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.Smmarr and Iiitroduction 

-- - Two years a@ during the 1975 Par t ic le  Accelerator J ~: ,  
&nference i n  Washington, we reported the development .-: ] -;INSULATED TUBE - 
of .an intense negative ion magnetron source, capable of < '$7 -' : - . ' 
hxtracting short  pulsed negative .ion beams of several .'4' . '.,",Y;'. - 
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huadred mA. For moat part icle accelerators these I.. . -I .. h4l 1 
puLsed biama are  more than adequate, but for ef f ic ient  - :d kh 
neutral injector aystema in future fusion reactors 
multi-ampere dc negative ion beam a re  required. 

I n  the past two years significant progress was 
made i n  the development of three d i rec t  extraction ne- 
gative ion sources. The f i r e r  source, the hollow dis- 
charga duoplasmatron (HDD) was extensively s t d i e d  and 
optimized up t o  currents of 60 mA. With the second 
source, tha magnetron, a beam current of alumst one 
ampere has been obtained for more than ten milli-sec- 
onds beam pulses. Several prototype Penning sovrces 
were constructed with yields similar a s  the magnetrons L '  --. 
CY. 

and with the expected advantage of higher gas efficien- pi , : 
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In  ceder t o  improve our knowledge of the origin of .II - .  
negative ion production, a program has started t o  mea- 0 SOrnrn - - 
sure the pertinent plasma parameters of the above men- 

. 
tioned sources by spectroscopic mean8 and e lec t ros ta t ic  Pig. 1 Cross section of the W D  source. - .  
probes. 

The MID source with i t s  rotat ional  symmetric beam 
A f i r s t  attempt was made t o  integrate a magnetron and small emittance value appears to be a r e a l i s t i c  

source in a 150 W accelerator structure; so far ,  beams choice for  a negative hydrogen accelerator. The re- 
of 200 mA were accelerated up t o  120 W for several move1 of the extracted electron beam current at extrac- 
milliseoond beam pulses. t ion  voltage can be achieved by a small permanent mag- 

net without seriously affecting the primary H beam. 
Hollow Discharge Duoplasmatron 

A parametric study was made of tho pulsed hollow 
discharge dooplasmatron as  a negative hydrogen ion 
source i n  the  pure hydrogen mode and i n  the mixed hy- 
drogen-cesium moda.l Figure 1 shows the cross section 
of the EDD sourue. Tha center tube that  creates the 
hollow discharge i e  protected from the discharge by an 
insulating sleeve with thC excaption of the t i p ,  which 
is  removable. This t i p  has a small cavity tha t  i s  
f i l l e d  with a mixture of cesium bichromate and titanium 
powder. The diffusion r a t e  of cesium into the arc  
chamber was regulated by a heating wire i n  the center 

. tube. When the source i s  operating i n  the hydrogen 
:node, an oxide-coated t h a d o n i c  cathode serves as  the 
: electron emitter; i n  the hydrogen-cesium mode best re- 

su l ta  were obtained with a non-heated, oxide-costed - '-.-, 
' L.-tcathode. . b 
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I n  the hydrogen mode a maximum H' beam of 11 mA 
was obtained from an anode eperture of 2.45 mm d im-  

I ' 
e te r  with a normalized emittance of 0.1 cm-mrad. In  
she &xed hyd1og.n-cesium mode an 8- beam of 60 mA was 
achieved from the same aperture: a 40 mA beam i n  the 
same mode had a normali~ed emittance of 0.237 cm-mad. 
Other relevant source psrsmetps are  summarised i n  
Table I. Energy spectra of H ions i n  the hydrogen 
mode reveal that  negative ions a r e  generated mainly by 

:volume processes, while i n  the hydrogen-cesium mode the 
nagative Lons a re  mainly produced by a surface przcess 
with the t i p  of the center tube as  t h e  apparent H 
emitting surface.' - 
Work performed under the auspices of the U.S. Enargy I * Besearoh aud Development Administration. , 

The extraction of large electron beam currents does not 
however, stimulate the  development of IIDD sources in to  
multi-ampeze units. 

The basic design and operation of the magnetron 
a s  an intense negative ion source has been extensively 
described elsewheres. See Fig. 2. Kydrogen gas passea 
thraugh a slit i n  the anode into an annular race tmeck 
region. During the discharge t h i s  region f i l l s  with a 
dense plasma. The molybdenum cathode has a smell cav- 
i t y  calltaining cesium bichronare and titanium. A t  a 
high enough temperature of the cathode, cesium enters 
the discharge region through smell holes i n  the  cath- 
ode, and the discharge changes in to  the hydrogen-cesium 

Pig. 2 Schematic view of the magnetron. 
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e. & m w e t m n ,  with a 5 cm long cathode, 

i + B h l t y d a  of 0.9 A in pulses 06 10 ma and 0.6 
A in  pulaes of 20 ma. In  the l a t t e r  case the  current 

t was limited Sy the power supply. m e  gas flow was 
found to be 3.3 to r r  Cis e#, whfch corresponds t o  a 
gas efficiency of 0.2 ~ s t t o r r  4. Other pertinent 
paramatere o f  thin source a t 6  sumarieed in Tgble I. 

Experimental r e ru l t s  with existing sources, a s  
wal l  a s  our studies of icaUag problems of magnetron 
sources. have sham ehbr multi-ampere andlor longer 
pulse length can only bs achieved by coolia'g of the 
cbthoda. abe product of the extracted cunen t  and the  
pulse Lngch is roughly a oonsf.nt.+ Tha nexh, -nor.- 
t i on  of rources ~ l l  therefor.  include uthoda coaling. 

Very l i t t l e  is lurowD about the detaila of how the 
plasma surface sourcaa pracisely work. altholrgh the  
analysis of the energy spectra suggdste that  a surface 
effect a t  ihe caehcda is the prfmary production mechan- 
i s m .  Whila Xishinevakiis concptra tes  ice  theory on 
tha p r o k b i l i t p  of escape of H ions, produced on a 
m e t a l  anrfaae, througn the  image flald between the sur- 
faca and nepcive  ion. Eiskes e t  81.' developed the 
thaorg on the  formtion af  I?- ions by the surface in- 
tceaction of a hydrogea atom end an adtdapbed G s  at-. 
via the incetmadiary of t h e  Csa and CeE molecular 
c o n f i ~ a t i m s .  In order t o  determine the r a t e  of H- 
production orn the cathode aurfeoe one had tb W w  the 
p a r m t e r s  of the  par t ia l ly  ionized medium, that  con- 
tains a hi& density of neutral hydrogen a t w s ,  cesium 
atom. and ions, hydrogen molecules and ions, a s  a 
function of energy. Preliminary estimates. based on 
spectmscopic mensurements, ahw that  for a Karael1ian 
distr ibution of veloclt iee end for a neutral hydrogen 
temperature of 0.57 eV, atoms of enagy  betwaen 1.5 eV 
and 2.5 eV w i l l  be raaching the cathode a t  a flux den- 
s t t y  qua1 t o  the proton flux. The,gas pressure inside 
the standard megastton aource of 1 dmpere w a r n e d  with 
s transducer is 0.4 to r s  for an erc  current Of 150 A.' 

'&e adaption of a short-pulsed magnetron source 
to a par t ic le  accelerator has been in i t i a t ed  a t  Permi 
Uatioaal Accelerator i r b r a t ~ r y . ~  

It is expected that  Pennfng-type negative-ion 
sources. operating i n  the hydrogen-cesiuslmode, W i l l  
have fields canparahle t o  magnatron sources, but WiCh 
a gas efficiancp bet ter  by ui, t o  a factor of: three. 
This is the  reason that  Pannfng eouroes a r e  being in- 
vestigated a t  BNL for possible qpUoa t ions  i n  neutral 
beam injectors. 

Recently a qew Penning source with a special emit- 
t e r  electrode was constructed a t  BBL and extensively 
studied.= Pigure? a h y ~ i t s  cross . . section. It is 

rig. 3 Schematic view of the Pdnafog source wirh 

similaz i n  deeign t o  our mb.guetrou source, except that I-' 
the %ace track part of the  cathode has been removed L 
order t o  create a Penning g e w t r y .  Both cathodes a re  
hollew and these ~ e v i t i e ~  a re  f i l l e d  with the ueval 
titanium-casium bichzomate mixture. Opposite the ex- 
traction s l i t s  a f l a t  elecrrode or  "emitter" was placed 
with-tha idea t o  enhance tha production and difiuaion 
Of K *a. 

Results obtained with th i s  small model (cathode 
area is 2 c d )  a re  encouraging. NcgstLVe beam currents 
exceeding 0.32 A i n  pulses af 4 ms have baen rworded 
v l t h  a rather uniform currant density of 0,5%/c#, from 
f ive  extraction slits, although these is a tendency of 
higher current deturity from the outer slits nearest the  
two cathodes. The ef fec t  of the grounding. f loating 
or  bisasing the "emitter" on the R proauction is not 
very c ~ n d u s i v e  and d i f f i cu l t  t o  explain (a 10Z en- 
hawemant of the yield wae ~baerved with a pollifive 
bias). Other perlrmetets of th i s  souroe, including 
some resu l t s  with deuterium gas, a r e  suolaarfead i n  
Table b. 

The no-lixed emittance of t h i s  Penning i n  the 
plane perpe&cular to the slits is 0.65 n cm-mrad for 
e 120 mA beam (1.15 n cnrmrad for 0.26 A). LOW curre i~t  
Pennfng sourcaa e re  therefore quite useful for par- 
t i c l e  aceelerator applications. W L  actually a tar ted  
to invastigate the adaption of a negative Lon Penning 
source t o  a p r e - e c ~ e l e + a t o r . ~ ~  

Acceleration of Intense Negafive Rvdroxen Beam 

Acceleration of several hundred milliamperes 
pulsed beams up t o  several hundreds of kilovolts  i s  e 
well  established technique i n  modern protou fnjectars.  
The expectation is  that  the  negative Ion plasma sources 
mentioned a b v e  can be adapted t o  theea machines vlth- 
out serious problems, pzwtded t h d r  pulse length and 
current densit ies do not exceed today's operating 
proton levels. High wl t age  acceleration of dc beams 
f a r  beam Currents beyond several tens of milliamperes 
has not been established yet, because of severe volt- 
age breakdooms insids t h e  tube for not well-understood 
reaaons. 

Zn order t o  leiisn a b w t  these problems we s tar ted  
with the construction of a rudimentary 150 kV, 1 A 
aseelerator,  based upon the principles and expe+ienca 
wfth close-coupled aceeleration. 2n such a scheme ac- 
celeration takes place immediately a f t e r  estraction 
without prefocusing. I f  successful, such a system 
would be the simplest t o  construct. 

Ao. enalpuis of the beam performance in a single 
acceleraring gap taking into account space charge shows 
that  i n  principle it i s  possible t o  accelerate dense 
(up t o  1 Mar?) negative ion beams provided gzndients 
of 60-70 kV/cm can be achieved actoss those gaps." 

Figure 4 i s  a cresu seation of the experimantal 
set-up. The accelerator consists of a 6 62 om ceramic 
tube, a re-entrant structure, a multi-aZit magnetron 
source, a multi-sl i t  extractor and a multi-rod eccel- 
erator,  Materials of the  elactrodea a r e  e i ther  ti- 
tanium or  wlybdenum. This unit is  bolted onto a 1 m 
i n  diameter end 2 m long vacuum chamber, p m p d  either 
by two 5W0 &fa o i l  diffusion pumps 01 by B. 100,OOO &/ 
s cryopump. Diagnostic eqvlpment is mounted on mov- 
able platforms. 

We seerated the accelerator with a single slit 
magnetron i n  the  coof igura t io~~ shown i n  F&s. 5. with 
a current density ~f 0.33 Ucma at the sinple emis- 
sion slit  beam eUItM%S i n  excess of 200 mAwere ac- 
celerated t o  M kV avtoss a 2 em accelerating m p  EOS 



3 p pu-a. pulse leogth was limited by the source 
apply. The column b reakdm ra te  i s  f ive out 6f 

hundred pulses. The beam divergence perpendicular to 
the  slits is about 6O, while the  divergence i n  the d i -  
rection of the slits is smaller than 0.5'. meae re- 
su l ts  a re  vary preliminary and we can expect s igni f i -  
cant improvements with m r e  adequate shielding, im- 
proved electrode configurations and alignment, improved 
cleaning procedures, etc. 

I n i t i a l l y  the trsneport of the one ampere negative 
ion beamwill take place by ma pulsed quadrupoles, 
boated as  close as  possible t o  the Last electrode. 

MAGNETRON 
(-150 kV1 

INSULATOR \ 

ACCELERATING 4 
ELECTROOE 

Pig. 4 Experimental set-up of a 150 kV negative ion 
acceleratar. 

-120kV -105kV 
Big. 5 Configuration of a aingle slit accelermtor. 
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.I I MAGNETRON PENNING 

Extracted H- Current 0.06 A O.g(O.6) A 0.32 A 0.14 A ' I 

Energy 40 kv 20 kv 14 kv 14 kV 

Total Current 1.2 A - 2 A  0.55 A 0.4 A i 

Pulse Length 1 ms lo(20) ms 4 ms 4ms 

gmLttance (area x By) 0.23ncm.mrsd(4CkuA) l.ISmm.mrad(0.24A) 

H- Current Density 1.2 Alcn? 0.7(0.47) Ale* 0.58 Alcn? 0.25 Alema 

Arc current 150 A 260(180) A 80 A 40 A 

Arc Voltage 80 V 150 V 220 V 420 A 

Cathode Area 13.5 an" 2 cma 2 cma 
f 

- -j Cathode Current Denaity 20(14) A/=& 40 Ales 20 A/C$ 
i 
I 

Arc Power Efficiency 0.03(0.02) AIkW 0.018 A/kW 0.008 AIkW i 
Gas Plow Rate 3.3 torrL/s cma 

t Gas Efficiency 0.2(O.U)AsltorrL 1 




