great variety of connector types. The main types .are: 

High voltage and current 

Low voltage control and power 

Cooling water 

Liquid nitrogen 

Liquid helium 

Gaseous nitrogen 

Gaseous helium 

Gaseous deuterium 

Compressed Air 

Vacuum 

All of these will require connectors of special design for remote 

servicing. Orientation and accessability; reliability, and ease of 

operation will be major design considerations. 

The system vacuum seals deserve special mention. The beam line 

is specified to have metal seals throughout, except for a single elas-

tomerseal for each of the three sources. The purpose of this speci-

fication is to protect the purity of background gas in the torus and 

to avoid down time owing to elastomer seal failure from radiation 

damage. 

This design follows the specification, using hard seals of commercial-

ly available types, except for the main beam line tank seals of very 

large (4 m) diameter. There will be at least two of these seals, one 

at each end of the 4 m diameter section. There may be a third, should 

it be decided in final design to make the center joint demountable. 

The fabrication of closely-toler anced hard seals of this size would 
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be an extreme extension of present technology. As an alternative, 

this design employs a double seal arrangement with an inner seal of 

the shaped metallic type ("0", "e", "K", etc.) and an outer elastomer 

seal of radiation resistant material. The seal system is differential

ly pumped between the seals. The metal seal is therefore not required 

to be high vacuum tight, but the exposure of the vacuum system to 

. contaminants is minimized. These seals are sufficiently remote from 

the neutron source that the shielding to be provided should suffice' 

to prevent degradation of elastic properties beyond useful limits. 
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2.2 Overall Arrangement 

2.2.1 Layout of Sources Within Beam Line 

In figure 2.2-1 are shown the sources and beam trajectories 

superimposed on an outline of the beam line vacuum tanks. The source 

arrangement was laid out by considering the geometry of the torus, the 

magnets, and aiming radii. 

The beams must pass between two adjacent toroidal field (TF) coils 

so that the centerline of injection is tanjent to a circle of some radius, 

R, centered at the machine center, in the plan view. Since the TF coils 

limit the horizontal axis, the injection centerline was made to pass 

equidistantly from the closest corners of the mid-plane cross-sections 

of the coils. The radius, R, has limiting values of 2.7 and 2.2 m., 

with tolerances for individual beam centerlines of + 0.2 m. For the two 

TF coils which are at the 45° and 63° positions from one of the machine's 

cardinal axes, this requires that the 'injection centerline be rotated 

'" 1° 55' CCW from that axis, for R = 2.7,and '" 5° 50' CW for R = 2.2 m. 

Thus, if a pivot point is chosen approximately midway between the two 

closest TF coil section corners, the total swing angle required is '" 7° 45'.· 

A view down an injection centerline so laid out would show a window· 

limited horizontally by the TF coils and vertically by the equilibrium 

field (EF) coils approximately 0.77 m apart. The window isapptoximately 

rectangular, with the long dimension vertical, and the curvature of the 

TF coils giving one side concavity inward and the other convexity inward. 

The rectangular geometry of the LBL source is particularly suited 
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to the window. The three sources are mounted with their long dimension 

vertical. They are spaced 0.5 m·apart on centers in the horizontal 

direction. 

The outlines of the beam paths shown are determined by the source 

characteristics (which are discussed in more detail in sections 2.3 and 

2.4). Each source has emitting face dimensions of 0.10- xO.50-m, with 

the grid rails parallel to the 0.10 m dimension. (In the final design, 

a 0.10 x 0.40 face may suffice, but for conservatism in layout, the 0.50-m 

size was chosen.) The intrinsic beam spread, 1. e.' the spread from a 

point emitter, is + 0.3 0 in the directfon parallel to the rails (plan view 

in the layout), and + 1° in the direction perpendicular to the rails 
) -

(elevation view). These angles are the lIe points of a gaussian distribution. 

The sources are focussed by t,wo techniques. The, rails aFe 'given a 

slight curvature to focus in the plan view. By offsetting the positions 

of individual rails in the last two grids, the sources are focussed,in 

the elevation view. Since the two focussing mechanisms are independent, 

different focal lengths may be chosen in the two directions. 

Since the TF coil which is concave toward the injection line is the 

most restrictive, the plan view focal plane is set where the beam passes 

this coil. (This plane also very nearly passes through the center of 

the attachment flange, so "dis~ance from the torus" is defined from the 

plan view focal plane:) The three sources are aimed to converge there 

also, so tie minimum beam width is in the plane. Earlier iterations 

considering the overall design problems of providing space for equipment 

and pumping panels established a required focal Iength in the plan view 

of ~ 8.5 m. The intrinsic divergence then gives a minimum beam width 
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of 89 nun. 

The location of the focal plane in the elevation view is not critical. 

Little would be gained by way of clearance.if the focal plane were set 

where the beams pass between the EF coils; and the subsequent vertical 

divergence would be undesirable, as it might put part of the beam through 

low-density toroidal plasma regions. Therefore, the focal plane is set 

at the point of tangency when R = 2.7 m. This gives a focal length of 

11. 52 m, with a resulting beam height of 0.402 m, well within an arbitrary 

target plasma minor diameter of 0~8 m. 

In the plan view, the individual beams are diverging from one another, 

and at the point of tangency for R = 2.7 m, the outer beam centerlines 

are + 0.16 m from the middle one, well within the + 0.2.m tolerance. 

2.2.2 Floor Plan 

Figure 2.2-2 shows the four beam lines in the test cell. 

They are arranged with two co- and two counter-irijectors. The outlines 

show the clearances between adjacent lines. 

2.2.3 Layout of Chambers 

The basic chamber outline is shown in figure 2.2-3. Each 

beam line consists of three chambers, arranged for differential vacuum 

pumping. They are the first and second in-line chambers, and the ion dump 

chamber. The first and second chambers are separated by a bulkheak on 

which is mounted the deflection magnet (not shown). The gaps in that 

magnet also form the molecular flow conductance for,thermal gas between 

the chambers. The ion dump chamber and the second in-line chamber are 

separated by a baffle which has three slots for passage of the D+ ions 

bent out of the beam by the magnet. The slot lengths are h 2 m, set by 
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bent ion trajectories. Focusing properties of the magnet permit slot 

widths of 0.1 m. The exact shape and location of th~slots will be 

determined in final design by consideration of effects of fringe TFTR 

f:i:elds on the trajectories. The slots form the conductance for gas flow 

between the dump and second in-line chambers. 

The first in-line ,chamber is 1I)8.de '" 3 m long to accommodate the 2 m 

long neutralizer ducts (section 2.5.1) and allow an additional metre of 

drift space. The additional metre permits dispersal of the 'source gas 

load by collisions just downstream of the duct mouths. 

2.2.4 Overall Beam Line Design 

Figure 2.2-4 shows a complete beam line. The tanks are 

of cylindrical construction with'" l5mm thick walls. All major con-

struction is of 300-series stainless steel. Flat heads and flanges are 

strong-bucked (not shown) for rigidity against atmospheric loads under 

vacuum. The support structure is mounted on wheels running on circular 

tracks for ~hanging the aiming radius. The structure is centered on a 

pivot pin below the flex jOint in the attachment duct (section 2.9.3). 

The part of the structure outboard of the isolation valve (section 

2.9.2) is mounted on another set of tracks and wheels for longitudinal 

motion. This permits parting of the entire beam line at the valve for 

servicing. 

Overall beam line length from the torus is '" 9.5 m, of which the 

last'" .5m is due to the SF
6
-filled source housing which is removable. 

. .' 3 
Overall tank diameter is '" 4 m, and the total volume is '" 80 m. The 

overall height is less than the 6.5 ~ limit, leaving room for cryogenic 
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fluid bayonets and other utility connections (sections 2.10.2, 2.10.3 & 

2.10.4). 

The chambers are, lined with cryopumping panels (section 2.7.2). 

Targets and calorimeters (sections 2.6.2, 2.6.3 & 2.8.2) are shown in 

position. The fast valve, iso1atio'n valve, and attachment duct are 

discussed in section 2.9. Components belonging to auxiliary systems 

discussed in section 2.10 have been omitted from figure 2.2-4; their 

approximate locations are indicated in other illustrations. 

The overall weight of each beam line is estimated to be 45 tonnes. 
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2.3 Ion Source 

2.3.1 General 

The ion sources are required to provide a large 

(400 
~ ~,~~ ~ \,'.., S', n.o.t:j"~),~12) 2LL:~~(1.l?q ~~.r1'l>:~!!ll!.:q(:y:;.:} liJ.?:,"ff! LD,~~~.JJ ~~i"~.H !s';)!~',1,J;t.H;rf~') '~~IJ'rl' 

cm ) area from which a uniform (+ 5%) current density of deuterium 
a1 fn~Yo;I,~ i2.':';'J~ (~~"i3'fi, i) fl<{~;~;: I:;'~~~''':''~~:~ 6r~~jl:t:>~:.~~~,) ~;·j!';):J'~it1!.t'J;ctI.H.7J {)J; .. ~::~ E.1.9·~~'1.sT 
may be extracted and accelerated, for a pulse length of 0.5 sec. 

::J"lE~ J:)iJ.h jn9I;F·r::~S~..rj:;:., .b~f.!.~~ .;:;.e:ifIGv· FfCJ,-JBj':;c:j: (9VJ.F,;,'\<" :·.iBB~: sl{fr .. fiol:~1:~:;;:;:i 
ions 

2.3.2 Ion Source Design Requirements 
F;aT'JjE~{~::' ·~(:t.t..tI1,{.u.t: ~jj ~~nJ::gr1'~:}'sd F~.:tfi::~n.1)qn30:1 ,,~~ "S: ·flcd:.:L:.-:~E~ cy b~;.cnu.::-~eth 

2.3.2.1 Ion Current Density 
".r1s·.dj ;,}\-"',S:<r.\ -s)"Jug1J ... il'/C'I"}. J.}~;.:~:JJra(; rres~d EJ",\ry;;l 01~S; . .ilo1·},~).:~~a ffi. b~~·~,g.lf.>gJ~~, 

To match the design perveance of the accelerator 
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structures, ~acl~ ion" source must provide an available ion current 
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2 density (all species) of 0.25 A/cm of deuterium ions. 

2.3.2.2 Ion Current Density Uniformity 

The divergence of the accelerated ion beams depends 

sensitively on the ion beam current density. Therefore, the ion beam 

current density should be uniform in space and time over the extraction 

area of a given ion source to within no worse than + 5%. 

2.3.2.3 Area 

Each ion source should have a usable area of 400 

cm2 (10 x 40 cm) from which ions can be accelerated. 

2.3.2.4 Number 

The neutral beam injection system will consist of 

four beam lines with three ion sources on each, for a total of twelve 

(not including spares). 

2.3.2.5 Filaments 

The useful lifetime of a source is determined by the 

lifetime of its filaments. Each source should be capable of producing 

at least 20,000 shots, with a filament on-time of 'V 2 sec per shot, 
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with the loss of less than 5% of its filaments at the end of this 

number of shots. This should provide adequate lifetime to bring a 

source up to full operating voltage and run without attention for about 

3 months. 

-. 2.3.2.6 Gas Valve 

Each source should be provided with a remotely oper-

ated gas valve, to open in 5 msec or less. 

2.3.2.7 Gas Flow 

The gas flow from each source should be as low as 

possible, and should not in any case exceed 30 torr-l/sec. 

2.3.2.8 Cooling 

A source should be provided with cooling adequate 

to limit the bulk temperature rise during normal operation to less 

than 20 degrees C. 

2.3.2.9 Remote Handling Capability 

The design of a source should be such that the 

filament assembly, the source itself, or a cluster of all three sources 

can be removed for repair by remote handling equipment. 

2.3.2.10 Voltage-holding Ability 

During normal operation, the potential of a source 

will go from ground to 120 kV above ground; it should be designed and 

insulated so that this potential difference will not cause sparking 

and breakdoWIl. 

2.3.2.11 Remote Steering 

To permit proper aiming of the ion source/accelerator 

module, the module should be mounted on a bellows, with the provision 

for remote adjustment. 
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2.3.2.12 Vacuum Seals 

To the extent possible, vacuum seals are to be "hard" 

(i.e., no a-rings). 

2.3.3 Ion Source Design Description 

We propose for this application an ion source that is 

a straightforward development from the LBL "50 A" ion sources currently 

in use atLLL and PPPL. In this source the plasma is produced by a 

diffuse low-pressure, high-current discharge with a distributed, therm

ionical1y-emitting cathode which consists of a ring of hot tungsten 

filaments. Pulsed dc heater power is used to avoid ac modulation of 

source potentials and plasma density. No externally-applied magnetic 

fields are used, so the fluctuations usually associated with cross

field transport are avoided. 

A cluster of three such sources, with their accelerators, is 

shown in figure 2.3-1. Each source is shielded against electrical 

breakdown, and the three modules are enclosed by a housing, to be 

filled with SF
6

. Each source is mounted on a flexible bellows, the 

adjustment of which is controlled by the control system to guarantee 

correct aiming of the beams. 

The source filaments are mounted on a separate sub-assembly, 

which can be replaced with remote handling gear without the necessity 

of dismounting the entire source. 
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2.4 Ion Accelerator 

2.4.1 General 

The accelerator structures are required to produce ion 

beamlets with adequately small angular beam divergences, aimed in the 

proper direction. Thermal distortion of the accelerator structure 

during abeam pulse must be avoided. 

2.4.2 Ion Accelerator Design Requirements 

2.4.2.1 Primary Ion Trajectories 

Primary ions are those originating in the ion source; 

they produce the primary neutral beam. Their trajectories must be 

such that interception on the accelerator structures and on limiting aper-

tures in the beam1ine is minimal both for ions and neutrals. An accep-

table design criterion to accomplish this is to require that the neutral 

beam profiles at the limiting aperture between the TF coils be approxi-

mate1y e11iptica~ in shape, oriented to match the rectangular aperture, 

and subtending angular dimensions (as seen from the center of the ion . 

source) of not more than ± 1.0 by ± 0.3 degrees, as measured at the l/e 

points of the beam power density profile. 

2.4.2.2 Primary Ion Energy and Current Density 

The primary ion energy is to be 120 keV; the ion current 

density, measured at the plasma sheath edge (just before acceleration), 

2 
is to be 0.25 A/cm • 

2.4.2.3 Secondary Ion, Electron, and Neutral Trajectories 

Secondary ions, electrons, and neutrals are those 

born in the accelerator region by charge-exchange and ionization of 

the background gas. We believe that impact of these secondary particles 
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on the accelerator structures represents the dominant heat load on 

them, and also that the lifetime of the structure will be limited by 

sputtering caused by these impacts. The accelerator should be designed 

to minimize the interception of these secondary particles. 

2.4.2.4 Temperature Rise During the Pulse 

The temperature rise in the accelerator structure 

during the beam pulse should be limited to a tolerable value. This 

is difficult to specify at this time; perhaps a vatue of SOOO C is rea-

sonable. 

2.4~2.S Breakdown 

The accelerator structures, and their supporting 

insulators, must be designed to minimize electrical. breakdown, both 

inside and outside the structure. 

2.4.2.6 Materials and Vacuum Seals 

All metal parts of the system that are exposed to 

high voltage should be made of either molybdenum or tungsten, vacuum-

fired at 8S0°C for one hour before assembly. Insulators are to be 

made of ceramic materials (not organic materials). Vacuum seals are to 

be "hard" (noD-rings). 

2.4.3 Ion Accelerator Design Description 

The ion accelerator coupled to a plasma source consists 

of a 60% transparent, four-electrode, multiple-aperture assembly consisting 

of an array of 44 slots, each 0.S4 by 10.0 cm. The shapes of the 

electrodes forming these slots, and the potentials on them, are gener-

ated by a computer optimization code, to produce' an ion beam with 
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minimum angular divergence together with minimum interception of 

secondary ions, electrons, and neutrals by the accelerating structure. 

Figure 2.4-1 shows a cross section of such a structure. The calculated 

beam divergence is more than a factor of 2 less than the required ± 1 

degree. Interception of secondary particles by the structure, while 

not yet minimized, appears to be tolerable: temperature rises during 

an 0.5 sec beam pulse should be less than 500 0 C. 

We envisage an accelerator structure as an array of shaped 

molybdenum or tungsten bars, free to expand at one end, and attached 

to a support structure with adjacent water cooling at the other end. 

The insulators are ceramic, and the entire support structure, with 

insulators, is brazed together. 
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2.5 Neutralizer Cell 

2.5.1 Size and Shape 
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The neutralizer cell is a duct of length 2.0 m and 

cross-section 0.6 x 0.15 m. Each source has its own duct. Duct 

locations are shown in figure 2.5-1. 

The duct does not have a separate gas supply, but simply acts 

as an impedance to the source gas load to provide the required target 

thickness. 

The duct is made of iron ~ 6 mm thick to shield the beams against 

the fringe induction (~ 0.005 tes1a in this region) of the machine. The 

perturbation of the TFTR fields by this amount of iron in this location 

is less than that caused by the bending magnet (discussed in section 

2.6.1), which is negligible. 

There may be advantages to liquid-nitrogen cooling of the duct. 
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2.6.1 Deflection Magnet 
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A deflection magnet is located between the first and 

second in-line chambers, as shown in figure 2.6-1. In fact, the gaps 

between poles and cores of the magnet form the molecular flow conduct

ance between the two chambers. 

The magnet's function is to remove charged particles from the 

beam in a controlled manner, rather than have them scattered by high 

fringe fields further downstream. 

The magnet's construction is shown in figure 2.6-2. Each magnet 

has three gaps, 15 cm long. Between the gaps are two wire-wound cores, 

and at the ends are two wound pole pieces. The flux returns through 

the rectangular iron frame. The pole and core faces are trapezoidal. 

Their height at the beam entrance is 'V 51 cm, with exit height 'V 71 cm. 

(These dimensions may be changed should stray beam particles cause 

problems). The beam path length through the poles is 'V 25 cm, and 

the effective path length is 'V 40 cm. 

The induction will be set at 'V .0888 Tesla for 125 keV beams. 

This gives deflection radii as follows: 

Particle 

125 keV Dt 

62.5 keV D+ 

41. 7 keV D+ 

rb (m.) 

0.814 

0.575 

0.470 

These trajectories determine the size of the slots cut in the baffle 

between the second in-line chamber of the beam line and the ion dump 



"-----

------~ 

--\ 

~~~~~sl=t 
........ 

.... \,.T"., 

I·-~S· 

".0 ... ... 

MAGNET & BEAM ~ FOR IONS 
RG. 2.8-1 

L-----
.. .-. 
)'7.e" 

1S'.2t11 

""0' 

--
r---~-:z-.. 
I ~~- "-.~ . 

" '-" 

ELEVATION 

PLAN 

,_1 

\ 

~--\ 
-=4 
~--~ 

J 3. 19" .. 

IO~' 

''':wIa~:It--
!::-.::.':'--
!;~:;=:=-

I ". 

Figure 2.6-1. Magnet and beam dump for ions. 

p • '" 
4 ,.. I" ~ , ~ 

VI <I .. .rl\ll~~< 
J t • 

: Clio" 
-_J 

,
i 

. ,--"-...--

... \ 0" 

~. ~ 

· .. "t:l..lIl ,(D(1). ','. H~\l 

XBL 759-7988 

·0 

0 

."'~Ijo 
"--~, 

' , C 

& . 

N; 

...-r.:<:<"" 
~ 

N 
(,,,-

\0 

tf, 

bo. 

A 



f. I 

" 

.1 
I 

fi 

~=-:~--
"-~ .-

) / 
" 

30 -

:11111.1 =;1=1 

:J 
;!1 
.; 

i; 

.~~ 

'" 

"f,1 ;":" 

ir; 

Iii 
, , i 

i:! i j' 
;'! 

I i , 
i , : 

" , : ; 

'-I t·. 
,"1 

".1../ 

,r .'. 

··~,:I 
/ ... 

. ~ ; 

,- , 

\ 

~. -

.:! J 
'I. ( 

'-I-l 
o 

f ~ 
oM 

':> 
" I ... M 



o 0 5 

- 31 -

chamber. 
. + 

Other ion species (D2 , D-) constitute but a small fraction of 

the beam and are collected on targets within the second 'chamber. 

The iron return path makes the stray field of the "magnet negligible 

at the nearest pl'asma location ('V 5.5 meters away). Induced field's 

due to fringe fields from the torus are also negligible. Roughly , the 

iron in the magnet has a volume equivalent to a sphere of radius 27 cm. 

Thus, the induced dipole induction 550 cm away is: 

B - (-1:.l..)3B ~ 1.2 x 10-4 B , - 550 0 - 0 
. ,.! 

where Bo is the (vacuum) fringe induction at' the loca,tion of the m~g11:e~.: 

Thus, a fringe induct~on of the order of 0.01 Tesla (100 gauss) 

will result in a perturbation of only 'V 12 mG at the nearest plasma 

location. 

The magnet excitation requires 'V 32 000 ampere-turns. Cooiing 

water requirements are minor compared with other water cooling require-

ments. 

+ 2.6.2 125 keV D Ion Dump 

The ion dump is located in the ion dump chamber, as 

shown in figure 2.6-1. Its function is to absorb the power of the 

+ full-, half-, and third-energy D ions which are deflected through 

slots in the ion baffle. The precise location and orientation of the 

dump will be determined in the final design by analysis of the effect 

of fringe fields on particle trajectories. 

The design of the dump is essentially the same as the calorimeter 

design discussed in sections 2.8.1 and 2.8.2. Generally, it consists 

of molybdenum plates sufficiently angled to the beam direction so that 
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the resultant surface power flux is tolerably low. The plates are 

cooled between shots by low-conductivity water. Hot surfaces are 

separated from cryopanels by a reflector. Design requirements for 

the dump are much less severe than for the calorimeter, which is 

designed to receive the entire beam in a tighter geometry. 

2.6.3 DumpS for Other Ions 

The currents of other ions, for one beam line (3 

sources), normalized to 2.0 MW full energy neutrals per source (some-

what higher than the 1.625 MW specified), based on the molecular-ion 

composition of the LBL/LLL 20-keV sources, are tabulated below 

Ion @ Energy (keV) Amperes (ionic) 

D+ 
2 

125 0.480 

D+ 
2 83.3 0.288 

D+ 
3 125 negligible 

D 125 0.168 

-D 62.5 0.240 

D 41. 7 0.360 

The total power carried by these ions is only 45 kW. Most (~80%) 

of the positive ions will be deflected into the "125 keV n+ ion dump". 

The remainder, as well as the negative ions, will strike titanium targets 

within the second in-line chamber. The positive ions targets are located 

on the ion baffle beyond the slots; the negative ion targets are on the 

calorimeter. 
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2.7 Cryopumping 

2.7.1 Pumping Requirements of Each Chamber 

Each beam line is divided into three chambers, as 

was shown in figure 2.2-3. Schematically, the vacuum system to be 

analyzed is as shown below. 

--
Q =90 I 

C,zl cr I. 124 x /I'JS 

Ch4mber3 (.r~1I Du",p) 

Ii 
Cb.Qmber./ . . 

P, 
s, 

The conductances shown are estimates using empirical formulae for 

molecular flow at 293.15 K. C12 is the conductance through the gaps of 

the bending magnet described in section 2.6.1. C
23 

is the conductance 

through the slots in the ion baffle described in section 2.2.4. C20 is 

the conductance through the attachment duct described in section 2.9.3. 

All conductances are in litre/second. 
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The gas loads (Q ) are based upon source parameters, and estimates 
n 

of charged particle populations in the beams. 
-1 Q

l 
amounts to 30 torr·l·s 

of D2 from each source. 
-1 Q

2 
is the torr·l·s equivalent of the total 

current of D+ ions from three sources. Q
3 

is the equivalent of the total 

+ + current of D
2

, D
3

, and D ions from three sources. Actually, about 80% of 
+ . 

the D2 ions will be deflected through the slots in the ion baffle. Since 

P2 is the critical pressure, the assumption that all ions other than D+ 

appear as primary gas loads in the second chamber is a conservative one, 

though not critical, since most of the gas load in the second chamber is 

due to flow from the other two chambers. A more direct safety factor has 

been introduced by evaluating Q
2 

and Q3 for 2.0 MW of full-energy neutrals 

per source, although only 1.625 MW is required for a total power of 19~5 MW. 

-1 
All gas loads are expressed in torr·1·s at 293.15 K. 

The limiting pressure is P
2

, set by the requirement that the beam 

line length between the bending magnet and the torus, multiplied by P2 , 

not exceed 2 x 10-5 torr-metre. A length of ~ 5.2 metres requires P2 ~ 
-6 3.846 x 10 torr. 

The flow balance equations, 

in the five unknowns, 

= 

-6 
(P2 is set at 3.846 x 10 ) 

may be solved for the minimum total pumping speed by requiring that, 
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(That a minimum exists is physically obvious.) This, however, results 

in a disproportionately high value o,f S2' Since the pumping is to be 

performed by condensation on cryopanel areas, and since other practical 

design considerations require that the second chamber and the ion dump 

chamber each be about half the size of the first chamber, the absolute 

minimum pumping speed solution is unacceptable. 

A more practical approach is to solve for a relative minimum total 

pumping speed subject to the further constraint that S2 = S3' So 

the system, 

is solved for >.., P
l

, and P
3

• (Again, it is physically opvious that a 

relative minimum exists.) The result is, 

-5 Pl = 5.149 x 10 torr, 

-6 P
3 

= 9.670 x 10 torr, 

requiring, 

Sl = 1.706 x 10
6 

litre/second, 

S2 = S3 = 7.930 x 105 litre/second 
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Since S2 and S3 are (fortuitously) about half of Sl' this solution 

is acceptable for practical design. 

2.7.2 Design and Rating of Cryopanels 

The large pumping speeds determined in the previous section 

cannot conceivably be achieved other than by area pumping. The inner walls, 

bulkheads, etc., of the chambers are lined with cryogenic condensation 

panels as indicated in figure 2.7-1. 

The basic design of the panels is shown in figure 2.7-2 (inset). The 

LHe- and LN2-cooled panels are constructed of two layers of 316 stainless 

steel periodically spot-welded together. The inward-facing layer is ~ 1.0 mm 

thick; the backing layer is ~ 2.5 mmthick. The resulting sandwich is then 

inflated, forming a quilted structure, the inside of which is to be flooded 

with coolant. The panels are aectropolished for low thermal emissivity. 

The chevrons are constructed of copper, and cooled at intervals along their 

lengths by LN
2
-carrying pipes. The chevrons are blackened, eliminating 

the possibility of high-energy gas radiation photons being reflected 

through, at the cost of accepting black-body 77 K radiation on the LHe 

panel inner surfaces. 

The cryopanel areas to give the required speeds are sized by estimat

ing their effective speed; area r'atio. The panels, at ~ 4.2° K are 

protected from thermal radiation from the surroundings by similar panels 

at 77° K facing their outer surfaces. On their inner sides they are 

guarded by chevron baffles at 7.7° K. The baffles shield against gas 

radiation and possible energetic sputtered particles, and also serve to 
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cool the pumped gas. The speed of the array is given by: 

... fF 5(litre/sec) ~ 11.6 1J~ AG, 

where, 

A = baffle projected area (cm2) 

G = overall capture probability. 

If t = the probability of transmission of the baffles, and c = the stickihg 

coefficient for gas molecules on the panels, then, 

-1 -1-1 
G = (t + c -1) • 

For 120 0 included angle chevrons, t .. 0.3. The sticking coefficient 

for D2 is taken (conservatively) to be 0.25, resulting in, 

and, 

G = 0.1579, 

2 
5 (litre/second) = 4.932 A (cm ). 

The speeds determined in the previous section require baffle areas 

2 in the three chambers (rounded up to whole m ) of, 

2 
A = A = 17m 2 3 

The distribution of these areas is shown in figure 2.7-2. 

With these areas, the design speeds become, 

51 = 1.726 x 106 l/s, 

with resulting design pressures of, 



~ 7J~ :,:~ ~?r'-J'1~; 

10-5 
~ '\. ,~~ 

PI = 5.091 x torr, 

P2 = 3.601 x 10-6 
torr, 

P
3 

= 9.178 x 10-6 torr. 

;' 
'" 

With these pressures, the flow rate into the torus is, 
_\Jll1dsrlc7q 3~UJqB~ 

::::: j ",-

each beam line. For all four beam lines over a ~ 600 ms pulse, the 
~.c:~~.ldj f t.'i,.:. /r~:~:~ ;::'G ~.:~;:~i>,,:.::.!~~j,G~ j~:E;;~ ':c')' >~;!.-.._ .. ~:-~~JJ.;'t,5, .. :".:'~:;. 

total input is only 0.417 torr·l. 
.I ~,-~ r t .t .. ,",' r' 

~ ~" :., -. ." :1 "'/ 'J.> ,".. ..~.1 
Currently, cryopumping experiments are being performed atUCLLL, 

is necessary to interpose yet another set of water-cooled baffles inside 
,~ (: \ ~:' J ~. i) ':'-, ~': 

the LN2-cooled baffles to handle sputtering and collision particles. If 

required, these baffles will probably not b~ opaque, but will be inclined 
, ('~;u:-;) 1,\ .~i·:.t?" t\ ~.b:i1~· ':.;:,:~,,~ \. "~ {~ 

to stop such particles coming from certain locations. The effect upon the 

" '10 { .:> tCid"t(,/ ~~l:J' ~:L~.:· b.';:,,-:.:;i1..;:.}(;"..r) r:··i:3d~J:::'J:.f.J.~) ~"'~\'~"J.:,;: .:;'·1.) ~'~'.[ 
Coolant requirements are summarized in sections 2.10.2 and 2.10.3. 

~ >-

The only significant transient heat load is that due to 14 MeV ne6tf6n§" ,';: 

,', 3 
The heating rate is estimated to be .0014,,,,Watt,,per c.m 

" .e.!., ',-~ f.' during each shot. 

condensing side panels are ~'l mm. thick. The time constant for the 
~ '·;:'.m'!j::j(~d ;~'~)::.\:.:)q{~ .l'l8J.E·3;'~ ::J,.;i:~~ ": ';~~~:::£?~::;~, f-~'::;~:)J·:.)" .l'"!' J _~j'J 

leading term in the solution to the heat equation for this .. geometry is 
,2\1 0 U1 x a~~.1 

~ 67 msec, so the steady state is reached in the 500 ms neutron pulse. 

The steady-state temperature rise on the condensing side is ~fk. J} " (' 

." 
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and, with 

k ~ 0.23 W/m'k 

t ~ 10-3 m, 

, 0" 

- 41 -

fy,T is only ~ 0.003K, which is negligible. 

o 

In this sectiOn and the one preceding, all vacuum calculations have 

been done using a gas temperature of 293.15 K (20 0 C). There will be 

some lowering of energy of gas molecules which are not pumped on their 

first arrival at the 77 K chevrons. At the same time, the gas loads 

are all generated at temperatures above 293.15 K. The source gas, 

generated at perhaps 1000 K will be cooled somewhat by passage through 

the neutralizer ducts. Gas devolving from targets wi,ll be coming off 

surfaces whose temperatures are changing as the square root of time 

(see, for example, section 2.8.2). !he pumping time constants for the 

three chambers, very ~ear1y equal to their volumes divided by their 

pumping speeds, are 20 to 30 ms, or about 1/20 of the pulse time • (!his 

was implicit in the use of steady-state flow balance equations in section 

2. 7.1. ) So the cooled gas is cons tan t1y being mixed with warmer gas. All 

of these effects will be considered in the final. design, to try to determine 

some average gas temperature. 

!he practical consequences of a temperature, T, other than 293 K are: 

1. The source terms, Q , which are based on definite quantities 
n 
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of molecules per second, are unchanged, but their values expressed in 

-1 
torr'l's scale as T/293. 

2. Conductances 

speed, and thus scale 

and pump speeds 

as ~T/293. 
depend linearly on the mean molecular 

3. The resulting pressures scale directly as the sources and inversely 

as the conductances and speeds, thus aS~T/293. 
4. The particle densities scale directly with the pressures and 

inversely as the temperature, thus asl293/T. 

Therefore, should the gas temperature be as low as 77 K, the molecular 

density in, say, chamber 2 (which for P2 = 3.601 x 10-6 at T = 293.15 K 

17 -3 17 -3 
is 1.19 x 10 m ) would become ~ 2.31 x 10 m 

Since, for reasons discussed above, it is highly unlikely that the 

temperature will be as lo~ as 77 K, the doubling of the gas density represents 

an equally unlikely extreme. 
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2.8 Calorimetry 

2.8.1 Measurement of Beam Energy 

The total energy in each beam will be measured by 

monitoring the rise in temperature of the water which cools the beam 

stop-calorimeters described in the" next section. An attempt to obtain 

some spatial resolution by this method may be deemed feasible and 

worthwhile in the final design. However, detailed beam measurements 

will be obtained by optical spectroscopic techniques. 

2~8.2 Beam Stop 

The function of the calorimeters described here is 

primarily to provide a beam stop for beam operation when the torus 

plasma is not present. Such operation will be required for condition-

ing and tuning up the sources. The calorimeters will also provide 

a measure of the total beam energy. 

Since the calorimeters will sometimes be used when the bending 

magnets are not on, and since the beam power losses cannot be predic-

ted with certainty, the design heat loads are based upon source design 

extracted current density. This gives the highest possible intensity 

at the calorimeter, for conservat1vedesign. 

A calorimeter is placed just past the bending magnet, where the 

three beams are still separate, as shown in figure 2.8-1. each sec-

tion then intercepts the beam ,from one source. 

Based on source design parameters, the average power density 

at the source is, 

<Pi ;> = <j >vt , on 
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where, 

<j> = average ion current density 

v = extraction voltage = 125 kV, 

t = transparency = 0.6, 

giving, 

<po > = 18 750 W/cm
2

• 1.on 

2 = 0.25 A/cm , 

TIle peak power density will be somewhat higher due to some focus-

sing. For purposes of calorimeter design, the peak power density 

is assumed to be 30 kW/cm2. 

TIle calorimeter design is based upon absorbing the energy on a 

thick target, cooled by low-conductivity water. By "thick" is meant 

that over a pulse length essentially all the energy is stored in the 

target material, with cool-down being done between shots. The target 

geometry and material selection are based on a tolerable surface temper-

ature rise under these conditions. 

For such a thick slab, the surface temperature rise is given by, 

. 1/2 
6T = 2q"(t/~kpc) , 

where, 

6T = surface temperature rise (K), 

q" = surface heat flux (W-m-2), 

t = pulse time (s), 
\ 

k = material conductivity (W/K-m), 

. / 3 P = material mass density (kg m ), 

c = material specific heat (J/K-kg). 

Since, in any event, 6T must not exceed the material's melting 

point minus the initial temperature (~300 K), a figure of merit for 

various materials may be calculated. The following table summarizes 
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the properties of some candidate materials. 

Material k P c M.P. Figure-of-merit 

(M.P. - 300) (kpc) 1/2 

W 166 19.3 0 103 138 3643 7.09 0 107 

Mo 142 10.2 0 103 276 2893 5.24 0 10
7 

eu 389 9.0 0 103 389 1356 4.00 0 107 

Mild steel 83.7 7.9 0 103 460 1673 2.44 0 10 7 

Al alloy 188 2.7 0 103 920 933 1.43 0 107 

Stainless steel 16.3 7.9 0 103 502 1673 1.13 0 107 

The calorimeter plates are inclined so that the beams of width 

~10 cm are spread over a one metre length. The resulting maximum heat 

flux is then 1/10 of the maximum extracted flux, or, 

2 7 2 
q" = 3 kW/cm = 3 0 10 W/m. 

Then, for a pulse length of 0.5 s, 

2 -1/2 ,,1/2 2 9 107 
7T q t =.3 0 , 

and reference to the above table shows that the first four materials 

will not melt under these conditions. 

To further reduce the surface flux intensity, the calorimeter 

faces are serrated with a 60° saw-tooth pattern running along the 

one metre length. 

Molybdenum was chosen as the calorimeter material. It's surface 

temperature rise would be approximately 1 200 K, if the face were not 

serrated. Each slab is 1.1 m long x 0.7 m high x 20 rom thick, and has 

a mass of 157 kg. The total heat input during the pulse is approximately 

7.5 MJ. Thus, the bulk temperature rise after equilibration is, 
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Each slab is cooled between shots by low-conductivity water 

flowing in channels at the back side. Allowing for an average 50 K 

temperature rise in the water, approximately 36 kg of LCW would be 

required per shot, for a total of approximately 110 litre per shot 

per beam line. 

The basic calorimeter design is shown in figure 2.8-2. The three 

slabs are mounted on a common frame which pivots upward for shots into 

the torus. The heated face which would otherwise be exposed to the 

cryopump panels is shielded by a reflective sheet of electropolished 

copper which is mounted to the same frame. In its upward position, 

the calorimeter serves to intercept the relatively small negative 

ion currents bent upward by the bending magnet. A tftanium plate 

is provided for the same purpose in case the magnet is operated while the 

calorimeter is in the down position. The exit cooling water lines for 

the three slabs are kept separate until they reach a point where 

temperature may be measured, so that the energy of the beams may be 

determined separately. 
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·2.9 Beam Duct 

2.9.1 Fast Gate Valve 

The fast gate valve, shown on figure 2.9-1, is intended 

to minimize the gas flow between the beam line and the torus before and 

after firing time. The gate must open in 50 ms, stay open from 100 to 

500 ms, and close in 50 ms. The design selected is a simple two piece 

gate powered by pneumatic cylinders. Figure 2.9-2 shows the design. 

The gate travel is .16 m (allowing 20 mm overlap). Using a simple 

constant acceleration/constant deceleration cycle, the required acceleration 

-2 is 256 m·s (~25g). The harshness of the cycl~ will be softened by the 

detail design of the pneumatic cylinder orifices at the extremes of travel. 

Magnetic effects will be minimized by using either a thin, highly 

resistive metallic gate, or thicker gates of non-conductive material 

such as apyro-ceramic. The use of a 'thin gate is possible because 

the valve is not required to maintain a macro pressure differential. 

Even allowing for clearances of ~ 1 mm, such a gate can easily 

be constructed to. have a molecular flow conductance for tritium of 

~ -1 
< 100 l's in the closed position. This is ~ 0.25% of the conductance 

of the attachment duct with the gate open. 

The opening and closing cycle will be constant but the open time 

or dwell will be varied to suit the experiment in progress. 

It is likely that the fast gate will require maintenance more often 

than most other. mechanical components in the beam line and therefore 

it is built as a component separate from the main beam line vessel to 

simplify removal and replacement. 
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2.9.2 Hard-Sealed Isolation Valve 

The main isolation valve forms a hard vacuum seal 

between the beam line and the torus. It allows removal or maintenance 

of the beam line without violating the vacuum integrity of the torus. 

The valve has a clear aperture of .91 m (36 in) dia. which is 

adequate to clear a beam with dimensions of .30 m x .70 m. The valve 

design is an extrapolation of existing .3 m dia. high vacuum metal sealed 

gate valves presently in service. 

The valve will be connected to the system by hard sealed flanges, 

upstream to the fast valve and downstream to the attachment duct. 

2.9.3 Attachment Duct 

The attachment duct is shown in figure 2.2-4. It 

consists of a transition section and a nearly rectangular straight 

section. The transition section changes cross-section from the circular 

flange on the fast gate to a rectangular geometry. The straight section 

is not quite rectangular in cross-section; one wall is curved to match 

the curvature of the TF coil. The straight section incorporates a 

bellows to allow pivoting of the entire beam line through ~ 8°. The 

attachment at the torus is by an angled flange as shown. 

The duct was sized to give the greatest possible clearance between 

the beam and duct walls to minimize possible deleterious effects of 

interactions between stray particles and ions bent by fringe fields with 

the walls. Thus, the transition section starts immediately outboard 

of the li~iting TF coil. The outside height of the rectangular section 

is 0.7 m. If possible, this dimension will be increased in final design, 

to just clear the EF coils. The outside width is 0.4 m. The flex-joint 
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bellows is of rectangular (with rounded corners and one curved side) 

shape. In the final design the convolution depth of the bellows will 

be minimized. 

The attachment flange is sized so that the duct can be removed, 

should it be necessary, between the TF and EF coils by a rotation. 
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2.10 Auxiliary Systems 

elements outside the main vacuum vessel. The system is a conventio~a,l:J~'l;:apped"r 

schematic pumping arrangement is shown in figure 2.10-2. 

The external vacuum system has two functions: 

Pumping Cycles . 

1. Initial pumpdown of the beam line from 1 atmosphere 

-6 to 10 torr. 

2. Removal of the gasles from the internal cryopanel 

pumping system during regeneration. 

Initial pumpdown is presumed to take approximately 2 hours: 60 minutes of 

mechanical rough pumping followed by 60 minutes of diffusion pumping. 

The vacuum vessel is 4 m in diameter and 5.8 m long with a volume of 

73,000~. The surface area is presumed to be 6 times the superficial surface 

area of the cylinder or 588 2 
m. 

Regeneration pumping will occur either when the cryopanel gas load reaches 

its administrative limit, or the beam line is brought up to atmospheric pressure 

for maintenance. The administrative limit is based on preventing the development 

of an explosive mixture of hydrogen isotopes and air in case of an I!up to air" 

accident. The gas load on the cryopanels will be kept below that developing a 

13 torr pressure at room temperature. 
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The gas load per shot is 500 torr ~ and the vessel volume is 73,000 ~, 

yielding an administrative limit of 735~00 *13 = 19,000 shots between regen

erations. At a 100% duty cycle of one shot per 5 minutes, the time between 

regenerations would be 66 days. 

The cryopanels will receive .024 torr t (.075 Ci) of T2 by back 

diffusion with each shot. The maximum tritium load will then be 

19,000 x .075 = 1425 Ci on the beam line cryopanels. 

The total gas. load for regeneration is small compared to the initial 

pumpdown load and therefore the external vacuum system is sized for pumpdown. 

Roughing Pump 

Using the formula 

where 

VFA 
D=

t 

v = system volume in ft3 = 2578 ft3 . 

t = desired pumpdown time minutes = 60 min. 

FA= system factor (from mtg data) = 15.5 

D = pump displacement required CFM 

D = 2578 (15.5) = 666 CFM or 314 tis 
60 

A choice of one 500 CFM and one 300 CFM pump for a total of 800 CFM 

(378 ~/s) per beam line was made in order to have built in redundancy. 
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Diffusion Pump 

-2 
The diffusion pump is required to reduce the pressure from 10 to 

10-6 torr. The pump speed required (neglecting outgassing) is: 

s = minimum pump speed £/s 

v = system volume in £ 

PI 
-- = pressure ratio . 
P2 

t = time in seconds 

s = 73,000 £n 10-
2 

= 187 £/s 
3,600 10-6 

At low pressures outgassing of surfaces dominates the pumping load. A 

clean hard sealed stainless steel vacuum system should outgas at a rate no 

higher than 10-10torr • £ • s-l • cm-2 The total throughput from outgassing 

would then be: 

-4 5.88 x 10 torr £/s 

-6 The pump speed required for 10 torr is S. = 588 £/s. The total pumping ml.n 

speed required is then 

Stot = 588 + 187 = 775 £/s 
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This requirement can be met by a single .3 m diameter (12 inch) mercury 

diffusion pump with a liquid nitrogen cooled vapor trap. 

Both the diffusion pump and the roughing line will be connected to the 

vacuum vessel through hard sealed vacuum valves. 

Tritium 

The maximum tritium throughput for the beam line will be 8,000 Ci/year. 

(The actual load will be a small fraction of this.) This tritium will be 

pumped away by the external vacuum system during the regeneration of the 

cryopanels. The tritium will be highly diluted with deuterium (~~ = 2,100). 

The discharge from the mechanical pumps will be delivered to the appropriate 

facility tritium cleanup system. 

Some of the tritium will be captured in the mechanical pump oil. This 

small amount will require normal tritium handling precautions. Before 

disposal of the oil, the tritium level will be checked and the oil disposed 

'of or placed in safe storage depending on the level of tritium contamination. 

2.10.2 LN2 System 

The LN2 system cools the outer radiation shielding panels 

and the inner chevron baffles of the cryopanel arrays. Cryogenic connections 

for liquid nitrogen are indicated in figure 2.10-3. , Internal plumbing arrange-

ments are to be worked out in final design. 

The major heat load is due to thermal radiation to the 

outer LN2 - cooled shielding panels. With emissivi,ties of these panels and 

2 the inner walls of vacuum chambers of -0.2, the lo~d on -276 m of panel is 

-13 kW. To allow for additional loads, heat leaks, ,etc., a 20 kW capacity is 
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planned, requiring -450 t/hr of LN2• It is planned to draw the liquid from 

storage dewars, and waste the gas, although the feasibility of reliquifying 

gas will be determined in final design. 

2.10.3 LHe System 

The LHe system provides sufficient liquid helium to remove 

heat from the cryopump panels at -4.2 K for normal operation, pumping D2 gas. 

For operation of sources with H2 gas, the 'panels should be cooled to -3.8 K 

because of the higher vapor pressure of solid hydrogen. This is taken into 

account in setting the size of the liquifier, after heat loads for D2 pumping 

are determined. Bayonet connections for LHe are indicated in figure 2.10-3; 

internal plumbing will be worked out in final design. 

There are two types of cryopanelheat loads: steady (or 

quasi-steady) and transient. The steady loads are those which are either 

constant or chartge slowly as the system is in operation over a long time 

period. The transient loads are those which occur only during the actual 

operation (during·a "shot") of the TCT-TFTR device. The transient loads are 

time-averaged, assuming a shot repetition rate of once every 5 min. (300 sec.), 

and added to the steady loads to determine the total cooling load. 

The loads considered are: 

Steady Loads 

Thermal Radiation 

Pumped Tritium 8-decay (quasi-steady) 

Afterheat Radiation (quasi-steady) 

Transient Loads 

Enthalpy Change of Pumped Gas 

Neutron Heating 
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Thermal Radiation 

2 
Thermal radiation loads are calculated for both sides of the total 276, m 

of cryopanels. The cryopanels and outer LN2 - cooled shielding panels are 

assumed to have emissivities of 0.2 or less. The chevron baffles are assumed 

to have unit emissivity. The geometry is essentially that of plane, 

parallel surfaces. The heat load is given by, 

4 4 [ -1 -1 -1 -1 -1 -lJ 
Qtherm = aA(Tl - T2 ) (£11 + £2 - 1) + (£12 + £2 - 1) , 

where, 

a Stefan-Boltzmann constant 5.67 10-8 W -2 -4 = = x . m . K 

A total (one-side) 276 2 = area = m 

Tl = LN2 cooled panel & baffle temperature ~ 77 .35 K 

T2 = LHe cooled panel temperature ~ 4.224 K 

£11 = chevron emissivity ~ 1 

£2 = LHE - cooled panel emissivity ~ 0.2 

£12 = LN - cooled panel emissivity ~ 0.2 2 

resulting in 

Q h = 174.3 W t erm 

Pumped Tritium S-decay 

This load is quasi-static, increasing as the beam lines are used until 

the cryopump panels are defrosted. 
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6 J 

The amount of tritium pumped during each shot is estimated as, 

where, 

, -6 = tritium pressure in torus, assumed to be 10 torr 

(C20)T = molecular flow conductance for tritium between torus 

and beam line ~ 3.936 x 104 torr· £ • -1 sec 

t = open time of fast gate, taken as a full 600 msec to 

compensate for some leakage, 

resulting in, 

(PV)T = 2.362 x 10-2 torr-litre 

= 1.556 x 1018 nuclei 

~ .075 curies 

The panels will be used for at most -20 000 shots between defrosts, a 

limit set to avoid the possibility of forming an explosive deuterium-air 

mixture in the event of an up-to-air accident. After 20 000 shots, the 

tritium activity in each beam line is -1500 Ci, or at most 6000 Ci for the 

four beam line system. -15 Tritium has a disintegration energy of 2.98 x 10 J 

(0.0186 MeV); thus the maximum heat load from S-decay is, 

QTS-decay = 6000 x 3.7 x 1010 x 2.98 x 10-15 

= 0.662 w. 
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Afterheat Radiation 

This is the heat load due to activation of the stainless steel panels 

themselves. 

The afterheat production is expected to be - 1/20 of the heat production 

during neutron irradiation, averaged over the duty cycle. In stainless steel 

-14 3 14 MeV neutrons produce -7 x 10 watts/cm per unit flux. A flux of 

10 -2 -1 2 x 10 em • sec is assumed, using figure 6.1.3-9 of TeT, Vol. III. 

Then, for 500 msec of irradiation every 5 minutes, the time-averaged flux is 

7 -2 -1 -3.33 x 10 em' sec The afterheat is then estimated to be, 

111 1 -14 7 
q ~ 20 x 7 x 10 x 3.33 x 10 

-7 3 1.167 x 10 watts/em. 

The two layers of steel forming the cryopump panels have a total thickness 

2 3 of -3.5 mm, so in 276 m there is a volume of 966 000 cm , giving a total 

afterheat load of, 

Q ~ 1.167 x 10-7 x 966 000 = 0.113 W 
Afterheat 

Enthalpy Change of Pumped Gas 

This is a transient heat load, appearing while the source gas valves 

are open (-500 ms). Each beam line pumps D2 at a rate of -98.6 torr' t . 

The total gas load rate during a shot is then, 

Q ~ 4 x 98.6 -1 394.4 torr' t ··s 

-1 s 
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The enthalpy change for D2 from gas at -77 K to solid at-4 .tK' is 

-0.163 J/torr .~. So the transient heat load is, 

QAH' t' . = 394.4 x 0.163 = 64.3 W. 
lJ. rans. 

Averaging over a duty cycle, 

Q 64' 3 °3~~0 = 0.107 W· ./:).H ~ • x 

Neutron Heating 

-14 3 Neutron heating is estimated to be 7 x 10 W' cm- per unit flux of 

14 MeV neutrons. 10 -2 -1 With a flux of 2 x 10 cm . s , the bulk heating is 

-3 -3 3 
-1.4 x 10 W' em. For a cryopump panel volume of 966 000 em , 

Q ~ 1.4 x 10-3 x 966 000 = 1352 W. 
n trans. 

Averaging over a duty cycle, 

Q ~ 1352 x 0.500 = 2.25 W 
n . 300 

The effect of this rather large transient load on the panel surface 

temperature is discussed in section 2.7.2. 

Heat Leaks and Transfer Losses 

The sum of the steady state and t ime-'"aver aged transient heat loads is: 

Qtherm = 174.3 W 

QTS-decay = 0.662 W 

QAfterheat = 0.113 W 

Q/:).H = 0.107 W 

Qn = 2.25 W 

QTota1 = 177 .4 W 
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Heat leaks and transfer losses may be expected to add 50% to this 

figure, requiring 'V 266 W at 4.2 K for D2 operation. 

Operation with H2 requires a lower panel temperature. The lowest 

required pressure is 'V 3.8 x 10-6 torr in the second in-line chamber. If 

hydrogen is to be pumped effectively, its vapor pressure in the condensed 

state (which is several orders of magnitude higher than deuterium's at a 

given temperature) should be 'V 1/10 of the ambient pressure, so that the 

re-evaporation rate will be small. A cryopump panel temperature pf 'V 3.8 K 

-7 is required to bring the H2 vapor pressure down into the low 10 torr range . 

. The helium liquifier must then be capable of removing 'V 266 W at 3.8 K. 

For purposes of specifying the liquifier, it is assumed to be de-rated by 

'V 40% from its design wattage at 'V 4.5K. The liquifier is then specified to 

provide 450 W of refrigeration at a nominal 4.5 K. 

Special features will be incorporated into the liquifaction system. 

The low pressure side will be capable of sub-atmospheric pressure operation, 

requiring an extra stage of compression and vacuum integrity of all low-

pressure components, including liquid supply and gas return lines. 

Transfer lines will be vacuum insulated, and will make use of boiled-off 

return gas for an intermediate temperature shield. The lines may also 

combine the function of supplying liquid nitrogen in another coaxial passage; 

the feasibility of such an arrangement will be determined in final design. 

Also included in the system are high and low pressure gas storage 

facilities. 

Cool-down requirements are based upon the mass of stainless steel in the 

helium cooled cryopanels, which is 'V 8000 kg. To cool this mass from 298 K to 

4.2 K requires the removal of 'V 774 MJ of heat. This can easily be done in a 

day with the specified liquifier by using the sensible heat of cold helium 

.. 
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gas, since most of the cool-down load is at T> 77 K. 

2.l0.A Mechanical Systems of Beam Lines 

The design of the beam lines includes some systems not 

previously mentioned. Some of these are described briefly below. 

Cooling Water 

Low ~onductivity water (LCW) is required for cooling sources, calorimeters, 

beam dumps and bending magnets. Based upon the rather modest requirement of 

tV 108 litre per shot for a calorimeter which has the highest heat load in the 

system, it is estimated that 500 litre of LCW per shot per beam line will be 

sufficient. LCW connections are indicated in figure 2.10-3. 

Pneumatics 

High...,.pressure air will be required for actuation of the fast gate and the 

hard-sealed isolation valve. Air connections are also indicated in figure 

2.10-3. 

Other Systems 

Details of the mechanism for positioning the calorimeter will be worked 
~ 

out in final design. Most probably, it will be moved through reduction gearing 

by an electric motor. 

The entire beam line will be moved for aiming at different radii by 

motoring one or more sets of the wheels riding on arc tracks. The individual 

sources will be pre-aimed and mounted. Slight re-aiming may be accomplished 

in place by mounting compliantly on bellows with small electric motor 

driven screw adjustments. 



COST SUMMARY TABLE ~ NEUTRAL BEAM INJECTOR 

(All Amounts in k$ - 1975) 

WBS TASK FUNCTIONAL TASKS* 
TASK TITLE Engineering Purchase and Fabrication Installation and Test 

(combined A & B) (combined C, D & E) (combined F &G) 

SAl Ion Source 
(combined) 100 1 000 300 

8A2 Accelerator Grid 

8A3 Neutralizer 25 288 30 

8A4 Ion Deflector Magnet 80 320 60 

8AS Beam Dump 40 132 25 

8A6 Cryopane1-surface Pumping 400 1 488 500 

8A7 Beam Duct and Valves 160 540 130 

8A8 Calorimeter 70 132 40 

8A9 Vacuum Subsystem 40 196 '30 

8AlO Auxiliary Subsystem 200 2 275 600 

8All Vacuum Tanks and Supports 500 1 996 300 
(added) 

8A Neutral Beam Injector 1 615 8 367 2 015 

* Definitions of functional tasks: A.;.. Preliminary Design, B - Final Design, C - Procurement, D - Fabrication, 
E - Fabrication Support, F - Installation & Check-Out, and G - Documentation 
and Support. 

TOtAL 
BY WBS 

1 400 

343 

460 

197 (j\ 

00 

2 388 

830 

242 

266 

3 075 

2 796 

11 997 
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LBL/LLL POWER CONVERSION SYSTEM FOR NEUTRAL BEAM SOURCES 

.. Introduction 

This description specifically addresses the requirements of the 

LBL/LLL neutral beam source design although the power supply design can 

also accommodate the HNL source design. Clarifying comments are made 

where appropriate. 

The proposed power supply system employs saturable reactor ~ontrol 

of the accel power supplies. This approach eliminates the need for 

high voltage series switch tubes that are beyond the state of the art 

and requires only existing tubes in a shunt regulator configuration. 

Furthermore, it eliminates the need for the tap-changing transformer 

and the large capacitor bank previously required for snubbing and impe-

dance matching. It appears to have significant advantages in the areas 

of cost and technical performance. 

To clarify our terminology, we have chosen to adopt the following 

nomenclature for neutral beam source elements: 

entrance grid (formerly grid #1 or extractor grid) 

gradient grid #1 (formerly grid #2) 

gradient grid 112, if used (formerly ,grid #3) 

suppressor grid (formerly grid #4 or decel grid) 

exit grid (formerly ground grid at neutralizer). 
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III. LBL/LLL POWER CONVERSION SYSTEM FOR NEUTRAL BEAM SOURCES 

1.0 Functions. and Design Requirements 

1.1 Function 

Separate power supply sub-systems are being proposed for each 

neutral beam (NB) source in order to ensure operational flexibility and 

ease of construction and maintenance, to conduct a cost-effective initial 

development and test program, and to permit easy future expansion. 

Each of these power supply sub-systems will independently provide appro

pri~te filament, arc, accel, gradient grid, and suppressor grid power 

to its associated NB source. Each will perform the electrical functions 

of primary line power conditioning, transformation and rectification, 

regulation, overload protection, monitoring, and control necessary 

for conditioning and operating a NB source. Collectively, the twelve 

power supply sub-systems and their common controls, monitors, and 

housings comprise the complete NB source power supply system. 

1.2 Design Requirements 

This section summarizes specific requirements of the power 

supply system. 

1. 2.1 General 

The power supply system will provide the electrical 

power, controls, and monitors to permit independent conditioning 

and operation of the twelve sources. The design will maximize safety, 

reliability, and ease of maintenance and minimize required floor space. 

1.2.2 Power Supply Specifications 

The following sections summarize the requirements 

of each of the twelve NB source power supply sub-systems. 
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1.2.2.1 Acce1 Power Supply 

The acce1 power supply is connected to the plasma 

arc anode; its specifications are given in Table 1.2.2.1. 

These power supplies will be designed to permit independent 

interruption of current to any source and crowbarring within 20 ~sec, 

in the event of a source spark, while not disturbing the normal pulsing 

of all other adjacent sources. 

Table 1.2.2.1 - Acce1 Power Supply Specifications 

Source Recomm. 
Parameter Unit Regmt P.S. SEec. 

Voltage, nominal kV +120 variable, 
+10 to +150 

Voltage regulation, % +1 +1 

Current, max. A 61 65 1 

Power, max. MW 7.3 9.8 

Pulse Width, operating msec 500 
variable, 
10 to 500 

Repetition Period, minimum min 5 5 

Current Risetime2 , max (10-90%) ~sec 20 20 

Current Fa11time3, max ~sec 20 20 

lInc1udes 55 A max acce1, 5.5 A max gradient grids, and 4.5 A max 
shunt regulator idling or ripple current. 

2At max output current. 
3At max output current, or when source sparks. 

Presently, there are uncertainties in the layout and spacings 

between the three sources on each beam line. These may ultimately 

dictate that in order to prevent sparking between the three sources, 

all three sources must be interrupted, crowbarred, and re-energized 

together. Then, if it is necessary to shut down one source while 
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operating all others, the arc and filament power supplies of that 

source will be turned off, permitting reapplication of accel voltage 

with no current flow. However, a possible source failure is due to a 

shorted grid, which would not permit this mode of operation. Therefore, 

it is highly desirable to have full source-to-source voltage insulation 

inherent in the layout. 

The minimum interrupt cycle time, before reapplication of accel 

voltage, will be about 2 msec.' If continuous interrupts occur at 

the maximum rate of about 500Hz, only about 20 will be allowed to 

occur before the power supply for that source is shut down. 

1.2.2.2 Gradient Grid Power Supply 

The gradient grid power supply specifications 

are given in Table 1.2.2.2. 

In case two gradient grids are required, grid #3 would be a 

second gradient grid with the same regulation, selection, and current 

spetifications as for gradient grid #1. 

Table 1.2.2.2 - Gradient Grid Power Supply Specifications 

Source Recomm. 
Parameter Unit Reqmt P.S. Spec. 

Voltage, nominal kV +98 +98 

1 
+7 to +1302 Voltage selection kV +7 to +120 

Voltage regulation 3 % +1 +1 

Current, max A +5.5 +5.5 

lWhen conditioning sources over full accel voltage range from +10 to 
+150 kV, the gradient grid voltage must be varied so as to maintain 
a constant ratio of accel to gradient grid voltage. 

2Selectable by coarse and 50 V fine steps, and changing tap point on 
shunt regulator tube string. 

3Regulated with respect to accel voltage. 
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1.2.2.3 Suppressor Grid Power Supply 

The suppressor grid power supply specifications 

are given in Table 1.2.2.3. 

Table 1.2.2.3 - Suppressor Grid Power Supply Specifications 

Source Recomm. 
Parameter Unit Reqmt P.S. Spec. 

Voltage, nominal kV -2.3 -1 to -5 

Voltage selection steps 100V 100V 

Voltage regulation % +2 +2 

Current, max. cw A 11 11 

Current, max. 50 llsec pulse A 20 20 

1.2.2.4 Filament Power Supply 

The source filament power supply specifications 

are given in Table 1.2.2.4. 

1.2.2.5 Arc Power Supply 

The arc power supply specifications are given in 

Table 1. 2.2.5. 

1.2.2.6 Other Power Supply Requirements 

The power supply design shall minimize the total 

capacitance measured from the accel power supply terminal at the source, 

and from the gradient grid(s) terminal(s), to ground. 

The power supply design will incorporate features to minimize 

the transient energy delivered to a source spark. 

Transient suppressors, snubbers, protective spark gaps, and other 

techniques will be employed to limit transient and steady state 

voltages to a level less than that capable of causing damage to any 

component or sub-system, wherever possible. 
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Tablel.2.2.4 - Filament Power Supply Specifications 

Parameter Unit 

Voltage, adj. range I V 

Voltage selection 

Voltage ripple, maxI %pk-pk 

Voltage ripple filter 

Voltage regulation l % 

Current, max A 

Risetime to full emission, maxI sec 

Inrush/Operate Current Ratio 

Output bus length, one way, max ft 

Pulse width, max sec 

Repetition Period, minimum min 

IAt maximum current output. 

Source 
Reqmt 

9 to 12.5 

Recomm. 
P.S. Spec. 

11.3 to 15.8 

continuous. continuous 

+1 +1 

capacitive capacitive 

+3 +3 

5000 5000 

1.5 1.5 

2.8 2.5 to 3.0 

50 

2.2 2.2 

5 5 

Table 1.2.2.5 - Arc Power Supply Specifications 

Source Recomm. 
Parameter Unit Reqmt P.S. Spec. 

Voltage, Open Circuit, minimum V 100 

Voltage Operating, typo V 40 to 60 80 max 

Current, max A 4000 4000 

Current Regulation % +1 +1 

Current Selection, continuous A 500 to 4000 <500 to 4000 

Pulse Width, max sec 0.5 0.5 

Repetition Period, minimum min 5 5 
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1.2.2.7 Controls and Instrumentation 

The controls, monitors, and instrumentation will 

provide the necessary capability for properly operating all sources. 

The design will emphasize flexibility and ease of control and status 

monitoring. 

Full manual control of any or all sources will be possible. 

Local computers at each source power supply control panel will 

permit both manual and TFTR central computer control. As manual 

experience is gained, it is expected that an increasing number of 

functions will be automatically controlled. A simple display of the 

status of all NB sources will be made available at the central TFTR 

control console. 

1.2.2.8 Remote Handling 

Those power supply components that are to be located 

at the sources, in a radiation environment, will be designed to 

permit full remote handling when maintanence access is required. 
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2.0 Design Description 

Figure 2.0 shows a block diagram of the power supply sub-system 

required for each neutral beam source. The elements shown in dotted 

boxes are common to all twelve NB source power supply sub-systems. 

2.1 Detailed Design Description 

The following sections describe the power supply system 

in detail and explain how it will meet the requirements outlined in 

section 1. 2. 

2.1.1 Primary Power Subsystem 

The twelve NB source accel power supplies operating 

at full l50kV output comprise a 117 MW pulsed load. The primary ac 

power will be supplied by a motor-generator set at 13.8 kV, 3 0, 60 Hz 

in a delta configuration (three-wire). All other auxiliary power 

supplies and other equipment will obtain power from the public electric 

utility system. 

From the 13.8 kV bus, each source power supply sub-system 

will require a maximum of 9.75 MW. Each will be fed through a 

motor-driven 600 A, 14.3 MVA circuit breaker with a 44,000 A interrupting 

capacity. Quarter-ohm line reactors will be employed' between the bus 

and each breaker to limit fa~lt currents to a value within the breaker 

rating. 

2.1.2 Accel Voltage Control, Transformer, and Rectifier 

Figure 2.1-2 shows the arrangement of the voltage con

trolling element, a saturable reactor (SR), along with the transformer 

and rectifier system for the accel power supply. Also shown are 

transient-suppressing R-C networks. 
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The principal benefits of the saturable reactor approach to accel 

control are to ensure inherent limiting of current (and energy) to any 

source spark while eliminating the need for series switch or regulator 

tubes which are presently beyond the state of the art. No 13.8 kV 

electronic contactors or tap-changing transformer is required for voltage 

control. Finally, no large capacitor bank is required for the snubbing 

and impedance-matching function. 

Saturable reactor control of the output is achieved by placing 

the three SRac winding pairs in series with the rectifier transformer's 

delta primary windings, as shown. Each pair of SR dc windings are 

connected in series and phased so as to get a net cancellation 

of fundamental ac voltages. All the SR dc windings are connected 

in series and fed from a variable dc bias power supply through an 

inductor. Analysis and experiment have shown that with an inductor 

large enough to force a nearly constant current flow (low ripple) 

in the dc bias circuit through the SR secondary windings, current 

limited flat top current flows in the SR ac windings. This forces 

current limited flat top current in the rectifier transformer secon-

dary windings, giving current limited constant amplitude dc current. 

Moreover, the amplitude of this dc current is directly proportional 

to the dc bias current; ~i.e., a "constant current" characteristic 

is achieved that is easily varied by controlling the dc bias current. 

With zero saturating current, there will be a small magnetizing 

current through the saturable reactor ac windings. This will produce 

a small secondary current and rectified output which will be carried 

by the shunt tubes with low drop. 
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Analysis and experiments indicate that aJpractical vi:1lue'icir the 

real power gain of this circtiit '(accel power .. dc bias power) iS1 in~ 

the 20 to' 50 range. 
") . ,\ " 

~.! -;.-

~ The im~licationsof this current"limiting control areas'follows. 

Since the accel power supplY is current'limited, even during transients, 

there is no need for expensive fast 'disconnects ,i. e'. electronic' . > 

contactors, between the circuit breaker and; the ;transformer. 'The', 

current'-'limited sourceperlTlits the use of!a shunt regulator tube 

syst'em which can employ' existing tubes (e'-g;,' Eimax 'X2170) in series. 

This configuration can regulat'e the sourceacceland gradient grid:, 

voltages during no'rmal' pulsing or be 'madef'ully'conducting, when, \J, 

a source spark occurs, to d~'move the accelvoltage and extinguish the 

spark. About 2 msec later, th~ shunt tubes are again switched to 

regulate a~cel voltage.' During 'this "interrupt" sequence, while the 

SR maintains the power supply current constant, the action of the 

shunt regulator is simply to transfer this'current from the source 'to 

" . 
the shunt tubes and back to the' source. At the' end of the 0.5 sec' ,pulse 

and during the interpuise period, the SR dcb'ias current is turned off 

. ' 
within a few cycles of the line frequency. I, 

A preliminary study of the dynamics of the current 't,ransfer '" 

process has been made. 'This indicates that there 'are no formidable 

voltage transients or other' ·problems. To speed up' the current transfer 

to the source following art interrupt, it may be necessary to briefly 

(few msec) couple a capacitive discharge current into the SR dc bias 

system, a simple matter. ' ., ' 

The HV transformer will be rated at 10.6 MVA, pulsed. The.SR· 

dcbias inductor will be of the "swinging choke" type, to obtain 
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increased inductance at low output levels; it will permit about' 8% 

p-p power supply output current ripple. This requires the'shunt 

regulator system ~o carry a maximum of about 5 A P-P ripple current, 

maintaining the source accel voltage and current ripple to <1%. 

2.1.3 Shunt Regulator/Modulator System 

Figure 2.1-3 shows the shunt regulator/modulator con-

figuration and NB source, and also the arc, filament, and suppressor 

grid power supplies discussed in later sections. 

The above section 2.1.2 describes the principal ftinction of the 

.shunt regulator system. Variable voltage regulation will.be controlled 

by a switched zener diode reference string. Separate isolation/filament 

transformers for each tube will supply a total of about 15 kWto each 

tube deck for filament, grid, screen, arid other miscellaneous circuits. 

Accel current interruption will be effected by optically isolated links 

to the four tube decks. 

EimacX2170 tubes are p;Lanned for the shunt regulator tubes. During 

a normal pulse, each will carry a maximum of io A at a plate voltage of 

< 35 kV. (For 120 kV maximum output, four tubes are probably adequate. 

For 150 kV maximum output, five tubes will possibly be required.) 

During a source accel current interrupt, each will carry a maximum of 

.65 A with a plate voltage of < 1500 V. These two extreme conditions 

both fall within the tube ratings (e.g., 650 kW cw max. plate dissi-

pation) and allowable anode temperature rise and are achieved without 

requiring positive grid drive with its possible attendant problems of 

higher drive power and susceptibility to runaway and/or oscillations. 

Normal screen voltage will be 1000 V. If necessary, ,zener diode strings 
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will clamp the screen potential preventing secondary emission-caused 

runaway during a pulse. 

To extinguish a source spark, during an interrupt, the anode of 

the top tube must be taken to ground potential, or below. Allowing for 

the additive tube drops, this requ~res that the cathode of the bottom 

tube be briefly pulsed to a voltage of ~ -7 to -10 kV. This is accom-

p1ished by the pulse-line discharge circuit shown in figure 2.1-3. This 

provides the required negative pulse of about 100 ~sec duration, to 

clear the source spark, and is capable of 'being recharged in2 ms~c, 

the interrupt recycle time.* Following this brief negative pulse, the 

shunt regulator current is again carried by the diode in the cathode . . . -

of the· bottom tube. This reapplies an acce1 voltage to the source 

equal to the sum of the shunt regulator tube drops. This is permissible 

since the spark will have been extinguished .. 

To prevent the source acce1 voltage from being driven negative 

by the action described above and possibly reigniting a spark, a 

series diode is placed between the shunt regulator and the source. It 

requires a current rating equal to the full acce1 current, 55 A, but 

only requires a peak inverse voltage rating somewhat in excess of the 

sum of the minimum shunt regulator tube voltage drops. A varistor 

network in parallel with the diode protects it from possible high tran-

si,ent voltages. 

*The stored energy of this circuit will be adequate to permit 20 rapid 
interrupts, more if they occur infrequently, before the power supply 
is shutdown. 
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low voltage circuits, it has the advantages of providing 6-pulse 

operation i.e., 360 Hz ripple frequency, while requiring only one diode 

to conduct at any time, thereby minimizing diode losses. It has good 
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regulation and relatively low ripple, and has complete balance of ac 

and dc ampere-turns in the core. 

For proper source operation, for reasons involving the magnetic 

fields of the filament wires, it has been found necessary to maintain 

the output voltage ripple to +1%" P-P. Moreover, a capacitive ripple 

filter is required at the output terminals, rather than an inductive 

filter. This is because the latter greatly increases the likelihood 

of "spotting", the condition where arc current channels irito a single 

filament and destroys it. For these reasons, an output filter capaci-

tance on the order of Farads is required. 

The voltage controlling element shown is a tap-changing 

transformer which can vary t.ge output voltage by about 30% under load. 

Because of the relatively small kVA requirement and the pulsed nature 

of the load, a 20% buck-boost induction voltage regulator (IVR) may 

be a more cost-effective solution. 

To minimize radiant heat loading of the entrance and other grids, 

it is desirable to minimize the rise time of filament temperature. To / 
achieve this, the power supply impedance is designed to permit an inrush 

1/ 

/ 

current that is about 2.8 times the cw operating level. This value '\ 

is a compromise. Higher values shorten the rise time but result in 

. - higher magnetic forces on the filaments which may cause damage . 
, 

Proper source operation is only moderately dependent on the abso- I lute filament voltage. Therefore, normal short-term ac line f1uctua-

tions are tolerable. Long-term variations must be less than +3%. 

Near the NB source, the filament power supply leads are "fanned 

out" or subdivided into about a dozen short twisted cable pairs. 

This permits a distributed, symmetrical connection of this high current 
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feed system to the source in such a manner as to minimize inductive 

loops which would generate unde~irab1e stray magnetic fields. It 

also prevents gross transverse current flow in the source structure 

and arc plasma which could degrade performance. 

The filament power supply leads thread a magnetic core assembly 

near the NB source, as do the arc power supply leads. The purpose 

of the cores is to absorb the energy stored in the stray capacitance 

of the two power supplies and their leads when a source spark occurs. 

Fifteen to twenty 10 inch O.D., 1/2 inch thick, 2-mi1 Silectron tape

wound cores will be used. A spark inside the source can develop in 

nanosecond. time scales, causing a collapse of accel voltage at the 

source. Under this condition the cores transiently couple an effective 

time-varying resistance into the accel power supply feed line of a 

few hundred ohms. Since a typical spark impedance is very low by com

parison, resistance dissipates a stray capacitance of, say, 2 nF in 

about 200 nsec, preventing this energy from dissipating in the source. 

The cores are selected to provide this amount of one-turn volt-seconds. 

They are only stressed to about 4 V per lamination, i.e., 2 V per inter

lamination edge gap, an acceptable value recommended by the manufacturer. 

In past systems, maximum performance has been obtained when the 

common impedance coupling between the arc and filament power supplies 

was minimized. For this reason, the negative leads of these supplies, 

although schematically connected, are separately run the relatively 

long distance from the power supplies to the source and are connected 

to the source in a distributed array. Additionally, separate and inde

pendent isolation/rectifier transformers are used for the two power supplies. 

For cost and space economy, these can share a common tank housing. 
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2.1.5 Arc Power Supply 

The arc power supply (see figure 2.1-3) must deliver a 

minimum of 100 VDC, open circuit, or a maximum pulsed output of 80 V, 

4000 A, 320 kW at the power supply terminals. At maximum current, the 

voltage drop in the output leads is expected to be 10 to 20 VDC implying 

a maximum voltage at the source terminals of about 60 to 70 V. (This 

design addresses only the LBL/LLL source requirements.) 

As mentioned in the above section, 2.1.4, the arc power supply 

leads are run separately from the filament power supply leads, to mini-

mize common impedance coupling, and thread the magnetic core assembly 

near the sou'rce. The connections to the' source must be made in a dis-

tributed manner, as described in the above section, to minimize inductive , 

loops and their stray magnetic fields. Moreover, it is necessary to 

incorporate resistive decoupli~g of the distributed lead connections at 

the source in order to prevent gross transverse current flow within the 

source structure and the arc plasma. With resistance distributed in, 

say, 12 pairs of #6 AWG leads to both arc anode and cathOde terminals, 

a 4000 A current produces voltage drop in the leads of about 15 V, 

a reasonable value. It is imperative that the leads be closely paired 

and run the entire required length from the power supply to the 

source, rather than employing bus bars and fixed resistors at the 

source. This results in a lead inductance low enough to, permit current 

rise and fall times of 10 to 20 ~sec. 

The arc power supply configuration is that of a delta primary, 

double-wye secondary with an interphase transformer, and half-wave 

rectifiers. It has the same advantages of low ripple and diode losses 
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and good regulation as the filament power supply described in the last 

section. It has an additional advantage in that it always provides 

instantaneous current limiting, even when transiently loaded. 

The power supply controlling element is a saturable reactor oper

ating in the same manner as that controlling the accel power supply. 

It provides an adjustable constant current to the source arc, whose 

operating parameters determine the arc voltage which acts as a nearly 

constant voltage clamp on the arc power supply. 

Whether or not the arc power supply should be crowbarred during 

every acce1 current interrupt will be determined by experiment. Only 

a simple change in the control logic circuitry is required to change 

from this option to one which allows the arc to be energized during 

the entire 0.5 sec pulse. 

Assuming the arc is to be crowbarred during an interrupt and sub

sequently reenergized with the acce1 voltage, the process of arc 

current transfer is exactly analogous to that described in sections 

2.1.2 and 2.1.3 for the acce1 current interrupt. In place of the shunt 

regulator, the arc supply has a shunt silicon-controlled rectifier 

(SCR) rated for the full arc current. When an interrupt occurs, 

the crowbar SCR is triggered. A small saturable inductor in series 

with its anode allows an acceptable rate of rise of current in the SCR 

for a few j..Isec, then saturates and permits a much higher current to 

flow. The current is then transferred to the SCR from the source in a 

time dominated by the L/R time constant established by the lead resis

tance and inductance and the arc resistance. Full current transfer 

takes place in 10 to 15 j..Isec. 
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At the end of the interrupt period, the crowbar SCR is commutated 

(turned off) by temporarily diverting current from it with a separate 

capacitivelycoupled SCR pulser. As the crowbar SCR recovers its 

voltage holding ability and the commutating current decays, current 

is again transferred to the source. Experience indicates that full 

arc current is established in 6 to 10 ~sec, although it may take much 

longer to establish the fully optimized arc plasma and extraction beam 

optics. This prompt current flow prevents large LI voltages from 

being generated by the power supply inductance. In case the arc does 

not strike, 300 V, few kJ thyrite clamps will safely limit the voltage 

until the condition is detected and the power supply is shutdown. 

It is desirable to shorten the duration of improper arc plasma 
./' 

density and extraction beam optics. This condition is particularly 

serious when the plasma isoverdense and causes a divergent output 

beam that "splatters" the grids. To reduce this time to about 20 ~sec 

it has been found effective to briefly'reduce the arc current by half 

during this period, when the accel voltage is first applied, producing 

an underdense arc plasma. In this power supply this is conveniently 

accomplished by triggering a third SCR circuit just after full arc 

current is established. This circuit is capacitively coupled to the 

anode of the crowbar SCR and briefly couples a load resistance of about 

24 mn in parallel with the arc, reducing its current by about half. 

During the entire .interrupt sequence just described, the saturable 

reactor (SR) bias current and the power supply output current remain 

essentially constant. The same is true of a full 0.5 sec pulse which 

may include many interrupts. Only at the end of the 0.5 sec pulse or 
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as a result of some abnormal condition (e.g. filament hot-spots, 

improper source filament current, or gas density) is it necessary to 

trigger the crowbar and reduce the SR dc bias current to zero. 

The practical power gain of the SR circuit is expected to be 20 

to 50. This requires a dc bias power supply with a pulsed rating of 

6.4 to 16 kW. 

2.1.6 Suppressor Power Supply 

The suppressor power supply supplies -1 to -5 kV to 

the NB source suppressor grid at a maximum current level of 11 A. This 

grid reflects electrons produced in the exit grid, neutralizer, and 

other downstream regions, preventing them from returning to the source. 

The supply is vacuum tube regulated to +2%. A switched zener-diode 

reference string provides 100 V incremental adjustment of the output 

voltage. Experience has shown that it may be desirable to slave the 

operation of this supply to the acce1 voltage. A variable threshold 

circuit can monitor the acce1 voltage and cause the suppressor supply 

to be turned on at the optimum time (to be determined experimentally). 

Risetime of voltage at the suppressor grid will be a few ~sec. At the 

end of a normal 0.5 sec pulse or during an acce1 current interrupt 

cycle, the suppressor supply is interrupted simultaneously .with the 

accel supply. 
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,2.2 System Operational Sequences 

The time sequence of events of the power supply system during 

normal pulsing and accel current interrupts is described in detail in 

the above power supply discussions. It is summarized in this section 

and its relationship to TFTR timing described. 

2.2.1 Normal Operation 

Table 2.2.1 shows the approximate recommended time 

sequence for a normal TFTR shot assuming all sources are fully condi-

tioned and no accel interrupts occur. As discussed in previous sections, 

the optimum sequence, on a ~sec time scale, of the relative timing 6f 

the accel, arc, and suppressor supplies will be determined experimentally. 

2.2.2 ConditioningModes 

Present plans call for new or rebuilt NB sources to 

be conditioned on a test stand separate from the four TFTR beam lines. 

However, all power supplies, including those for the beam lines, will 

be fully capable of condit10ning'NB sources from a possible initial low 

voltage, current, and pulse width capability to their maximum rated 

capability. 

While the accel voltage, current, and pulse width is being 

increased during conditioning, the proper ratio of accel voltage to 

gradient grid voltage will be maintained. This will optimize extracted 

beam optics,minimize ion bombardment of grids, maximize their life, 

and hasten the conditioning process. 

The conditioning process lends itself to automatic computer con-

trol. The rate of accel interrupts may simply be monitored and the 

accel voltage adjusted accordingly, up or down, to maintain this rate 



Time 
(Sec.) 

0.0 

1.0 

1.5 

2.75 

3.0 

3.080 

3.100 

3.110 

3.120 

3.620 

- 92 -

Table 2.2.1 - Approximate Sequence for a TFTR Shot 

Event 

TFTR Field Magnets "ON" 

Computer checks Beam Line Monitors for proper settings 
and mechanical alignment 

Turn filament power supplies on 

Receive TFTR trigger signal 

Check and adjust filament voltage and current 
Open fast valve 

Open Gas Valve 

Turn on Arc power supplies to all sources 

Briefly apply accel and suppressor voltages to each 
Neutral Beam source sequentially to check alignment 

Apply accel and suppressor voltage to all sources 

Shut down; crowbar accel, arc, and suppressor supplies 
turn off filament power supplies, turn off accel and 
arc supply saturable reactor bias supplies. 



'0 0 o 7 7 

- 93 -

at an experimentally deterniined optimum value. Unusual and improper 

source and/or power supply conditions would be detected and cause a 

full shutdown and alarm. 

2.2.3 Failure Modes 

The most prevalent· failure mode is expected to be sparking 

within the source or from external high voltage structures to ground. 

The constant current nature of the accel power supply permits most of 

these to be treated as simple interrupts, allowing accel voltage to be 

reapplied within 2 msec. Normal overload circuitry will protect the 

power supplies themselves, shutting down the system when an improper 

condition is detected. The same will occur if an excessive rate of 

interrupts exists, as previously discussed. 
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2.3 System Arrangement 

The neutral beam pulsed energy conversion equipment using 

saturable reactors requires only the space on the main floor of the 

power conversion room, of the size currently planned. The mezzanine 

space is not required. 

2.3.1 Equipment Size and Weight 

Figure 2. 3-lA shows the side view of the high voltage 

assembly of the shunt regulator, filament power supply, and arc power 

supply. The X2l70 shunt regulator tubes are mounted on decks floating 

at the tube cathode potential. The top hot deck contains telemetry, arc 

suppression circuitry, and the filament filter. Separate isolation trans-

formers supply filament and grid power supply voltages. It might save 

space and weight to put all three isolation transformers in one tank. 

One large tank contains the arc and filament isolation-rectifier 

transformers and rectifiers, the arc P.S. interphase transformer, and 

the isolation transformer for the telemetry and arc suppression circuit 

auxiliary power. The isolation transformers can be insulated either 

with oil or 50 psi of sulphur hexafluoride gas. Sections of the floating 

deck and corona ring assemblies are removable to allow lifting of the 

tubes with an overhead crane. 

Voltage dividers are shown for the high voltage and gradient grid. 

They could also be put in the isolation transformer tanks. 

Zener diode strings for the regulation function, with their 

switching and telemetry functions, are shown on each floating deck. 

The high voltage cables are shown terminating in bushings, and 

connected with large diameter pipes for corona suppression where appropriate. 
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The large cable containing the filament and arc leads will have 

multiple cables brought out to a connection plate which is plugged in 

to another plate with matching sockets. This cable is arranged so it 

can move, which is more fully explained below. 

A dotted outline is shown to indicate the size if five shunt 

regulator tubes are used. The shunt regulator assembly is 30 inches 

wide. A removable, grounded sliding metal shield wall is placed 

between adjacent shunt regulator assemblies in the center of the aisle, 

with 15 inches clearance. This results in a 5 ft center-to-center 

spacing. 

Figure 2.3-1B shows the NB source enclosure arranged for remote 

handling. The small cables are sufficiently flexible to be unplugged 

vertically downward. They plug into a fixed socket, guided with 

guide pins. The accel connection is made at the arc anode terminal. 

The parallel resistance-inductance transient snubber is attached 

to the end of the cable. Connection to the source electrode is made 

by a spring loaded ball to allow for a small source alignment movement. 

The large cable carrying the filament and arc leads will be very rigid, 

as the core will be about 2-1/2 inches in diameter, with at least one 

inch of insulation. Therefore, this cable is arranged to be pulled off 

horizontally, sliding through a horizontal trench in the floor, which 

leads to a horizontal hole in the floor, ending in the power conversion 

equipment room. Concrete shielding blocks covering the top of the 

trench would be removed before sliding the cable. To accommodate the 

different locations of the beam line, the trench and hole would have to 

be trapezoidal in the top view. An air seal will be made in the hole 
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to maintain the required isolation of the air in the experimental area. 

At the source, the electrostatic shield around the filament 

and arc leads will split in two halves for removal through the large 

rear opening. The connection plate for the filament and arc leads will 

be unplugged with jack screws, accessible through the rear opening. 

The source is removable through the rear opening. 

Se1syn motors adjust the source alignment by means of flexible 

shafts driving adjusting screws. 

The enclosure will be pressurized with one to two atmospheres, 

gage, of sulphur hexafluoride, to provide adequate voltage insulation 

with the close spacings required, primarily between the three sources. 

2.3.2 Facility 

Figure 2.3-2 shows the floor plan of the NB power 

conversion equipment with relation to the TFTR test cell and NB test 

cell. The shunt regulator high voltage assembly has been located close 

to the TFTR shielding wall to minimize the stray capacitance to 

ground by minimizing the length of the high voltage cable run. 

Space for 21 complete NB source supplies has been shown, which 

includes six for future expansion and three to run the NB source test 

cell. The large equipment such as the rectifier, rectifier transformer, 

saturable reactor, and switchgear could go outdoors. This option is 

more desirable from the standpoint of meeting standard electrical codes 

for oil-filled equipment. However, this should be done in such a 

manner as to not appreciably increase the length of high current/ 

voltage leads. A service crane is required and overhead weather 

shielding is desirable. 
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2.4 ·Instrumentation and Control 

The overall philosophy and detailed planning of the control 

system for the neutral beam sources has been described in detail in an

other section and will not be repeated here. A drawing from that 

section showing the various monitored and controlled functions is 

reproduced in figure 2.4, for convenience. The 250 kV switch tube 

shown and mentioned in the description refers to an earlier approach 

to accel power supply control. The saturable reactor/shunt regulator 

type of accel control eliminates the need for these tubes. The details 

of this approach are summarized in sections 2.1.2 and 2.1.3, above. 

2.5 System Interfaces 

A summary of the detailed requirements for interfacing the 

power supply system with most other TFTR systems must await further 

design. However, since even incomplete information may be useful at 

this stage, we will mention some known requirements which concern the 

primary electrical power system, cooling water floor space, stray 

magnetic fields, and maintenance equipment. Also, we include a system 

interface table. 

2.5.1 Primary Electrical Power Interface 

The 12 NB source accel power supplies, if operated 

at a full 150 kV, 65 A level, represent a 117 MW load on the 13.8 kV, 

3 0 MG set output. The worst-case power factor is unknown. Assuming 

power-factor correction is employed, the maximum MVA requirement should 

be < 150 MVA~ pulsed. 

For all other power supplies and miscellaneous equipment, a 

maximum 0.5 sec pulsed requirement of 14 MVA at 480 V, 3 0 can be esti

mated. A cw requirement for about 1 MVA, 480 V, 3 0 exists for the shunt 

.~ 
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regulator tube filament power. 

2.5.2 Cooling Water Interface 

The shunt regulator tubes represent the largest 

requirement on the water coolant system. This water must have high 

resistivity (~ 1 Mn-cm) and have a maximum supply pressure of 85 psig. 

It appears feasible to place filament and anode cooling paths in 

series (with adequate water-column lengths to adequately insulate the 

two). Each tube will then require two parallel water circuits: one 

of > 5 gpm flow at 81 psig (filament and anode), one of ~ 2 gpm 

flow at 25 psig tube drop (screen grid). The total tube requirement, 

at 81 psi supply pressure,' is then 

7 gpm/tube 

35 gpm/5-tube shunt regulator 

420 gpm/12 shunt regulators. 

Allowing for the pulsed auxiliary supplies and other miscellaneous 

equipment, the total cooling water requirement for the power supplies 

is estimated to be about 450-500 gpm. The maximum heat load during a 

0.5 sec pulse is about 50 MW. For a maximum duty cycle of 0.5 sec/5 min, 

the averaged heat load will be about 83 kW. When added to the tube fi1a-

ment cooling requirement, this will result in a total average heat 

dissipation requirement of about 800 kW. 

2.5.3 Floor Space Interface 

Figure 2.3-2, above, shows a possible layout of the 

power supply system. As shown, the indoor space requirement for the 

2 
power supply room is 20,800 ft. If the larger transformer, rectifier, 

and other power supply modules are placed outdoors, the indoor space 

2 
requirement can be reduced to about 10,000 ft . 

... ,.,-
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A double-width standard control rack is required near the shunt 

regulators for each power supply; these are indicated in figure 2.3-2. 

In the central TFTR control room area, space for 13 single-width 

standard racks is required; one per power supply and one for mis-

ce11aneouscontro1s. 

2.5.4 Stray Magnetic Fields - Interface 

The arrangement of all high current leads reduces 

magnetic fields associated with these sources to a negligible value, 

from the standpoint of both the NB sources and the TFTR plasma. 

The effect of the TFTR magnetic fields on the NB sources is 

made negligible by the steel SF
6 

enclosure surrounding the sources 

and the structure of the beam line vacuum chamber. It appears that 

the permanent magnetization induced in these structures will have a 

negligible contribution to the magnetic fields in the vicinity of the 

TFTR plasma. 

2.5.5 Maintenance Equipment Interface 

For servicing the power supply room, both indoor 

and outdoor if so arranged, an overhead crane servicing the entire 

room is required. Its capacity is to be determined (TBD) at a 

future date. 

2.5.6 Interface Table 

Table 2.5.6 lists the presently envisioned system 

interface requirements on the power supply system. 
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Table 2.5.6 - Interface Requirements 

Central Instrumentation and Control 

Diagnostic Apparatus 

Remote Maintenance 

Non-Tritium Charge Gas Delivery 

. Tritium Cleanup 

Electrical Equipment Water Cooling 

TCT/TFTR Building 

Electric Building 

General Purpose Facility Water Supply 

Fire & Explosion Protection 

. Facility Heating and Ventilating 

Neutral Beam Injection 
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COST SUMMARY TABLE - NEUTRAL BEAM PULSED ENERGY CONVERSION 

(All Amounts in k$ -1975) 

FUNCTIONAL TASKS l 

Engineering, Design, 
Purchase and Fab. Installation, Administration 

Task Title (Combined C, D, E) (C()mb~ned A, B, F, G_) __ " 

Power Subsystem 4,920. 984. 

Modulator/Regulator 2,616. \. 524. 

• Auxiliary Power 516. 104. 

Controls 2 
1,200. 240. 

Pulsed Energy Conversion 9,252. 1,852. 

Total 
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620. 

1,440. 

11,104. 

~efinitions of functional tasks: A- Preliminary Design; B - Final Design; C - Procurement; D - Fabrication; 
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2Does not include computer hardware, software, and interfaces (see Control System section). 
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IV. NEUTRAL BEAM LINES CONTROL SYSTEM 

1.0 Function and Design Requirements 

1.1 Functional Requirements 

.. 

The control system for the neutral beam lines accomplishes 

three essential functions. 

a) It protects components of the beam lines from damage due to 

incorrect operation. 

b) It provides the means for either automatic, semi-automatic or 

manual control of beam line operation. 

c) It provides all the necessary facilities and data for both 

on-line and retrospective investigation of beam line operation. 

1.2 Design Requirements 

1.2.1 Protection of Equipment 

The control system must provide for safe operation 

of the neutral beam lines. If a beam is improperly steered, damage 

can occur within a few milliseconds due to the extremely high power 

density of the beam. If damage does occur, then repair must be 

done by remote handling which is expensive and time consuming. 

Therefore, safeguards must be provided which cannot accidently be 

overridden by an operational error. In addition, hardware inter

locks must be incorporated to protect the beam lines in the event 

of control system failure. The interlock system itself must be 

designed to be failsafe. 

1.2.2 Repeatable Operation 

The control system must provide for both stable 

and repeatable operation. Our experience with large accelerator 
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control systems indicates that the capability of repeating a prior 

sequence of operations is essential in a research machine. Since 

machine elements (sources, power supplies, field-current relation-

ships, etc.) can change with time, repea'tability may not be possible . 
. . 

In these cases, the control system must inform the operator of its 

inability to repeat the sequence. 

1.2.3 Reliability 

The control system must be structured so that it 

is reliable. It should either recover from failure of internal 

elements or gracefully degrade its abilities so as to maintain 

operation of a neutral beam line as long as sufficient control 

system components are available. Furthermore, there should not 

be any single key component whose failure could halt the entire 

system. 

1.2.4 Diagnosis of Malfunctions 

The control system must provide diagnostic 

information so that detection of malfunction and repair of 

components. can be performed with minimum downtime. Our experience 

with complex control systems indicates that significant periods 

of valuable running time are lost searching for missing or mis-

behaving signals. The control system must provide the capability 

to identify and trace all of its signals. 

1.2.5 Flexible Human Interface 

The control system provides the interface between 

the beam lines and the operators and scientists. Our experience 

indicates that most of the modifications requested in control system 

functions occur in this area. It is essential to design the control 

system so that the inevitable series of modifications in the human 
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interface does not affect other parts of the system. 

The design must provide for manual overrides in the control 

room. The operator must be able to assume manual control of any beam

line function which is normally automatically controlled. 

1.2.6 Control System Expandability 

Our experience with accelerator control systems 

has shown that experimental results will require changes in control 

capabilities. The extent of these changes can become the most 

significant factor in the final cost of the system. 

Since the system will be controlling beam lines which are 

themselves undergoing development, it is certain that changes to 

the control system will be required. Thus, due to the lack of a 

complete definition of system requirements in the initial phases, 

the system must be designed such that changes can be accomplished 

easily and inexpensively. 

1.2.7 Monitors and Controls 

Figure 1.2-7 shows the functions which must be 

monitored or controlled. Initially, there will be four beam lines, 

each containing three neutral beam sources. The control system 

must be easily expandable to control six beam lines. 

1.2.B Environmental Problems 

Consideration must be given in the design of the 

monitors and controls to the special problems resulting from 

large electromagnetic impulses due to fast switching of large 

currents and voltages. Appropriate techniques for transmission 

and pre-amplification of signals will be required to provide good 
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signal-to-noise ratios. Telemetry will be required for monitors 

and controls on the high-voltage hot deck. 

All sensors, detectors, signal conditioners, and controls to 

be mounted on the beam line assembly side of the shield wall must 

be designed to operate in the high radiation environment existing 

there. Provisions must be made for easy removal and replacement, 

by means of a manipulator, of any components requiring service or 

replacement. 

2.0 Design Description 

2.1 Computer Selection Criteria 

Often proposals for control systems of the size and 

complexity required for the neutral beam lines assume the use of 

computers and software to implement control algorithms, operator 

interactions and information storage functions. The assumption is 

valid because software implementation is more flexible and cost 

effective than hardware implementation. However, the choice is 

not simply whether or not to use computers. The frequent decision 

to use the least expensive computer system that can execute the 

control software reflects an incomplete understanding of the reason 

for using .computers at all. 

Published studies and our own experience indicate that software 

costs greatly exceed hardware costs in most projects. Software 

to hardware cost ratios range from 3 to 1 up to 10 to 1 in 

various reports and estimates. l Software costs also increase at 

an accelerating rate as utilization of system resources (memory, 

CPU time, mass storage) approach 100%. (Reference 1 summarizes 

.. 
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several papers which hav~ reported these results.) Other reports 

indicate that programmer productivity is independent of programming 

2 language used. (Reference 2 is a summary of numerous reports 

supporting this conclusion.) Since high level language statements 

on the average expand to 10 as'sembly language statements, extra 

hardware expense to support high level language programming is very 
" 

cost effective. Thus, criteria for computer system selection should 

not be based solely on the real-time duties to be performed. A 

comp~ter system is also a factory for software production and 

modification. To meet the requirements for change implicit in 

this research and development environment, it is important to 

have an efficient software factory that maximizes progra~ing 

productiyity. For this reason, the use of medium Size computer 

systems with powerful executive and support software capable of 

executing real-time programs written in high level languages is 

advocated for this control system. 

It is also important to select a vendor who provides 

commercial process I/O hardware integrated into his system. 

This integration should include hardware functional descriptions, 

hardware schematics, programming application documentation, 

3 software diagnostics, and operating system software support. 

2.2 Neutral Beam Line Data Bases 

Both an operator performing routine control functions 

and a scientist engaged in research require a conceptual picture 

or model of the neutral beam line system. This model will change 

because the physical system will change and because viewpoints , 
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change. In fact, two different conceptual models may be of 

interest for the same physical configuration. 

These models must exist within the computer based control 

system. An error that has been made in the implementation of other 

control systems is to build the model into the executable software. 

The consequence of this error is that excessive time and cost are 

required to change the model. This happens because the model is 

diffused throughout many programs and is consequently unmanageable. 

The solution to this problem is to model the physical device in 

a data base. The data base is a single entity which reflects not 

only the physical configurations but also the operational history 
I 

of each beam line. It is the source of such information for 

subsequent analyses. It is 'what makes repeatability, or knowledge 

that it cannot be done, available. Such a data base is large and 

complex and will have to reside in mass storage devices. Thus, 

there is the necessity for a real-time data base which must be 

constructed in primary memory to control the currently desired 

mode of operation. The real-time data base is created from 

information stored in the historical data base. 

In order to access and control all this information, a high 

degree of structure is required within the historical data base. 

This structure must allow for expansion in volume and types of 

data. The structure of the historical data base is the most 

important software design problem in the entire control system. 

. ') 
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2.3 Control System Software 

For sound engineering reasons, the neutral beam line 

system hardware is designed,developed and tested as functionally 

independents~bsystems. The same considerations apply 'to the 

development of control system software.' For example, the functional 

requirements for an effective data display to aid injector operators 

are independent of the algorithms that collect and store the data 

to be displayed. The control system software naturally divides 

into five functional areas (illustrated in Fig. 2.3). The central 

and most important is the Historical Data Base discussed previously. 

The information and relationships contained in the Historical Data 
, ' 

Base determine the capabilities of all other areas and the flexibility 

of the entire system. 

The upper three areas illustrated in Fig. 2.3 represent the 

software components involved in the real-time operation of the 

control system~ 

Real-Time Synchronous Software consists of those elements 

which must execute within strict timing constraints of the machine 

cycle. Experience indicates that this area represents ahout 20% 

4 
of the real-time software development effort. The implementor 

has to have detailed knowledge of the operating system, the computer, 

and the instrumentation hardware. This usually precludes all but 

the most dedicated researchers and operators from the development 

cycle. On the other hand, only about 5% of the changes affect the 

4 
synchronous code once it is operational. 

Real-Time Asynchronous Software consists of those elements 
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which deal with both the monitor and control data and the 

operators and scientists, but riot in synchronization with the 

machine cycle. These programs represent about 80% of the 

real-time development effort. 4 More importantly, since they 

provide the means to manipulate and investigate the beam lines, 

95% of the change to real-time software will be in this area. 

Although the Synchronous and Asynchronous Software areas 

are functionally indeperidetlt,they do. have to access a common 

data base. If it were not for the severe timing constraints on 

the Synchronous Software, the Historical Data Base would suffice. 

Synchronous programs, however, will require memory resident data 

storage. This problem is solved by creating a smaller Real-Time 

Data Base from information in the Historical Data Base which is 

tailored to the real-time operation. 

Control System Support Software is not directly involved 

in real-time operation, but is required to manage the Historical 

Data Base so that it can reflect changing models of the machine 

and provide access to operational records for retrospective 

analyses and for test and development of new programs. 

. . 
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2.4 Control System Architecture 

The distributed, semi-autonomous nature of the TFTR 

neutral beam lines presents some strong reasons for adopting a 

similarly distributed control system. Since the beam lines are 

essentially identical, each can be supplied with its own real

time control computer. This greatly simplifies software 

development, since each computer can use identical control 

programs with no worry about device addressing or naming conflicts, 

resource sharing, or interlocking. In addition, "hands on" 

debugging of seperate modules can procede in parallel, shortening 

the total development time. 

The distributed system also increases the overall system 

reliability and availability. Since each beam line is independently 

controlled, the failure of a s,ingle beam line does not mean that 

all useful work stops. On the contrary, it is possible to continue 

running experiments with the remaining beam lines while simultaneously 

using the control computer on the failing beam line to diagnose 

and remedy the problem. 

Finally, the distributed system lends to the flexibility 

required by an experiment facility: changing from 4 to 6 beam 

lines requires little or no reprogramming. Any beam line can be 

used "stand alone" or as a test stand while completely controlled 

by its local computer, without affecting, or being effected by, 

the rest of the system. 

2.5 Beam Line Instrumentation and Controls 

Initially, the system must control four beam lines. The 

system must be easily expandable to control a total of six beam lines. 
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Each beam line will house three sources. Each source requires its 

own set of power supplies and other support equipment. Figure 1.2-7 

shows an outline drawing of a beam line assembly and identifies 

functions which must be monitored or controlled. 

Figure 2.5 shows a block diagram representing the controls 

and computer interface for one beam, line. Identical control inter

faces will be used for each beam line. 

For each beam line, approximately 30 of the functions to be 

monitored are interlock conditions having binary (digital) output. 

Of these, approximately ten can directly interrupt the neutral 

beam without requiring control system interaction. Many digital 

monitor .signals do not have to be recorded during the shot. These 

act as interrupt sources to activate specific program segments. 

Approximately 100 analog functions are monitored by analog

to-digital converters (ADC's). Each of these functions will be 

sampled approximately 50 times during the 500 ms shot. The sampled 

values will be stored and can be accessed by the system for real

time control of the functions during the shot. The analog monitor 

function thus requires a 10 KHz input capacity and storage 

capacity for 5000 v~lues. 

Telemetry will be required to monitor several of the voltages 

and currents for each source. This will probably be accomplished 

over light pipes from instrumentation on the high-voltage hot 

deck. 

Approximately 12 controls are bistable (two-position) and 

about 40 controls are proportional. In general, the proportional 
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controls will consists of a motor drive to be started in a given 

direction and continued until the monitor for the function. 

indicates that the desired result has been achieved. In some cases, 

it will be appropriate to use digital-to-analog converters (DACls) 

. . 
to achieve proportional control. 

In order to provide the future flexibility required in Paragraph 

1.2.6, interfaces must be provided to control essentially every 

function that is controllable and to monitor essentially every 

function that can provide an indication of the performance of 

the beam line. It may become necessary or desirable to actually 

vary some of the controls during the one-half-second shot to 

maintain proper focus and alignment of the neutral beams. 
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APPENDIX A 

Software Cost Estimates 

Table A.l contains software cost estimates in man-years for 

the five software areas described in Section 2.3. Each software 

area is subdivided into its basic elements. The cost of each 

software element is estimated in terms of design, documentation, 

implementation or programming, and testing and debugging. It should 

be noted that the sizable investment in design and documentation 

not only provides a more capable and understandable system, but 

also reduces the implementation and debug time. This effect has 

been noted in our own work and in reports by others. l 

The software elements preceded by an asterisk tend to have 

the greater ratio of design cost to other costs. These elements 

are fundamental in nature and are least likely to change once 

they are operational. This fundamental nature justifies the 

additional design effort. 

The remaining software elements represent a basic or initial 

capability. These elements will change and expand with the desires 

of the operators and scientists. An important effect of the entire 

software design and documentation effort will be to minimize the 

time and cost of the evolution of these software elements. Equally 

important is the fact that the structure and documentation provided 

will make it possible for control system evolution to be carried 

out by the operators and scientists if they so desire. 

. . 
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Substantial work has already been completed on certain 

software elements at LBL. This is because these elements also 

occur in the control systems we have developed for LBLaccelerators. 

The net effect of this prior effort is a 23% reduction in the 
! 

software cost estimate. 

Finally, it should be noted that the software cost estimate 

is independent of the number of beam lines to be supported. This 

is because of the distributed and uniform nature of the beam line 

computer systems. Since each of these machines execute identical 

software, the ratio of software to hardware cost will be greatly 

reduced for this control system . 
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SOFTWARE ESTIMATES 
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APPENDIX B 

Hardware Cost Estimates 

The distributed control system proposed for the TFTR neutral beam 

lines provides a natural fail-soft capability. This capability 

provides two levels of failure-mode operation, distinguished by 

whether recovery capability is desired or continued operation with 

the remaining hardware is sufficient. On the level of recovery 

capability, failure of a satellite computer causes the process I/O 

hardware assigned to that point to be "switched" to the I/O bus 

of the central computer. The central computer then assumes control 

of the failure point I/O hardware, suspending, if necessary, I/O 

low-priority tasks until the failure point is repaired. On the 

level where no recovery procedure is invoked under a failure point, 

operation of the remaining beam lines continues unaffected, since 

each satellite controls its beam line independently of the rest of 

the system. 

... 

.. 
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I. Central Computer and Operator Interface Hardware 

ITEM COST EA. QUANTITY TOTAL 'COST 

Modcomp tV/20CPU+ 16K Core $19,500 1 $lQ,500 

ASR-33 Teletype 1,250 1 1,250 

3662 Core Memory (16K words ea.) 6,000 3 18,000 

3661 Core Memory (16K words ea.) 8,000 2 16,000 

3515 Floating Point Processor 5,500 1 5,500 

3712 Direct Memory Access 4,000 1 4,0.00 

3734 External Interrupts 500 1 500 

4164 9 Track Mag. Tape Unit 15,000 1 15,000 

4134 25-Megaword Disc 'System 26,000 1 26,000 

4411 Card Reader 4,000 l 4,000 

4211 Line Printer 17,900 ,1 17,900 

4513 Paper Tape Reader 2,000 1 2,000 

Aydin 5105 Color Display 10,000 4 40,000 

CRT Terminals 1,800 2 3,600 

4821 CPU-CPU Link 4,000 4 16,000 

4811 Asynchronous Communications Interfac~ 1,250 1 1,250 

4801 General Purpos~ DMA Interface 600, 1 600 

Total Cost fOf Central System ••••..• $191,100 

" , 

TABLE B.1 Computer System Cost Estimate (1975 $) 
/ 
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II. Satellite Computers 

ITEM COST EA. QUANTITY 

Modcomp IV/20 CPU + 16K Core $19,500 1 

3662 Core Memory (16K words) 6,000 1 

3752 Teletype Controller. 400 1 

3734 External Interrupts 500 1 

4903 Peripheral COntroller Interface 1,200 1 

4821 CPU-CPU Link 4,000 1 

Bus Switch 3,500 1 

Total Cost for 1 Satellite 

Total Cost for 4 Satellites 

TOTAL. COST 

$19,500 

6,000 

400 

500 

1,200 

4,000 

3,500 

35,100 

140,400 

Total Computer System Cost ....... $33l,500 

TABLE B.l (con't.) Computer System Cost Estimate (1975 $) 

. 
• 
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ITEM COST EA. qUANTITY TOTAL COST 

Digital Interface Chassis 

Digital Input Cards (16 channel) 

Digital Output Cards (16 channel) 

l2-bit ADC and Multiplexer 

Analog Signal Conditioners 

Photo Sensor Channels 

Infra-red Sensor Channels 

Shaft Encoders 

Telemetry Data Acquisition & Control 

Relay Drivers 

Motor Controllers 

Stepping Motor Drivers 

l2-bit DAC I s 

Pressure Sensing Channels 

Magnetometer Channels 

Calorimetry Data System 

Assembly and Installation 

Total for One Instrumentation Interface 

System Integration 
New Instrumentation Design 
Total for Four Beam Line Instrumentation 

$1,800 
.r 

130 

160 

3,500 

50 

160 

200 

180 

6,000 

50 

500 

500 

200 

600 

1,000 

1,000 

8,000 

1 

8 

2 

1 

100 

96 

12 

6 

3 

10 

10 

10 

20 

8 

2 

4 

1 

$1,800 

1,040 

320 

3,500 

5,000 

15,360 

2,400 

1,080 

18,000 

500 

5,000 

5,000 

4,000 

4,800 

2,000 

4,000 

8,000 

81,800 
x4 

327,200 
20,000 
20,000 

Interfaces •••••.•••. $367,200 

TABLE B.2 Instrumentation Interface Cost Estimate (1975$) 
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Figure B.l. Neutral beam line computer hardware. 
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V. COST SUMMARY 

The estimated costs (itemized by subsystems), in 1975 k$, for 

the neutral-beam injection system (4 beam lines, 3 sources per beam 

line) are summarized below. In most cases these estimates are 

based on recent experience at the'Lawrence Berkeley and Livermore 

Laboratories, i.e., only a few actual vendor quotes were obtained. 

The Table includes contingencies that normally would be assigned 

at LBL and LLL. (The more detailed cost estimates presented at 

the end of sects. II, III, and IV do not include contingencies.) 

The controls software cost (included in engineering, design, 

installation, and administration) is somewhat less than might be 

expected for a system of this complexity because software already 

developed for control of the LBL Beva1ac has been incorporated 

at no cost. 

.' 

. " 



Beam Line 

... 
c> 

Energy Conversion System 

Controls 

COSTS INk$ - 1975 

Engineering, Design, Procurements 
Installation, and and 

Administration Fabrication 

3,630 8,367 

1,852 9,252 

615* 699 
~",."" 

~, 

6,097 18,318 

*Software development evaluated at the 1975 LBL rate for 
programmers: 20.6 man years x $30,000/man year = 615 k$. 

.,. .. 

·0 

C 
Contingency Total .-1~ 

3,000 14,997 
·0 

,j;} 

2,776 13,880 h: 

328 1,642 C 

~ 
(,,": 

6,104 30,519 w 
~ .(,,,,,, 
I 

0 

0 
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.---_______ LEGAL NOTICE-----------, 

This report was prepared as an accou11t of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contr;actors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
~isc1osed, or represents that its use would not infringe privately 
owned rights. 
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