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BATMAN Upgrade: arma Grid
a well-diagnosed, flexible test facility Extraction Grid
Grounded Grid

« 1/8 ITER source size, contributes to development
of ITER NBI source & beyond

« H- production on caesiated PG

« Magnetic filter field created either by vertical
current through PG or by attached external
magnets
— vertical plasma asymmetry caused by xB drifts!

* Three-grid extraction system (up to 45 kV)
(repeller grid removed in 2021)

Best beam optics requires U, /U, = 6.5 RF driver
(up to 90 kW,

1 MHzZ)

— beam optics studies only possible

for U,, £ 6 kV!

ex =

Bias Plate
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BATMAN Upgrade: arma Grid
a well-diagnosed, flexible test facility Extraction Grid
Grounded Grid

- 1/8 ITER source size, contributes to development Cs oven [

of ITER NBI source & beyond B

« H- production on caesiated PG

« Magnetic filter field created either by vertical
current through PG or by attached external
magnets ' B 15
— vertical plasma asymmetry caused by xB drifts! & & | E or

By i

1" Plasr

ITER source requirements , -
regarding beam optics ‘/t—-—-—
Beam divergence (core) < 7 mrad

Beam homogeneity > 90 %

* Three-grid extraction system (up to 45 kV)
(repeller grid removed in 2021) 4

Best beam optics requires U, /U, = 6.5

— beam optics studies only possible

for U, =6 kV! L

Bias Plate
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BATMAN Upgrade:
ADC magnets & grid masking

HE e

. |4 i :”“” 20k
Grid mask 200000 G Yo
* PG can be masked flexibly using plugs § ase e

* 1 HEXY

) . . . . 5 I

« Standard configuration for beam optics studies: single beamlet mask 8040
two beamlet isolated
groups beamlet

ADC magnets

« Row-wise zig-zag deflection created by alternating polarity of
Co-extracted Electron Supression Magnets (CESM) in EG

« Additional asymmetric deflection compensation magnets (ADCM):
harmonize vertical B-field & cancel out row-wise zig-zag deflection
(pioneered by Consorzio RFX) Additional

« Joint project with ITER (2021): ﬁgcnets
Installation at BATMAN Upgrade, installed in upper grid half ¥
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BATMAN Upgrade:
ADC magnets & grid masking

Grid mask

* PG can be masked flexibly using plugs

« Standard configuration for beam optics studies: single beamlet mask

P
two beamlet isolated

groups beamlet
ADC magnets

0.20

- Row-wise zig-zag deflection created by alternating polarity of IBSimu

t

Co-extracted Electron Supression Magnets (CESM) in EG 0.10 §

« Additional asymmetric deflection compensation magnets (ADCM): 0.00 5

harmonize vertical B-field & cancel out row-wise zig-zag deflection %

©

(pioneered by Consorzio RFX) -0.10 )

2

« Joint project with ITER (2021): 050 &
Installation at BATMAN Upgrade, installed in upper grid half ~0.10 0.00 0.10

Horizontal position (m)
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BATMAN Upgrade:
beam diagnostics

IR camera
Extraction U
system ’
RF driver Ot ' ‘ "] | w
R B /_g"‘"‘ ol D-CF |tl ‘‘‘‘ e 7N £ I C.W t
ar ‘ 85 cm from5@ L calorimeter
ptl " 0
S A{ I. ’ | -
T BESH
5 horizontal LOS BES2
6 cm vert. spacing 11-horizontal LQS
26 cm from GG 3 cm vert. spacing
129 cm from GG
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BATMAN Upgrade:
beam diagnostics

IR camera
Extraction U
system ’
RF driver =Ml [ X Jif" ‘ ‘ ”1 e m
-# - |l[|FO Bea D'CFQES';!;.;:\,"i?::'i" ¢ ) & Y calof':ivrr\:eter
e 85 cm er A\ 4 L
| ok 11
8000 ’ | &
geooo,  Doppler-shifted ] i
< Balmer-a radiation BES1
54 * 5 horizontal LOS BES2
S J\ 6 cm vert. spacing ; 1 horlzcr)tntal LQS
26 cm from GG cm vert. spacing
852 653 654 655 656 129 cm from GG

Wavelength [nm]

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | CHRISTIAN WIMMER | OCTOBER 7TH 2022 BEAM OPTICS STUDIES AT BATMAN UPGRADE 4



BATMAN Upgrade:
beam diagnostics

#133353
350 CFC
- footprint
= 30
250 . e
E g IR camera
Extraction -2 20 4
. 5
system E - L5
- . q
RF driver _ 100 10
I O. a0 5 Cw
| calorimeter
e || It 0 0
g 0 50 100
Horizontal [mm]
8000
geoo  Doppler-shifted ] i
< Balmer-a radiation BES1
Fie ] 5 horizontal LOS BES2 :
2000 6 cm vert. spacing 11 horizontal LQS
26 cm from GG 3 cm vert. spacing
852 653 654 655 656 129 cm from GG

Wavelength [nm]
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BATMAN Upgrade:
beam diagnostics

0.9
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Evaluation of the CFC tile calorimeter

Size of single beamlet determined on CFC:
« 2D Double Rotatable Elliptical Gaussian fit

« Core size used to determine divergence

Divergence depends on initial beam size at GG
& time frame (lateral heat conductance):

Shown shot:
0 mm initial beam diameter — 15.2 mrad divergence
5 mm initial beam diameter — 12.2 mrad divergence

0 mm diameter used in standard evaluation

& no lateral heat conductance is taken into account
— Evaluated divergence is upper boundary!
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Beam asymmetry at BATMAN Upgrade

external magnets

0.6 Pa
N : Drift u Drift down
Significant vertical beam asymmetry at P
' #135802 B #135838 B
BATMAN Upgrade (smaller in larger sources!) m
350 350 1 40
=4 Jex,beamlet a Jex,total 35
\ 300 individual 300 g >
30 beamlet
250 — 250 0 _
no measurement — ‘n — '
_ = 25 ¥ = 25 X
available £.200 2 £.200 2
3 20 2 3 20 S
3 150 % 3 150 &
Parameter variations: > 15 > s
Usually done two-dimensional (additionally 100 100
. . 10 10
varying Pgg) in order to compare perveance
curves! 50 5 %0 5
0 0 0 0
0 50 100 0 50 100

Horizontal [mm] Horizontal [mm]
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BES divergence on full beamlet group

external magnets

Horizontal BES overestimates divergence for . 0.6 Pa .
_ Drift up Drift down
non-zig-zag-compensated grouped beamlets: #135802 B #135838
_ 350 j40 350 140
Compensated zig-zag (BES2-10): B 10 o
: ; 1 35 =
12 mrad divergence 300 & 300 35
Z
. . <+ |y —r ‘
Uncompensated zig-zag (BES2-02): 250 — 250 0
28 mrad divergence T 2 S & o5 &
£ @ £ sy
=200 L =200 2
6000 T T T T — T T T E o (_U o
_ BES spectra: Doppler-shifted H, peak g 5 N % 20 g
> ' 8 150 s W 8150 s
B, Compens. S > —
. 4000 - . . a Z 15 4
= g-zag Uncompens. >
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Compensation of zig-zag deflection

« CFC footprint: good compensation to be seen visually

 Lower BES2 divergence at compensated grid half
(BES collects signal created by a manifold of beamlets!)

* Proof of IBSimu predictions

Uext 5.0 KV | Ugce 32.5 KV | Pre 54.9 kW Uacc SCan
Prn 0.6 Pa | Inias 4.2 A | Ipg +2.16 kA 60 Uyt 5 KV | Pre 60 KW | psin 0.6 Pa | lpias 5 A | lpg +2.2 KA
15 | R 35 —— BESZ (CESM) BESZ (CESM+ADCM)
Ol0I0I00 50 t lower grou
10 r—Too000 30 = group
.g 0l0l0|0l0 z - B
5 00000 ] © I
L 0|0l0/010 L g e 40
— 00000 — —
S 0[”eesee S 0= S 30 o
B 00000 B 5 c ol
o -5/ 00000 o 15 Q :
> 00000 > bt er
10 00000 10 g 20 | [ [
- 00000 5 « 200
_15 |2 3 10 | Measured divergence much ‘errre
— = u, lower for compensated half!
10 5 0 -5 -10 -5 0 5 0 ; i i P ; i
Horizontal (cm) Horizontal (cm) 15 20 25 30 35 40 45

Acceleration potential (kV)

Niek den Harder et al 2022 J. Phys.: Conf. Ser. 2244 012053
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Dependence of divergence on filling pressure

RF power & pg,, variation
- Perveance curve: decreasing . Uex =5 KV, Uy =32.5kV, 5 Abias, 2.5 kA Ipg
. . . ! ] ! I T T T T T T T T
divergence for increasing norm. ; y
B 2
perveance (P 1) 5 | 0.3 Pa
R E 20 I -\ 7]
« Strong dependence on filling pressure: E 1 -—
: : ) ey
Divergence increases strongly for % 0.5 Pa 0.4 Pa - “'w §
lower pressure S 06Pam T 2 1L _sS
_ o | = — - e S5 9
(biggest step 0.4 > 0.3 Pa) =S | 0.7Pa P — P o O UE) "
: . : : S 10l . = v2Z m
« IBSimu simulations match divergence g10r T ==
measured at higher filling pressure o |
U L
. . O sl .
* ITER requirements not achievable at L >
limited total U,
O I L | L | L | L | L | L |

018 020 022 024 026 028 030 0.32
Normalized perveance
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Dependence of divergence on filling pressure

RF power & pg, variation
- Perveance curve: decreasing . Uex = 5 KV, Uy =32.5kV, 5 Abias, 2.5 KA Ipg
. . . ! ] ! ] ! ] ! ] ! ] ! ]
divergence for increasing norm. - ’
2
perveance (Pge T) ) 0.3 Pa
- = 20 1 u 37.5kV T
« Strong dependence on filling pressure: £, \-\_ PN
. . (o) —n N\
Divergence increases strongly for - 0.5pa 0.4 Pa S
lower pressure o1 0.6Pam ! 1 <
_ o I m B | S T rE—an I S D
(biggest step 0.4 > 0.3 Pa) =S | 0.7Pa G / E <
= i N .i‘_\. / g III
 IBSimu simulations match divergence gior . 7 1= &
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(&}
* ITER requirements not achievable at 2 5 ]
. O 870 kV
limited total U,
0 L | L | L | L | L | L |

018 020 022 024 026 028 030 0.32
Normalized perveance

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | CHRISTIAN WIMMER | OCTOBER 7TH 2022 BEAM OPTICS STUDIES AT BATMAN UPGRADE 9



Dependence of divergence on filling pressure

RF power & py;, variation
Comparison of BES (single beamlet) & . Uex =5 KV, Uyee = 32.5kV, 5 Abias, 2.5 kA Ipg
. ! ] ! ] ! ] ! ] ! ] ! ]
CFC core divergence: - y
2
] 0.3 Pa cros ]
= 20 | BES1-04 S
Good agreement! £ \_\. single beamlet -
- - - . . G.) \-\ 0 N
(taking into account weak signal/noise ratio 8 0.5 pa 04 Pa —m ]
of single beamlet BES) S15F 0.6Pam — . 1 <
o | (L m . l oo
$ |o7pa R TNk E -
. £ -_ . u 1l m ¢
Possible reasons for pressure dependence: g 107 = T
q) | N’
* T,-? (energy of H atoms / positive ions) 3
] O 5L J
 Meniscus shape? O
0 I L | L | L | L | L | L |

0.18 0.20 0.22 0.24 0.26 0.28 0.30 0.32

Comparison CFC & BES: _
Normalized perveance

A. Hurlbatt et al., AIP Advances 11, 025330 (2021)
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Dependence on magnetic filter field topology

Filter field topology differs strongly between vertical PG current & external magnets!

B [MT]
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Dependence on magnetic filter field topology

RF power variation
« 1st glance: divergence seems to be Uex =5 KV, Uy = 32.5 KV, 5 A bias
_ 45 ————————— 11— _
significantly lower with external : " | | | H' :
[ g 2 ]
magnets 40 ; QJr%@ ]
. . __ 35 F [ @@,7 J
* However: beam more asymmetric with T ,hND Ce
c30F %y, ]
external magnets E 0 96,
. - . . Q - C@\D
— significant influence of higher local 225 F _\ 1L75KA log 7
(@)} O
perveance! 520 f f\ o
o [ \D\D\ a ]
o 15 F gy o oF ;
Q [
O 10 : External magnets
i -
0 . L L L L | L L L L | L L L L | L L L L |
0.10 0.15 0.20 0.25 0.30

Normalized perveance
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Dependence on magnetic filter field topology
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Dependence on magnetic filter field topology
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Dependence of divergence on PG bias

Divergence decreasing for lower PG bias PG bias & RF power variation | oidn
(less significant at high norm. perveance i.e. Uex = 5KV, Uy =32.5KV, 0.3 Pa, 1.75 KA Ipg Kaaldal
: . 25 : : : : N 0000
standard operation conditions) - ' ' ' ' g
— Effect of local perveance change — [ 5APG bias R
- : S 50 [ v ] o
(indirect effect) or starting energy of £ 20 T 1 00
J | 2 . 1APGbias®——— " ]
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T 2 E < 8 I
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Conclusion

« BES & CFC calorimetry are valuable tools for beam optics studies at BATMAN Upgrade
(their individual drawbacks need to be taken into account!)
CFC evaluation: conservative divergence estimation (upper boundary!)

 Robust compensation of zig-zag deflection with ADC magnets

 Lower filling pressure strongly increases beamlet divergence
(biggest step: 0.3 Pa — 0.4 Pa)

— Physics understanding on-going task
— lon source operation @ 0.4 Pa would be beneficial!

 Measurement of ion current from single beamlet required in order to clearly distinguish
between influence of local perveance change and other parameter variations
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