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The Transverse Field Focusing (TFF) system described 
here is a prototype for a negative-ion based neutral beam 
line with possible applications In the U. s. magnetic fusion 
energy program. The prototype system consists of four 
main modufes: (I) H- source, (2) 80 keV pre-accelerator, 
(3) TFF matching/pumping (MIP) section, and (4) 180 keV 
TFF accelerator. The first three modules have been 
installed on the beam line, with the fourth to follow soon. 
The crucial module, invoking the most difficult (and 
interesting) physics and engineering issues, is the MIP 
section. rt performs: (a) gas removal from the beam by 
differential pumping, (b) electron removal, (c) beam 
thickness reduction to match the TFF accelerator 
parameters, and (d) beam-edge confinement. The four 
beamllne modules are discussed in this survey, with 
emphasis on design features of the MIP section. 

Introduction 

In the future, the U.S. magnetic fusion energy program 
may require high current, steady-state neutrar beams at 
energies arouno500 keV, based on negative ions. Possible 
designs for such beamlines, utilizing ribbon beams with 
hlgh-perveance transverse-field focusing (TFF) have been 
reported previously [I ,2,3]; these designs could deliver up 
to 25 megawatts per module. The prototype TFF system 
lllustratea in Fig. I and described in tfl1s report will 
provide 1.3 A of 1r beam at 180 keVin d.c. operation. 

The TFF concept arose in 1979 [4) from a combination 
of circumstances. The steady-state W sources then 
available [5,6] Inherently produced beams with a ribbon 
configuration. Furthermore, the current densities were in 
a range that made it feasible to extract the beam with a 
single large-aperture slot-type accelerator [7,8]. A ribbon 
beam Is also the optimum shape for any type of 
neutralizer. All of this led to a logical neutral beamline 
concept for t'FE applications [7] but there were two 
problems: handling the large gas load from typical W 
sources and shielding the source and accelerator from the 
fusion reaction neutrons. The TFF concept offers a 
solution to both problems: the TFF beam Is inherently 
curved, which allows the design of efficient neutron traps 
[9, I 0] as well as efficient differential gas pumping [II] at 
the input end. . 

W Source 

The surface-conversion source [5, 12] has been chosen 
as convenient for testing the TFF system. The bucket
type plasma chamber (Fig. I) is surrounded by magnets. A 
curved molybdenum converter plate is placed in a null
field region near the center of the chamber. Cesium vapor 
is injected which coats the converter surface. With a 
negative bias (about 150 V) on the converter, W ions are 
produced by desorption or by reflection of the incoming H+ 
ions. The cylindrical shape of the converter focuses theW 
ions onto a crossover region at the collimator. This colli
mator defines the range of transverse beam energy. When 
suitably biased [ 13] it also serves, in conjunction with the 
adjacent magnets, as a trap for low energy electrons. 

Pre-accelerator 

After the ISO ev H- beam passes the crossover point, 
It expands geometrically as it approaches the pre
accelerator. Positive ions from the plasma chamber 
follow the beam and keep It neutralized. These positive 
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ions are repelled and a sheath is formed at the pre
accelerator entrance. The pre-accelerator, visible In Fig. 
I, is a large-aperture (5 x 25 em) hig.h-perveance type 
designed especially for this application £8). 

"During initial operation, cesium efflux from the 
source caused voltage breakdown problems in the pre
accelerator. Only alter the grids were conditioned by 
repeated high voltage pulses was It possible to operate at 
full power. When tne pre-accelerator was shut down for a 
period, It was found advisable to apply occasional pulsing 
to keep the grids conditioned. 

The pre-accelerator beam was studied with an 
emittance analyzer at various perveances. The results 
agreed well with simulations using the WOLF code [ 12]. 
Tflirty-second I amp pulses of W ions were obtained at 80 
keV energy, with duration limited only by power supply 
capability. 

TFF Matchjng/Pumping Section 

The next module in the TFF system is the matching/ 
pumping (MIP) section (Fig. I) where the beam undergoes 
differential gas pumping, electron removal, thickness 
compression and beam-edge confinement. 

Differential Gas pumping 

The weakly bound H- outer electron Is easily stripped 
by background gas, which is emitted copiously by the 
source. Althougfl about 7X of the beam Is unavoidably lost 
due to stripping in the pre-accelerator, further loss can be 
minimized If tile gas pressure is lowered efficiently with 
a differential pump. The geometry of the TFF system is 
Ideally suited to this purpose. Using rods for the outer 
electrodes and solid structures for tlle Inner electrodes, 
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Fig. I. Schematic plan view of 180 keV prototype TFF 
system, to scale. The cryopump is 34 em wide. 
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the MIP section is partitioned into two compartments 
lined with cryopanels as shown in Fig. 1. There is further 
pumping in the next compartment, afso shown. According 
to Monfe Carlo calculations, the pressure is lowered by 
nearly three orders of magnitude In a remarkably short 
distance (the cryopump is only 34 em long) [ 14l Thus, the 
anticipated beam loss Is only 3" In the matching section 
and 0.08" in the TFF accelerator. 

Electron Removal 

Approximately 10 percent of the beam current coming 
out of the source is carried by electrons, which gain 
energy in the pre-accelerator together with the ions. As 
indicated In Fig. 2, these electrons are removed in the MIP 
section with tfie help of a magnetic field, which deflects 
them about 45 degrees in the vertical direction. This loss 
of forward momentum makes them fall into the inner 
electrode, as shown. The ions are deflected only slightly, 
and their trajectories are straightened out again by the 
second set of magnets. 

Although the electron trajectories can be calculated 
analytically for vacuum fields one can only get 
approximate results when the electrons are mixed with an 
Intense ion beam. A computational procedure [15) was 
developed for the final design of the electron trap. 

Experimentally, we have found no electrons beyond 
the MIP section, Indicating that the trap for high-energy 
electrons performs Its function. 

Beam Thickness Compression 

The beam exiting the pre-accelerator Is about 3 em 
thick. A TFF accelerator designed to handle such a thick 
beam with sufficient electrode clearance would be rather 
bulky and would reQuire large focusing potentials between 
its electrodes. The matching section solves this problem 
by compressing the beam to the optimum thickness. As 
discussed in [21 and [3), the focusing potentials at the final 
TFF accelerator stage (the stage with the largest 
potentials) are mlnlmlzed If the beam is compresseo to 
the thickness where the transverse beam pressure is half 
the space charge pressure. Since the present experiment 
is a prototype for a 400 keV beamline, the matching 
section was designed using this number. Using the 
formulae developed" in [3], the two matching section bends 
were built with central radii of 21 em. Computer modeling 
had verified that this was correct [3). 

Beam-Edge Confinement 

The TFF dynamics are mainly two-dimensional, 
involving only the direction of beam propagation and the 
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Fig. 2. Schematic of electron trap. The electrons are def
lected up out of the paper at about 45 degrees (see text). 
The magnetic return path Is not shown. 

short·dimenslon of the ribbon cross section. But near the 
beam. edges there Is a space-charge electric-field 
component in the third direction, which is vertical in the 
present experiment. For this reason, the electrodes are 
given a special shape, Indicated in Fig. 3, which produces a 
vertical field component in the vicimty of the beam edges. 
This field counteracts the space charge force and 
maintains the beam edges in eQuilibrium. The electrode 
shape was calculated analytically [3, 16) and was checked 
by computer modeling. 

TFF Accelerator 

The TFF accelerator, which Is under construction, will 
accelerate the 80 keV beam to 180 keV. It will provide 
about 230 kW of negative ions at an energy which would be 
Inefficiently neutralized (only 20") for positive Ions, even 
in the case of deuterium. However, the purpose of this 
experiment is not only to demonstrate an efficient 180 
keV beam, but also to demonstrate the feasibility of 
producing ROWerful neutral beams at energies of 400 keV 
or more 11). Therefore the hardware for the present TFF 
accelerator was designed as the first half of a 400 keV 
system. The analytic and computer designs reported 
previously [I ,2,3) considered a six-stage accelerator with 
31" energy gain per stage. The design which will actually 
be testea 1s based on a four-stage system which 
accelerates the beam from 80 to 400 keV with 50" energy 
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Fig. 3. Beam edge confinement. The TFF beam passes into 
the paper. The picture is rotated 90 degrees so that the 
top beam edge appears at the right. The electric field Is 
purely transverse except near the beam edge where it has 

. a downward component (to the left In this picture). 
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Fig. 4. (a) Computed beam trajectories for the two-stage 
TFF accelerator (see text). (b} Phase plot at the exit, 
showing the individual beam lets. 
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gain per stage. This step toward simplification of the. [3] 0. A Anderson, "Transverse-Field Focusing Accel-
mechanical and electrical design was undertaken onl~ erator,· proceedings of the 3rd lnt'l Symposium on 
after thorou~h checkin~ with the computer model, whic Negative Ions ana Beams Brookhaven National 
revealed tha the gap imenslons need somewhat titter Laooratory, published In AI~ Proc.JlL 473 ( 1983). 
tolerances with such strong acceleration, and tha the 

[4] 0. A Anderson, "Transverse Field Focused System,· ~aps need to be a few mm longer on one side of the beam 
han the other. (Design prmclples for high-gain TFF OOE Patent CaseRL-8873-IB-476, filed June, 1983. 

acceleration will be discussed in detail elsewhere.) The 
results from the computer model for two-stage accel- [5] K.W. Ehlers and K.N. Leung, "Characteristics of a 

r eration to 180 keV (the first half of the simplified 400 Self-extraction N~tive Jon Source,· Bull. Am. Phys. 
......... keV design) are shown in Fi~ 4a; the gap asymmetry on Soc.,~ 1015 (19 ). 

' 
this scale is almost impercep ible. The emittance diagram 
(Fig. 4b) shows no degradation from the stron~ acceler- K.N. Leung and K.W. Ehlers, "Self-extraction Negative 
at ion and is nearly identical with the older resul s [3]. Jon Source,· Rev. Sci. lnstrum., ~ 803 ( 1982). 

' 
Use of fewer electrodes reduced the number of water/ 

electrical feed-throughs and allowed a simple desi~n for [6] E. B. Hooper, Jr., P. Poulsen and 0. A Anderson, 
the main insulator, indicated in the schematic of lg I. "Optimized System for D- Production from Charge-
Many other design details are described in [I 71. Exchange In Alkali Metals,· Nuclear Technology/ 

Fusion, .2. 162 (I 982). 
Conclusjons 

[7] 0. A Anderson, ·A Lar~e-aperture Accelerator for 
The TFF system design Is complete, and the final Ne~atlve Jon Beams,· Bu 1. Am. Phys. Soc.,~ 1016 

module is under construction. Test results for the source (I 79). 
and pre-accelerator were quite favorable [121. Testing of 

[8] 0. A Anderson, "Large-Aperture D- Accelerators,· the M/P section has barely begun, with good indications so 
far. The beam seems to undergo the desired compression, Proc. of the 2nd lnt'l ~mposlum on the Production 
and is electron-free. The complete system will be ready and Neutralization of H Ions and Beams, Brookhaven 
for testing at the end of the year. National Lab, BNL 51304, p. 355 (1980). 

Acknowledgments [9) X. de Seynes, "Shielding Considerations for Neutral 
Beam InJection Systems,· M.S. Thesis, 1983, Nuclear 

The authors wish to thank the man(e co-workers who Engineerin~ Dept., Univ. of California, Berkeley, LBL 
have been involved in this project: G en Ackerman, Lou report I 58 7. 
Bia~i, Mark Coleman, Jan deVries, Eileen Doyle, Harlan 

[10] LA El-Guebaly, "Feaslblli~ of Hands-on Maintenance Hu~ es, Gary Koehler, Hans Krapf, .Yosh Maruyama, Tats 
Na ae, Rick Steele, Deon Vo~el, Alan Wandesforde, Don of the ton Sources In the Bl of MARS," 6th Topical 
Wi11iams, and many others. T ef received valuable advice Meeting on the Technology of Fusion Energy, San 
from many people, lncludln~ Bll Barr Klaus Berkner, Tom Francisco, 1985; summaries, p. 489. 
Duf~, Ken Ehlers, Joel Fin , Klaus Halbach, Denis Keefe, 
Ka- ~o Leung, Jackson Laslett, Alan Lietzke, Ralph Moir, [II 1 J.W. Kwan, O.A. Anderson, W.S. Cooper, C.A Matuk, J.A 
Lloy Smith and Clyde Taylor. They thank Wulf Kunkel and Paterson(: J. Tanabe and D.L. VoP.e~Vacuum Pump~ 
Robert rt,te for their supr.ort, and are especia11y ~rateful In the T F Test Facility,· Bul . . Phys. Soc., 
to David oldber~, who he ped get this project star ed, and 1199(1983). 
to H. Stanley Sta en, who has kept It alive. 

[ 121 J.W. Kwan, G.D. Ackerman, O.A Anderson, C.F. Chan, 
Work supported by US DOE Contract DE-AC03-76SF00098. W.S. Cooper, G.J. deVries, AF. Lietzke, L. Soroka and 

W.F. SteeleA "A !-ampere, 80-keV Long-pulse. W 
References Source and ccelerator,· in preparation. 

[I] 0. A Anderson, "The TFF Accelerator for Fusion [13] K.W. Ehlers and K.N. Leu~, "Electron Suppression in a 
Reactor lnlction,· Bull. Am. Phys. Soc., 'fl. I 141 l"lllticu~ Negative lon ource,· Appl. Phys. Lett. J!L 
(I 982), an four related papers in the same session. 287 ( 19 1). 

O.A. Anderson, W.S. Coope~ J.A. Fink, D.A Goldber~, [I 4] P. Pur~Jis, O.A. Anderson, G.W.Koehler, Y. Maruyama, 
L. Ruby, L. Soroka an J. Tanabe, "Efficien , C.A tuk, H.M. Owren, J.A Paterson and AH. 
Radiation-Hardened, 400 and 800-keV Neutral Beam Wandesforde, "Mechanical Deslp,n and Fabrication of 
l~ection systems,· Nuclear Technology/Fusion, ~ the Transverse Field Focus ng (TFF) Matching/ 
I 18(1983. Pumping Section for Negative-Jon-Based Neutral 

O.A Anderson, W.S. Cooper, D.A Goldber~, L. Ruby 
Beam S~stems,· to be published in the proceedings of 
I I th )lmpos1um on Fusion Engineering, Austin, 

c and L. Soroka, "Negative-Jon-Based Neu ral Beam Texas, I 985. 
System for FED-A Current Drive· in "Fed-A, An 
Advanced Performance FED Based on Low Safe~ [I 51 C.F. Chan and O.A Anderson, "Relativistic Electron 
Factor and Current Drive,· Oak Rid~e National L Trajectories in Nea,atlve !on Beams,· Bull. Am. Phys. 
Report, ORNL/FEDC -83/ I, p. 4-82 (I 83). Soc., .22, I 368 (I 9 4). 

W.S. Cooper and R.V. Pyle, Scientific Editors, "The [16] L. Soroka and O.A Anderson, "Electrostatic E~ 
National Ne~ative-lon Based Neutral Beam Focusin~ of Ribbon Beams,· Bu11. Am. Phys. Soc., 
Development Pan,· LBL report PUB-464 (I 983). 1368 (I 84). 

[2) 0. A Anderson, D. A Goldberg, W. S. Cooper and [17] C.A Matuk, O.A Anderson, H.M. Owre~ J.A Paterson 
L. Soroka, "A Transverse-Field Focusing (TFF) and P. Purgalis, "Mechanical Des~n an Fabrication of 
Accelerator for Intense Ribbon Beams, I 983 a Transverse-Field Focusing (TF Accelerator,· I I th 
Particle Accelerator Conference, Santa Fe, NM; Symp. on Fusion Engineering, Austin, Texas, 1985. 
published in IEEE Transactions on Nuclear Science, . 
NS-30. 32 I 5 ( 1983). 

3 



' 

This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



1..a... 

TECHNICAL INFQ~MATION DEPARTMENT 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

_J/1.._ 




