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SPIDER full-size prototype source for ITER HNB @

first plasma [

influence of vessel pressure on
RF discharges clarified >

first extracted beam, >
masking most extraction apertures

6T0C

source plasma studied with movable probes >

Improving availability and reliability ‘
[1h/day plasma on]

Full scale plasma source of ITER Heating Neutral Beams;
RF plasma source based on IPP design, 2x ELISE

HV >30kV available >

Targets: optimisation of
First operation with caesium P

o Extracted current density (355 A/m? H-, 285 A/m? D)
e Uniformity over 1280 apertures (within 10%)
o Stability (1 h beam)

o Co-extracted electron fraction (<0.5 H-, <1 D)

N
N
shutdown for improvements > =
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First Operations with Caesium

of the Neqgative lon Source SPIDER
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¢ Short-pulse operation (~30s plasma, ~15s beam on)
about 1500 blips with Cs

e Investigation of
— parameters influencing caesiation

— beam optics [at low RF power]

— HV-related technical issues AG EG
()
—
lae! lec
- | |I
At sufficiently high Ugg, i =
extracted ions and electrons: =I —
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le ~ leg - lac ﬂ || |
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o SPIDER full-size prototype source for ITER HNB

o Effect of caesiation parameters
— Cs evaporation rate, pulse repetition time, PG temperature
e Main beam features

— Single beamlet optics at low energy
— Tuned RF power to compensate non uniformities

— Stability in deuterium

e Conclusions: performance throughout campaign
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o Present limit for reliable beam operation 50 kW/driver

Electromagnetic
screen ERE
RF antenna —__

¢ 4 horizontal pairs of RF drivers

Faraday shield

¢ Pulse duration limit due to power on defective
passive element (i.e. <40s @ 50kW/driver)

P. Jain, poster #142: Experimental investigation of RF driver equivalent
impedance in the inductively coupled SPIDER ion source

R. Casagrande, Techniques to widen the operational space of
SPIDER radio frequency driven plasma source

Pair of drivers
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o [, creates horizontal filter field
(before PG, about 1.6mT/kA)

e Bias of Plasma Grid (PG)

e Bias of Bias Plate (BP)
(either current- or SBP

voltage-controlled)
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Plasma Grid (PG)

o [, creates horizontal filter field High Voltage Deck
(before PG, about 1.6mT/kA)

Uag U
e Bias of Plasma Grid (PG) G e =

hh

e Bias of Bias Plate (BP) la leg

Acceleration grid
(AG)

e EG power supply: 0-12kV

_"/'- -

— e AG power supply: limited to ‘
= about 45 kV
Lé . . : :
~ \fr;ez; o Nominal ratio U,5/Ug; = 9.5 | il
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~0.6m
< g e |, creates horizontal filter field
Segst  sigse | sssis 1 osite deflection e
Eggi ;§§; E*E EEEEE :} Slzgtror: dcelflfelctiton by (before PG: about 1.6mT/ kA)
Sogse Sssss sssss scess magnets
sisss  ssser  ssass ssie e Bias of Bias Plate (BP)

P - T T ¢ Bias of Plasma Grid (PG)

s3sss s  ssss  seiss e EG power supply: 0-12kV

S3382 Sebs: sssss  seess e AG power supply: limited to

i OEEOEED o about 45 KV
_..... oseee aseee osees o
s2g2s  sages  ssses  sssssl | S

Frirris o Nominal ratio Uyg/Ugz = 9.5

W A o « mask covering most
se38s  2:3 s ssles apertures at PG:

;;;.; ;;; ;;.;; ;;;; — Limit on vessel pressure (45mPa) _' ' " }

s G s ~ Limit on gas load to cryopumps | I
i R oEM oM (40 bar L  day) |

(90089 9988E 9ENOS 0968 (view from

e L iiee | geage gesssl § downstream) — Choice of beamlet
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e SPIDER full-size prototype source for ITER HNB

o Effect of caesiation parameters
— Cs evaporation rate, pulse repetition time, PG temperature
e Main beam features

— Single beamlet optics at low energy
— Tuned RF power to compensate non uniformities

— Stability in deuterium

e Conclusions: performance throughout campaign
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1) Caesium injection rate

SIX APERTURES

¢ 3 Csovens installed in vacuum
e characterised in dedicated test stand

e control of Cs evaporation rate

CERAMIC

SUPPORT o
LANGMUIR-TAYLOR - repeatab"'ty
DETECTOR .
150 —
100 Measured evaporation ‘ ‘ affects source operation

- rate follows Cs vapor .

: \gr‘:elssure in reservoir , L 2mIn3 ~ affects voltage holding of accelerator

' o B ..uaumammuhmw"'ﬂ
— 10 F 100} ...:"
:"":'\ ; = Z z..i
Y [ N =
-E- [ Qﬂf\z\; 9 ./ . 12mg/h /3
F - = I l_‘ ot umnmpnmuﬂ'mw
E 1k o 50 '....'ml"' ":!."

.J ‘ i 6mg/h/3
h ® OvenSID VSID,standard
0.1 L L L 1 4 0 r | | \ 4 |
0.0021 0.0023 0.0025 0.0027 0 50 100 150 200 250
-1 Ve v [V
1/1;69( ) SID bias [ ]
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1) Caesium injection rate

SIX APERTURES #3
AT NOZZLE HEAD Cs evaporation
, (measured between
lasma pulses
Cs density measured
CERAMIIC at extraction region 41

(between and during

. SUPPORT
LANGMUIR-TAYLOR plasma)
DETECTOR
100 . 150 ‘ ‘ 5.2E+14
Measured evaporation Po-=50 kW/driver, p;=0.4 Pa, l,c=1.2kA
rate follows Cs vapor 24mg/h/3 4-8E+14 T op) 1BP=80 A
pressure in reservoir 0 " ", 4.4E+14 PG temperature 80°C
N . mb.'.tuaum-cmmuf:mmw 4.0E+14 [ LAS3atz=515mm
.....i" ', ) ' 3.6E+14 | 9107,9097,9119,9123
— 10 - 100t 'm: —_ ®
2 —_ n i
i e o e 3.2E+14 plasma on
En = = 286414 |
e}
= a ' 12mg/h/3 8 2.4E+414 |
- o) 0 " ¢ " L&
£ ) - b l;w“.iphqmnﬂwﬂ'sz““"‘“ i 2.0E+14 |
- L ¢
' " - 1L6E+14 | 4
'R :o MY /3 1.2E+14 | o
' 8.0E+13 | e in vacuum
) Qwven SID r VSID,standard 4.0E+13 B ‘0"_ .0
01 1 L 1 0 | | | 0.0E+OO 1 1 :
0.0021 0.0023 0.0025 0.0027 0 50 100 150 200 250 0 10 20 30 40
1/1;69(-1) Vsipbias [V] total Cs injection rate [mg/h]
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2) Repetition rate of plasma pulses

o For given Cs injection rate and source
(saturation currents; parameters:

one point requires hours
of operation)

(00 AGPS V/10 000 ISEGV 000 ISEGI ee AGPS | |

T T 20 250 — Longer time between plasma, better performance
5| gpemsgmw | |cmmmeEmEOmIOED @ EXQDOTD EOM _ O GIDO ) C0X0%Y' _ . )
e \Jec — Shorter plasma-on time, better performance
R |- o= o~ =~ s R - 200
L | g o i S e s | g "g‘_ « Equilibrium between positive and negative
> IR | S S w | "}_J’ fluxes of Cs to converter surface
L7 SO |- EEEEE i g = e _ . .
S T - (o S| o--F"7"| o During plasma, two possible mechanism
3 2 a5® O Loy O - 2 o b | -
b o0 i iffelw®T X TR Lo oBl IR INe (competing)
A : !ho__'ifg'_'f‘:L_ﬂ: % I
| [ N i g " ‘35;“;3; E‘;‘f’“-;‘f’;ﬁA m'=6 mg/h — Plasma removes Cs from converter surface
__‘_.u_._m_.________ﬂ:_ p=0. 3pr=_-
P e S T e o LPw=S0kWdriver, UeeS kY — Plasma increases Cs transport towards

0 —— R ' 0.0
N KON\ NI\ NI R I A I .
% \9-*\ o p® \j%“ W ® f“ \9'°T o 2 4 6 8 10 converter and/or reactivate Cs layer

. e lhan} blip repetition time
Plasma blip rept. rate

40sec/3mins Twdimm  Mesdamm  2secfomis » During vacuum phases, sticking to converter
27sec/3min _ surface of Cs
27sec/4Amin
27sec/émin
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3) Dependence on plasma grid temperature

e Thermal desorption at converter is a further contribution to balance of Cs at converter
e PG temperature: can be controlled between 35°C and about 150°C
o steady-state extracted and accelerated currents: in general, beam performances decreases above PG temperature of 80°C

e (s density at extraction region decreases with PG temperature, both in vacuum and plasma phases

1.6E+14
200 b 27splasma, 3 min repetition | | 275 plasma, 6 min repetition Pae=23 kW/driver, p;=0.4 Pa, lpc=1.2kA
/ ISBI,ISBP=80 A
x‘ Cs 12 mg/h .
! “
S o.. ] 126414 | e
150 | ,_/ | -H-H-\-\.,_\_ EG '..
Nl_l . . _J’,f hh-\-.__ —————— _F. . — .".pfasmaon
_______ - —~ l'l:l *e
E ||e ¢ o ko E
—-———T——- P — T - “'—. [—
< le . JaG S BOE+13 |
Rl 100 B I'.I - | &
. o \ CURRENTS DRIFTING . = o
"'.: \ DURING EXTRACTION e i
© .
'EI 1 el '] L'-, e
" — A0E+13 F nvacuum 7]
50 - o &
- '.. .
p=0.4 Pa, Pp=30 kW/driver, B .
Uont=5kY, Upc=40kV o107, 5203, 9167
m'=6 mg/h, 27s plasma, 6 min rept. ! !
0 1 1 1 1 1 1 1 1 1 1 0.0E+00
20 40 60 80 100 120 140 20 40 60 80 100 120 140 20 40 60 80 100 120 140 160

[+]
PG temperature [°C] PG Temperature [°C] PG temperature [°C]
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Influence of caesiation parameters in SPIDER, short-pulse op.

Build-up of Cs layer at converter is a
balance of competing processes

Normalisation: “duty cycle/evap.
rate’

tplasma

V= 7
trept m

In the plot, saturation values of jgg
and j, for various plasma duration,
pulse repetition time, and caesium
injection rate

PG temperature has large influence,
not included in this normalisation

Example:
at 50kwy/driver, jgectrons/ Ju.= 0.35 at v = 0.013
Target: 4 min every 16 min - duty cycle 0.25
Cs evaporation: duty cycle / v =19 mg/h

300

250

200

[A]

150

JagrJeG

100

50

duty cycle/evap. rate (h/mg)

duty cycle/evap. rate (h/mg)

solid symbols: j ., void symbols: j 125 ° C 80° C
D=0.4 Pa, Par=30 KW/driver, U,,=5kV, U, =40kV y Psy=0-4 Pa, Ppr=50 kW/driver, U,,;=6.5kV
- PG temperature 120°C X = PG temperature 80°C
. . 27s plasma discharge
Cs total evaporation rate and plasma duration: ,Q P 8
m'=6 mg/h, 40s plasma discharge Z - 0 35 o
m'=6 mg/h, 27s plasma discharge ,f/ Je/-l' ' - \ ‘"
e m'=6 mg/h, 13s plasmadischarge /f" //’\ §)
m'=12 mg/h, 27s plasma discharge ! e J <
’ | ﬁ" EG bk
: S ANE
// H 12mg/h, el. N4
L ‘ J EG rept. 3min J N §
. ) AG o &
O ,/-’ _LQ_ . // < -g)
g 8 -eog | S
-—’Jr@/ / , _‘q_h—ﬂ_—_h..‘“‘qﬂ-___ / b
_ - . |lI- 6mg/h Bm 8 h, - 0 §\
i ] [ 24mg/h, f.*’ rept. Bmin rept. 3min N
0 rept. 6min | \ §
6mg/h, 27s 1 /
@ arept.6min InG g
f ' T - @ 6mg/h, 40s 12mg/h,
B a55-“5.--' h,27s N S rept. 3min rept. 4min
{rept. 9min AN '““H-_h
/ \ emg/h, 27s "“=~._%.
12m }fh.u 12 mE/h, rept. 3min
|'ept.86m'|n 6me/h, 1.35 rept. 3min
rept. 3min
BEAM BLIPS FROM MACROPULSES:
8913, 8923, 8929, 8947, 8942, 8943, BEAM BLIPs FROM MACROPULSES:
8949,8968,8072,8973, 8977, 8981 9097,9071,9123,9119
L L [l 1 L [
0 0.01 0.02 0.03 0.04 O 0.01 0.02 0.03 0.04
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Emittance
scanner

e SPIDER full-size prototype source for ITER HNB

CFC
calorimeter

e Effect of caesiation parameters .. o, W
«STRIKE» [ =it (gp " @ "

— Cs evaporation rate, pulse repetition time, PG temperature
¢ Main beam features

— Single beamlet optics at low energy
— Tuned RF power to compensate non uniformities

— Stability in deuterium

e Conclusions: performance throughout campaign
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Multibeamlet optics at 23 kW/driver: 3 adjacent beamlets

o Either usign IR imaging at CFC tiles C. Poggi, poster "Phase-space characterization of SPIDER beam
or Allison type Emittance scanner using an Allison type emittance scanner’, (session 2 tomorrow)

o Emittance scanner intercepts three adjacent beamlets along its vertical run

 Optimal divergence about 13 mrad (at beam energy approx 45keV) --transport back to GG..

SHOT 9203 - BLIP 10 - 34.8 keV SHOT 9203 - BLIP 10 - 34.8 keV
100 24 100 T T T T T 5 0
—>— 80degC ( /
20 =6 125deqgC 80t ]
22 - 140degC ra) -5
(U 60
80 - —
- E 40+ 1 y . .
o~ < 20 - I 20 | -10
N 70 é () J
£ > = 20+ '/ . B
< 60 £ 18 c o — & || 11 .- 152
g g G ”\ K NG T <
t E’ -_— = l\\_‘ a g
3 50 5 S A i , 2°
] 16 — -40
= E -40 -
40 1 ]
> e ] I 25
Y, 14 -
30} - )
20 : - 12 - -100 " : : : -60
2 3 - 5 2 3 - 5 -800  -600  -400  -200 )
EGV (kV) EGV (kV)
AGV=-31.5, EGV=-3.4 (kV), R=9.3 2100 -
Exam |e . €4=22.9, €5=22.4, ¢;=22.5 (um)
. 7,=6.7, 0,=6.4, 0. =6.2 (mm)
p . ﬁ4:10,4, 555=1o,1, a‘Z=9,6 (mrad) 2001
center beamlet, current and divergence imsatmeatmason |
. . 1,=613, jg="57.7, 5 =-61.5 (Wm”)
Ugg scan with varying PG temperature w0 |
-50 50 100 15i

Vertlcal position [mm]
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Multibeamlet operation at 23 kW/driver

ee)ee eboee 20 100

Ss3e 38388 s | \:‘ £ vy . « High filter field, high PG bias improves

Se38s 332 T o | : ’ i electron to ion ratio; however vertical uniformity
sESs oSSt o o | i el becomes poorer

33222 22822 2| pmerzaw | i |

S B o ' » Balancing RF power, the beam vertical profile
saSs sESSt | = s | | can be tuned

HE S L ] N, | 1. a

sites s ¥ N o Example: beam optimised for 4kV extraction
Seass 5% ' T : | o .

saVis sssss & [ Posdnverzmow | ° o e Minima of beamlet divergence rather flat on the
R R ! e [ underperveant side: nonuniformities on the
.b-g. (1111 [3 : ~ 80 L .
seass 5SSt £ o) N : , scale of the beamlet group can be dealt with

[ L1 1] o099 ® = > 60 i

E':g:'E EEE:.‘E -§ 10 | | E ' macropulse 9281, 9282 o

::::: :::z: kT i | g or E Uext SCaN, Uye/Uey=9.5 AG EG

55355 EEEEE § 5 Pe/driver=23kW i s = E m;‘i%%f: ’(1.6mT)

eefas. —Gssse o L — : 0 ' ' 23KW<P e /driver<40kW, e lEG

sssse oessse 20 : 100 | Jeli-acc = 1 @4kV ‘

o000s o000s | ! . STRIKE at 0.5m, width 1/e | ||

esess oeses | E 15 | ! T8O ] : :

e oooos % i i o | : Beamlet current density based I : ::

E':gii EEE%E g 10 | g E‘ i on current collected at calorimeter ——» I i il

eee®® GeES® | - ! g 7 v (Istrike < 0.85 14c) :

EEEEE EEEEE .;.E: ’ _m E g 0r : Purpose: optimise current density 1 I ﬂ || I

seVes SS3es & ) [PeldmveeW M : for 4 kV extraction voltage Istrike T ==

2

5 2 3 5
bext [kVT‘ Uex [kV] E with Caesium of the Negative ion Source SPIDER




Multibeamlet operation at 23 kW/driver

» High filter field, high PG bias improves electron

Positive saturation Positive saturation X . . . .
currental PG probes curtent i PG probes to ion ratio; however vertical uniformity
s00r ssiss sesse 800r sasse  gose 10 becomes poorer
ool N . o Balancing RF power, the beam vertical profile
. can be tuned
400 + 200}
K o Example: beam optimised for 4kV extraction
. 200 200}
E E 16 . .
£ E 2 » Minima of beamlet divergence rather flat on
] = Of 45 = . . "
- ¢ B the underperveant side: nonuniformities on the
" 200 "o (HE | scale of the beamlet group can be dealt with
i 3
nad 4007 e Positive saturation current at PG shows same
2 [} [ [ [
w00l ol improvement of vertical uniformity
1
“00 J";JU “-;:;0 ““; 260 800 -460 “;3'0 .“; 2(;0 4(;0 ’
Horizontal (mm) Horizontal (mm)
Pre/driver=23kw Pre/driver=23kW
Pre/driver=23kw Pre/driver=28kW
Pre/driver=23kW Pre/driver=23kw
Pge/driver=23kw Pre/driver=40kW

ICIS 2021 - E Sartori - First Operations with Caesium of the Negative ion Source SPIDER



Multibeamlet operation at 50 kW/driver @

Note: measurements only possibile with

« Structure within each beam segment is visible 250 Unel Jee < 9.5, poor ransmission and divergence
(beamlet group dimension, or projection of RF - .
driver) Hhor £ 20 A

1 — ®. o o . ~®
T - m e = _/\ 0 A l' \04/
e Qualitative agreement of IR analysis . g ™0 7e N \B 7/ v
e 1 | L S =9
and visible tomography + 1: 0
I .~
MO S s
| (]
R, .
: 3 0 STRIKE IR analysis
[F}
;‘:’, 15 | shot=91?3 7.5 k‘u’I
; ) :/. . ’._9_. *
M.Ugoletti, poster "Study of SPIDER beam current through visible :é ¢
light measured by beam imaging diagnostic" E
j (<))
M. Agostini, poster “ Characterization Of Spider Beam Optics , | Visible tomography L
Wlth V|S|b|e Camel‘aS ” 800 -600 -400 -200 0 200 400 600 800
y (mm)
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Multibeamlet operation at 50 kW/driver @

Note: measurements only possibile with

o Structure within each beam segment is visible 250 UnelUeg < 9.5, poor transmission and divergence
(beamlet group dimension, or projection of RF - .
- e E 200 700
driver) HML = . . o L
: : : ) - = 150 _A < ll Yo7
e Non uniformity depends on extraction voltage: [ 2 ° v ON_/ O
L ° =)
[ ] "d':'; 100 o
Shot 9114 - blip 3 (RF = 100 kW, I,,, = 1.5kA, - O 50
ISBI = 80A, ISBP = 80A, 24 mg/h) [ 2
P 5 STRIKE IR analysis & Hall sensors
@ 0 .
162.5 S -800 -600 -400 -200 0 200 400 600 800
< y (mm)

130.0 |
Hall sensors (LEM)

975 | [with eeller]

65.0 |

325 |

\\\\\\

Accelerated current density [A/m?]

0

01kV 2kV 3kV 4kv  5kV  6kV 7KV 8kv 9kV { ,
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Multibeamlet operation at 50 kW/driver

e Forthe same source parameters, by improving
caesium condition, j- see an increase especially
at beamlets with lower current, improving the M
overall uniformity e
(in this example, either by reducing PG temperature
from 125°C to 80°C or by increasing the Cs
evaporation rate, the overall uniformity improves) yinleln

Accelerated current density [A/m2]

beamlet current density [A m2]

250

200 |

150 +

100 ~

50 |

250

200 r

150 -

100 r

50

U,,=6.5kV, U, =45kV

24 mg/h
0

-
[}
L]
[N}
[}
[}
[}
)
1)
1)
)

#, LN
”f '
Lyl
‘e
I”
.
@

@
* 12mg/h
6 mg/h

’o
Y

* Sa
I‘ Sa
. .
S S
o O

5 g e
8 f" ’,::, NPt &

400 800 1200
Height from the bottom of PG [mm)]
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Beam stability and operation with deuterium @

Shot 9146(blip 1) Shot 9399(blip 2)

 Only two experimental days dedicated to deuterium e ey S Oy
lpg=1.5 kA, p;=0.33 Pa IPG=1_5pkA, p=0.4 Pg

o One example of blip stability at 50 kW/driver is Z |H | B :

reported for comparison against hydrogen 5 " MEGI
» Hall sensor measurments correctly indicate the g
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Conclusions: performance throughout campaign
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Effect of caesiation parameters
explored in the SPIDER giant
source

Extracted negative ion current
density in the range of
150-200 A/m? at 50 kW/driver
in hydrogen, with electron to
jon ratio below 0.5

Beamlet divergence as good
as 13 mrad, at beam energy of
45 keV (23 kW/driver with
approx 0.32 Pa)

AG power supply
current is well below nominal value
and it is affected by
large noise/signal ratio.
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o
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e Phase 1 and 2: good vacuum conditions and caesium effectiveness
but insufficient acceleration voltage
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o
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— accelerated current lower than extracted current (ion transmission <1)

¢ Phase 3: reduction of extracted current by reducing RF power for
beamlet optics investigation around perveance match

— Deterioration of vacuum and caesium effectiveness

electron to ion ratio

¢ Phase 4: impossibility of raising acceleration voltage above 45kV
and of recovering caesium effectiveness of phase 2
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— Investigation of breakdown-related issue by circuitry modifications

gml‘ s21 R:(:;'A N2 trend E :
— air leak; temporary recovery after total regeneration E
e Phase 5: operation in deuterium

— commissioning of neutron diagnostics
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First Operations with Caesium of the
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Beam properties vs plasma properties at 23 kW/driver

All parameters vs PG bias and BP bias

Determining role of PG bias in j, =
monotonously decreased with bias
current

Positive ion density at BP decreases
with bias current

Positive ion density and temperature at
rear wall increases with biases
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