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Abgract. PP Garching is heavily involved in the devdopment of an ion source for Neutrd
Beam Heating of the ITER Tokamek. RF driven ion sources have been successfully  deveoped
and are in operation on the ASDEX- Upgrade Tokamek for postive ion besed NBH by the NB
Hedting group a IPP Garching. Building on this experience a RF driven H™ ion source has been
under devdopment a IPP Garching as an dtendive to the ITER reference design ion source
The number of tet beds devoted to source devdopmet for ITER hes increased from one
(BATMAN) by the addition of two tet beds (MANITU, RADI). This peper contans
decriptions  of the three tet beds Reaults on diagnogic devdopment using laser photo-
detachm ent and cavity ringdown gspectroscopy  are given for BATMAN.  The laest results for
long pulse devdopment on MANITU are presnted induding the to date longest pulse (600 9).
As wdl, ddals of source modifications necessitated for pulses in excess of 100 sare given. The
nevest test bed RADI is gill bang commissoned and only technicd ddails of the tes bed ae
induded in this pgper. The find topic of the paper is an investigation into the effects of biasang
the plasma grid.
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INTRODUCTION

There has been a sgnificat gep foward in redizing the dream of fuson power,
ITER has been goproved and it is hoped that condruction of the mechine will begin in
the near future Neutrd beam hedting hes been a key component of dl successul
fuson mechines to date and there is no reason to beieve this will not be true of ITER
itsdf, but the ITER plasma dendty mekes it impossble to use the rdiadle and meture
technology of pogtive ion bassd neutrd beams. Negative lon based neutrd beam
heating has been used on only two mechines in the world [1,2] and despite more than
two decades of effort remans a technicd chdlenge As the neutrd beam power
required for ITER (33 MW) isadgnificat portion of the totd heating power avaladle
for ITER ensuring that the beams ae in rdidble operaion from the dat of plasma
operdion is ahigh priority for both ITER and the laboratories invalved in the neutrd
beam hedting ITER task.



For the past severd years work under an EFDA contract has been ongoing a IPP
Gaching to devdop an RF driven negative hydrogen ion source The god of this
work waes to demondrae the suitability of an RF driven source to megt the ITER
desgn requirementg3].  Sgnificant progress towards that god hes been mede snce
the last PNNIB megting in Paris and table 1 summarizes the current Stuation.

This paper will provide an oveview of the curet daus of ressach a IPP
Garching focusng on the current tasks of the three test beds dedicated to negative ion
source  devdopment:  BATMAN  (Bavaian Tet Machine for Negaive 1ons),
MANITU (Multi- Ampere Negative lon Test Unit) and the newest test bed RADI that
is named dter the vacuum box for the Radi d Injector for the W7AS Sdleator it is
mounted on. The test beds themsdves will be described, the gods and current daus
of the exparimenta campaigns beng caried out detaled, and lagtly a few of the
dgnificant and interesting new experimentd  results given.

Ladly, the question of plasma grid biasang, atopic that should be of generd interest
to the community, will be discussed in grester detail. The devdopment of biasng a
IPP will be given, dong with the results of the laest invedigations.  This paper will
concan itdf manly with gving the expeimentd background to this question
compared to the companion paper that presents moddling results [4]. The quedtion of
what form the plasma takes in front of the grid will be discussed as it pertains to the
gtuation with biasng.

IPP GARCHING TEST BEDS

Test Bed BATMAN

BATMAN (Bavaian Test Machine for Negative lons) has been in use for negaive
ion devdopment the longet and has been described previoudy[5].  This tet stand
only dlows testing of sources with reduced extraction aea (=70 cm®) due to the
sauration of the titanium pumps, and for limited duration shots (<4 s with extraction
due to the voltage divider employed or <10 s plasma only due to the limitation of the
RF generaor).  Shot to shot repletion rate is rdadivey flexible but for a number of
technicad ressons is limted to a mnimum time intervd of 90 s The 1 MHz RF
generdor  can provide up to 120 KW of power (as messured a the gengratar). Using
the main high voltage supplies of IPP up to 22 kV can be goplied to the source, split
between extraction and accdeaion by the voltage divider. A gas handling system
provides one or two different gases to the source a vaidble flow raes dlowing for
smple and regroducible  pressure scans. The beam current and its profile are messured
on a water- cooled caorimeter.  The ion current on the caorimeter  can be determined
gther by fitting the sgnds from the thermocouples or dse by udng the increese in
wae tempeaure and flow rate Both methods are in agreement with each other and
in generd >75% of the current dendty determined from the currents flowing from the
power supply is found on the cdorimeter. The overdl current accountability  is better
than 90% The whole tet bed is computer controlled via a Semens S7 contral
sysem, and dl rdevat daa dgnds are automaticdly logged via acombined CAMAC
and pMUSIC DAQ.

As dl ITER rdevat paameters that could be confirmed on BATMAN have been
[3] the te dand hes turned to other meiters in the past year. Currently BATMAN
usss the type VI-1 ion source [6] and expariments with it are paformed: to further
optimize spedific aspects of H™ production and to develop diagnogtic techniques for
use on the other tet dands. Optimization <udies & BATMAN ae criticd to the
success of MANITU as changes to the source configuration can be done in a much



dote time frame on BATMAN. This reduced time “cos” dlows for freer
invedigations without o much concern for the consequences of a faled line of
expeimentd inquiry.

As the RADI tes bed has no extraction sysem it is citicd to cdibrae the
diagnogtics used on the source there o that reesondble estimates of expected source
pafomence may be mede For the purposes of determining expected H7/D™ yidds
two diagnogics in paticular ae important: laser photo- detachment  (LPD)[7] ad
cavity-ringdown spectroscopy (CRY)[8].  The lasx  photo- detachment  sysem s
currently  being optimized and the cavity-ringdown pectroscopy  system s ready for
deployment  on RADI.

The principles of opeaaion of the CRS sygsem and spedific ddals rdding to its
implementation on BATMAN ae given in [9]. The line averaged H™ dendty is given
by:

1 81
= o @)

1
s H_cg t

0d
L

[o]

Where: n,_ isthe line averaged H™ dendty, sy is the absorption cross- section (35 X

107 mP), t, is the decay congtat of an empty cavity, t’ is the decay constant of the
cavity with plasmg, dis the length of the plasma, and L is the separation of the mirrors.

The CRS sysem has provided results (see fig. 1) that dearly indicate that there isa
drong corrdation between the messured H™ dendty and the extracted ion current
dengty. The messured dendties are d<0 in reesonable  (better then within a factor of
two) agreement with the results of a smple fredfdl cdculaion for the H™ densty
required for a paticular extracted ion current dendty and assumed ion temperaiure.
The good quditaive agreament with the extracted ion current dendgty means tha the
dengty messured by the diagnodic can be usad to edimate the expected current
dendty extractable from the source on RADI. CRS is supeaior to the dtenaive
method developed & IPP that uses the raio of the Hg to Hy, lines [10] in thet it is a
direct messurement whose result is dependant only on the accuracy of absorption
coss-section and the plasma dze and is not dependat on moddling o avy
assumptions  on plasma propaties.  The primary disadvantage of the CRS sygem is
that itisaline averaged dengty messurement.  This sysem is the only one currently in
operation on an ion source usad for fuson deve opment.

The LPD sygem complements the CRS sysem by dlowing spatidly resolved
messurement  of the H™ dendity. It has proven chdlenging to devdop the LPD system
manly due to the use of an RF driven source The frequency of the RF dgnd thet is
present in the plasma is goproximatdy  the same as tha of the photo- detachment pulse
itsdf. This prevents the use of a Smple filter to remove the RF interference To
reduce externd pick up of the RF has required thet particular atention has been pad to
al agpects of the sgnds (grounding of cables, connectors, etc). To compensate for the
unavoidable plasma pickup the laser pulse itsdf istriggered 90° out of phase with the
RF 3gnd. The phase agle can be manudly adjused. The RF dgnd is then shifted
and subtracted from the sgnd oodlected just ater the lasr pulse dlowing for a
rdativdy dear sgnd to be obtaned. Shown in FHg. 2 ae the results of ascan over the
plasma grid giving the raio of the H™ dengty to the dectron dengty.

The CRS LPD and Langmuir probe sysems used on BATMAN (or ay other test
bed) are designed to operae even when the source is a high patentid. This dlows for
sdmultaneous messurements  of plaama parameters  and the extracted H™ ion beam both



amplifying and improving the esse of devdoping modds and other theordicd
andyss.

Test Bad MANITU

The MANITU tet dand is dedicated to showing the two aspects of the ITER
requirements that are dill outdanding. The fird is extraction of the ion beam over a
reesonable Sze and the second agpect is to demondrae long pulses with the RF
source. Going from BATMAN with a 70 om? extraction area ad a duty cyde of
aound 2% to 174cm? - 188cm? extraction aea and essntidly CW opeation hes
presented severd sious technicd  chdlenges.

The tex bed vacuum is supplied by a bath cryogenic pump devedoped in a
collaboration with FZ Karlguhg1l]. Operaiond experience has shown the pumping
goeed is auffidet to dlow opedion a dl planed ges flows. The pump is
regengated daly to prevent builld up of hydrogen. A new CW high voltage power
supply wes inddled and commissoned in the 2005 summer mantenance period. The
extraction and accderation voltage (mex. 15 KV and 35 kV respectively) is controlled
by a unique dud tetrode sysem deveoped a IPP Gaching. A long pulse capable
cdorimger  built from 4 ASDEX taget pands (water cooled) with acdorimger cross
between them is currently being commissoned. For MANITU we quote only
dectricdly messured ion currents.  According to the results with the short pulse
cdorimeter  the cdorimetric  current is expected to be lower by afactor 0.75 to 0.85.
Ether water tanks or polyethylene to reduce the neutron flux expected to be presant
during deuterium operaion provides radigion shidding of the test bed (Hg. 3). Three
neutron monitors and one gamma ray detector are inddled in the periphery of the test
bed to monitor the rediaion leves. The test bed is controlled by a Semens S7 based
control system and uses apMusic based DAQ. The data from each shat is archived a
the centrd  data dorage fadlity of IPP Garching.

The RF generator for MANITU is 1 MHz and rated for 180 kW for CW operation.
However, as the pulse length has been increesad weeknesses in the design of the
connections,  tranamisson lines, and the insulaing transformer have become gpparent.
A oconcerted effort has been mede to improve dl these aspects of the RF sygem. All
connections  are now olid grips of condderable width as opposed to cable connections
and where possble drgps are used ingead of cables codling hes been added where
necessary.  The trandormer for isolaing the RF generdor  from the source high
voltage is the find component that is in need of work. The trandormer is a ferite
trandformer  with a3:1 winding ratio. The farites themsdves are ar-cooled and show
only a modest temperature rise dlowing the current desgn to be usad for pulses of
sverd hundred seconds. The more dgnificant problem is damege to the insulaed
cables in the trandformer  that is occurring & ceatain aress where ahigh dectricd  dress
is presant even though the dectrica  potentid  presant is Sgnificantly  bdow the rated
cgpability of the insulation used.

Additiondly breskdoamns can occur in the RF cail itsdf when the source filling
pressure is reduced bdow 0.4 Pa or RF power increeses above 75 KW. Both of these
problems seem to be due to formation of locd glow discharges tha gradudly damege
the insulation of d@ther the coil or the trandformer  until a breskdown occurs. Severd
goproaches to reduce the probebility of aglow discharge developing are under Study.

Sgnificat  increeses in beam on time have been accomplished in the ladt year
going from pulsss of tens of seconds to pulsess of over five hundred seconds
(maximum pulse length 600 9). In addition to those thermd agpects that had been
atticipated, some of the increeses in pulse duration would uncover unanticipated



wesknesss  in the curret desgn that required revison.  There have been three
primary modifications to the source design added over the last year dl prompted by a
desre to contral the tempearaure of goedific pats of the source during long pulses
better.

With the edge cooled Faraday shidd the pulse length was limited to less than 40 s
then the copper dated glowing. The fird improvement was an activdy cooling system
for the Fraday Shidd tha adds weter- cooling channds to the wdl of the shidd itsdf
rather than reying on thermd conduction to the edges of the shidd. The pulse length
then could be extended to goprox. 200 s (Fg 4). But the ion curret fals with
increesing time and the dectron current arts to rise after afew seconds and increases
by afactor 3 during the pulse. The cesum 852 emisson increeses in the same way. A
rough esimetion showed thet this rise can be explaned by the cesum coming off the
hegted plasma grid, therefore it was dear that atemperature control of the plasma grid
IS of grest importance.

So the second modification  was the addition of an ar-cooled plasma grid with a
extraction aea dightly extended from 174 to 188 cm® This grid uses forced air
cooling during the pulse to keep the temperature of the grid congant and between
pulses both reduces the ar flow (by acontrd vave) and engages an dectricd  heater
that serve to keep the grid & a user defined temperature. The plasma grid currently in
use is amodified grid from the pogtive ion sysems for the ASDEX Upgrade neutrd
beam hedting ion sources.  As the extraction aea was greater than desred of an un
cooled mesking plae was inddled just above the grid. After this change the currents
remained more or less condant during the firg 200 s (Hg. 5) with best reslts o far
for the ion current gpproaching 4 A (210 A/om?). Fig. 6 shows a600 s pulse. Common
to dl pulses in excess of 200 sisarigng dectron current with time, smilar to the case
with un-cooled plasma grid, but ddayed by 100 — 200 s The hegting of the un-cooled
ogrid mesk by the plasma is bdieved to be one of the causes of source degradation
during long pulse operdions However, the mask dlows easy vaidion of the
extraction aea to determine the optima vaue Once tha is found a new ar-cooled
plasma grid will be fdoicaed with tha extrection aeg, dlowing, it is hoped, for
increesed  pulse duraion.  The find improvement to the source was to provide a
temperature  contrdl  unit to the codling water of the source body dlowing the wadl
temperature to be contralled. This has proven effective in contralling caesum use in
the source.

Initid results for deuterium operation on MANITU can be found in [12].

Test Bad RADI

The W7AS ddleaor was decommissoned in 2002 and the injector box of the
Radid Inector[13] was avalable to be used as the mounting and pumping system for
the “Hdf- Szed ITER’ source proposed by IPP Gaching in 2003[3]. The test bed is
shown in Hg. 7 and the source itsdf in Hg 8. It has awidth that is nearly identicd to
the ITER reference source but is only hdf as high (inner dimensons 0.76 x 0.8 m?).
The RADI test bed isintended to demondrate the plasma uniformity of a RF source of
ITER dmensons, to demondrae tha the RF source is compdible with the ITER
reference filter fidd generated by the superpodtion  of fidds created by permenent
megnets and a current floming through the plaama grid, to gain experience on driving
more than one driver with asngle generaor, and to test an ITER- like RF drcuit.

The vacuum chamber of the test bed is equipped with a Ti getter pump with a
pumping speed of 160,000 I/s but with alimited duration (some 10 9). As it was not
intended to extract a beam from RADI and to reduce the cost of condruction the



plasma grid inddled in the test bed differs from the plasma grid propossd for ITER
The grid is not eguipped with extraction gpetures indead it has dits with chevron
beffles that give a gas flow through the source equd to that of the ITER source The
chevron's dlow for adjusment of the rate of gas flow through the source to invedigae
its effect on the RF sysem and H™ generation in the source. It is planned to use bath
hydrogen and deuterium gases on the test bed.

The tes bed has two 180 kW, 20 s pulse durdion 1 MHz RF gengators.  Each
generaor is connected to two drivers (identica  to the Type 6 driver) in series via a
metching network and coaxid transmisson line As the test bed has no extraction (the
source is a ground potentid) it is possble to avoid the use of an isolaion transformer
& is usd on the other tes beds. This dlows for the use of a RF drauit that is
conceptudly identical  to that proposed for ITER. It ispossble toinddl adished plae
over the RF drivers of the source and test vacuum operation in addition to operaion in
ar.

The test bed is operated from aremote location by a contra sysem and DAQ that
usss the same hardware and Smilar software to what is used on MANITU.  All data is
gored in the centrd gorage fadility of IPP.

The megnetic filter fidd will be generated by a combination of permanent megnets
and a current flowing through the plasma grid. The current is provided by a power
supply rated for 12 V, and 5 kA. The PG filter supply hes been teted on a dummy
load successfully.  Samarium: cobdt permanent megnets will be used on the outsde of
the source to provide the gatic part of the megnetic filter fidd. An option is avaladle
to introduce additiond permenent magnet equipped rods into the source to modify the
filter fidd.

Congdeardble €effort has gone into providing diagnogic access for opticadl emisson
Spectrosoopy,  Langmuir  probes,  lasar  photo- detachment, and cavity ring down
gpectroscopy.  The Langmuir  probes will be of the type used on BATMAN  but will
have alonger droke (500 mm) endbling messurements  from one Sde of the source to
the middle or from the driver to the grid. Two new 3-channd spectrometers  have been
commissoned and additiondly up to 3 angle channd spectrometers  can be used to
dlow for multiple smultaneous messurements. A totd of 16, 40 mm dianger, ports
ae avaldde for diagnodtics

As of September 2006, dl services and the control sysem itsdf have been
commissoned. The fird plasma was generated in the bottom two drivers on 27/07/06,
Oetals of this plasma and further detals of the test bed can be found in [15].

BIASNG THE PLASMA GRID

It has become common practice to hias the plasma grid to suppress co-extracted
dectrons. The efect of biasng the plasma grid is one of the few aspects of H ion
source development  that is universd; it is indegpendent of how the source is operated
(volume or production) or source of plasma (filaments or RF cail). In dl cases the
dectron and ion current are not affected by the bias until a certain threshold is passed
and then both the co-extracted dectrons and the ion begin to drop. The co-extracted
dectron current decreases fader than the ion current does, endbling the user to contral,
to adegree, the ration of H™ to dectrons extracted from the source.

With the Type VI source & BATMAN biaang weas used both with the older CEA
orid sysem [6] and with the large area grid. As the large area grid reguired masking
to reduce the extraction area an extend plate was added over the grid to reduce the
aea of biasad plasma grid that wes exposed tothe plasma as it wes fdt tha the
current would othewise be too high for the power supply. Invedtigations of the effect



of biaang the plasma grid have been caried out with the LAG on BATMAN ad the
results are shown in Hg. 9.

This data shows anumber of interesing festures.  The firg is that the reduction of
current effect of biasng the plasma grid does not begin until one crosses a threshold.
That threshold is proportiond to the plaama potentid  of the ion source. The second is
that the dectrons are more drongly affected by biasng than the H™ ions. It is possble
to reduce the co-extracted dectron current to nearly zero if you are willing to pay the
price of areduced ion current. The third is that the decrease in co-extracted dectron
current is exponentid.  The fourth is that the bias current dravn above the threshold
increases linearly with increesing bias voltage These two points meke it unlikey that
the bias current is composed soldy of the dectrons removed from the beam.  The fifth
is that in the case of udng acurret limited bias power supply in Stugtions where the
voltage limit is high but the current limit is low for that voltage sdting (bdow what
the linear increese of bias current would require) then the resultant suppression is
much the same as for a voltage that corresponds  to the current dlowed to flow.  Thus
if operation in acurent limted mode is desred sufficent current must be dlowed to
flow for the voltage goplied to achieve the meximum potentid biasng effect.

If one deps back from the experimentd obsarveions and consdes wha is
obsarved and asks the quetions “Does this function the way | would expect? or
“What is going on here?’ it is difficult to escape the fact that the understanding of the
gtuation is poor. If the plasma grid is conddered as a Langmuir probe immersed in
the plasma then the current characterigtic obsarved is a vaiance with the typicd
Langmuir probe sgnd. If you would ask the quegtion “If one wishes to prevent the
pessge of dectrons through apeforaed plae what polaity should the plate be biased
a? the dandard answer would be negatively yet in the case of abiasad plasma grid
that is not the case ad even more puzzing is the fact that when negativey biasd
there is no effect co-extracted dectrons. If the H™ are largdy produced on the plasma
orid itsdf then the question of how you remove them from a pogdtively biased surface
needs aso to be conddered, or what effect the bias has on ther initid dSating energy.

The question of how biaang the plaama grid reduces the co-extracted dectron
current is dso unansvered.  Clearly the neture of the plasma near the plasma grid must
play a citicd roe in deermining how the bias effect opaates However, the exact
naure of that plasma is not well undersood. Consderable evidence has accumulaed
that the plaama in front of the plasma grid may condst of a mix of pogtive ions
dectrons and negdive ions but where the negdive ion dendty is not trivid. Also
depending on the exact conditions of the plasma the meen free path of negdive ions
can be condderably larger then the 1 or 1.5 cm often assumed by the community,
egpedidly if the dectron dengty islow and the dectrons themsdves are cold as then a
much lower calison frequency hes to be assumed. The rdativey high perpendicular
mobility of H™ ions with respect to the filter fidd may dso play arde The naure of
the sheath before the plasma grid may play as ariticd arole and its nature is equdly
poorly understood.

On one hand, the actud effect of biaang the plasma grid is one of the successes of
the devdopment of negative ion sources of neutrd beam hedting as it does what the
community wishes, it is trivid to pafom and it works for everyone in the same
fashion. On the other hand, it is a poorly underood phenomenon worthy of more
atention then it has so far recaived.

FUTURE PLANS



For the tet beds a full experimentd progran exids for the next year. The
cdibration of the RADI diagnogics will continue on BATMAN. A new oven will be
teded that replaces the current caesum ampoule with a dispenser dlowing for more
control over the rate of introduction of caesum into the plasma

The dtution on MANITU looks promisng and desgn and tesing of an improved
plasma grid without grid cover is planed. This coupled with anew desgn for the RF
coll will dlow the pulse length to be extended to one hour. Once this is achieved then
operationd dudies in deuterium can begin in earnes.

Fnd commissoning of sysems and initid experiments on RADI will begin
shortly. Once this phase of the project is completed the bulk of the diagnogtics can be
inddled and experiments begun on plasma uniformity, effect of the megnetic filter,
eic. Aswdl engineering work has begun to devdop adesgn that will dlow full
extraction & the RADI test bed. The pulse length will be limited to 10 sbut the
extraction area should be goproximatdy  hdf that of the ITER source
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Tables

Table 1. Shown bdow isthe current status of the devdlopment & IPP compared to the ITER requirements.

ITER Reguirement Satus of Devdopment
Extracted Current Density: 20 mAcm “ D~ Boms ted onH
Ratio of dectron toion curret: <1 Bt ted on B
Pulse Duration: 3600 s & B Bmsed on §
Uniform Pasma & B Bmsed on B
Copable of low pressure operdtion; 0.3 Pa Bomiz ted onH &
Can use ITER Magnetic Hlter & B Bmsted onB
Suiteble for large area extraction Paned fora R ts H




Houre Captions

Figure 1. Shoamn above is the line averaged H™ dendty measured by Cavity Ringdown  Spectroscopy

with the smultaneoudy messured ion current density for two different source pressures a BATMAN.

Also shown s the expected H™ densities for two free fal cdculations The messurement ismede 3 cm
above the plasma grid. It is unlikdy tha the meen free path of 7.5 cm is redidic; this curve (free fdl
23 eV) isintended to show that it is posshle to achieve the messured rdationship.

Figure 2. Shown above ae the results for Laser Photo- detachment messurements on BATMAN
giving the ratio of the H™ dendty to the dectron dendty for different podtions 3 cm above the plasma
grid. At -6 cm the bias plae screening  the plasma grid ends.

Figure 3. Shown aove is a 9de view of the MANITU tet dand with dl mgor components
indicated.

Figure 4. Time traces of a 180 s pulse showing ion current, dectron current and intendty of the
CsB852 emisson. Pulse is paformed with an edge cooled plasma grid.

Figure 5. 240 s beam pulse with an ion current of 3.8 A, achieved usng the attivdly coded plasma
orid.

Figure 6. Time traces of dectron and ion current for a 600 sbeam pulse
Figure 7. Shown above isaschematic of the tes bed RADI with the mgor components  indicated.

Figure 8. Shown aoove is a shardic of the “Haf Szed ITER Source’ inddled on the RADI test
bed.

Figure 9. Shown &ove ae the resllts of a bias scan taken @& BATMAN. The ion and dectron
currents as wel as the measured  bias current for different biss voltages are shoann.  The points above
26 V were taken with the bias power supply limited to the bias current obsarved.
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