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/A\I | VENUS: The first 3 Generation ECRIS

B, .. on axis: 4 T, B, at chamber wall: ~2 .2 T, operating at 28+18 GHz

First plasma in 2002.

VENUS
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BERKELEY LAB

Previous VENUS performance and Comparison

(Quoted currents are in unit of emA)

VENUS SECRAL SuSI
28+18 GHz
(<2015, < 8 kW) 24+18 GHz 24+18 GHz
1606+ 285 2.3 2.2
o7 0.85 0.81 1.4

40Ar12+ 0.86 1.42 0.86
Ar'l# 0.514 0.846 0.53
Ar'6* 0.27 0.35 0.22
Ar!7* 0.037 0.05
Ar'd* 0.001

78Kr18+ 84KI’

Kr23* 0.088
Kr28* 0.025
Kr31+

129X€27+ 040 092
Xe30 0.21 0.322
Xe3t 0.05 0.09
X8 0.007

209130+ 031 0.71
Bi36* 0.09 0.32
Bi%* 0.018 0.049
Bi>0* 0.005 0.011
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BERKELEY LAB

Previous VENUS performance and Comparison

(Quoted currents are in unit of emA)
VENUS

28+18 GH SECRAL SuSI
Z
(<2015, < 8 kW) 24+18 GHz 24+18 GHz
1606+ 285 2.3 2.2
o™ 085 _ _ _ _ _ 0.81 1.4
HOAr'2 ;" 0.86 142\ 0.86
Ar'#* | 0.514 0.846 1 0.53
Ar!o* 1 027 0.35 | 0.22
Ar!7* 1 0.037 0.05 1|
Arls* 1 0.001 I
78Kr18+ | 84KI’ |
Kr23* I 0.088 '
Kr28+ | 0025 |
K3+ | :
129X627+ : 040 092 I
Xe30* ;021 0.322 |
Xe3** ;005 0.09 |
Xe38* . 0.007 |
209Bi30+ I 031 071 0
Bi’¢* 1 0.09 0.32 |
Bi45* I 0.018 0.049 |
Bi%0* ' 0.005 0.011 /

-_—e - e e - .

Af, AB, two chambers burned, B config....222!
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Recent VENUS performance and Comparison

(Quoted currents are in unit of emA)

VENUS VENUS SECRAL VENUS
28+18 GHz 28+18 GHz Improvement
(<2015, 8 kW) (~2016,10 kW)  24+18 GHz 2016/2015
1606+ 2.85 4.75 2.3 1.67
o7+ 0.85 1.90 0.81 2.23
40Arl2* 0.86 1.06 1.42 1.23
Arl4t 0.514 0.84 0.846 1.63
Arl6* 0.27 0.523 0.35 1.94
Arl7* 0.037 0.115 0.05 3.11
Arl!8t 0.001 0.004 4.0
78Kr18+ 84Kr 0‘77
Kr23* 0.088 0.42 4.77
K28+ 0.025 0.089 3.56
K3t 0.007 o
120X 27+ 0.40 0.92
Xed0 0.21 Plasma 0.322
Xe3t 0.05 oy e 0.09
Xe38F 0.007 Stablllt:)/‘!! !
20930+ 0.31 0.71
Bi3o* 0.09 0.32
Bi** 0.018 0.049
BiX0* 0.005 0.011
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_Eﬁr\}lﬂ Remedy 1 VENUS thin edged plasma electrode insufficiently

transported away the power generated by hot electrons

~ (0.6 mm
- 777

__..--___.:I
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5% Remedy 1 VENUS thin edged plasma electrode insufficiently

transported away the power generated by hot electrons

7.5 kKW, a few hours of
operation

Dan Xie, ECRIS2016-THAOO1, Busan, Sept 1, 2016 9



)

5% Remedy 1 VENUS thin edged plasma electrode insufficiently

transported away the power generated by hot electrons

7.5 kKW, a few hours of
operation

Dan Xie, ECRIS2016-THAOO1, Busan, Sept 1, 2016 10



)

E% Remedy 1 VENUS thin edged plasma electrode insufficiently

transported away the power generated by hot electrons

7.5 kKW, a few hours of
operation

Dan Xie, ECRIS2016-THAOO1, Busan, Sept 1, 2016 11



_Eﬁr\}lﬂ Remedy 1 VENUS thin edged plasma electrode insufficiently

transported away the power generated by hot electrons

7.5 kKW, a few hours of
operation

Remedy:
Thicker edge

Dan Xie, ECRIS2016-THAOO1, Busan, Sept 1, 2016 12



)

rreeeee ﬁ“ Remedy 1 VENUS thin edged plasma electrode insufficiently
transported away the power generated by hot electrons

7.5 kKW, a few hours of
operation

@10

Remedy:
Thicker edge

010

Dan Xie, ECRIS2016-THAOO1, Busan, Sept 1, 2016 13



fm ﬁ“ Remedy 1 VENUS thin edged plasma electrode insufficiently
transported away the power generated by hot electrons

7.5 kKW, a few hours of
operation

@10

Remedy:
Thicker edge

010

Dan Xie, ECRIS2016-THAOO1, Busan, Sept 1, 2016 14



fm ﬁ“ Remedy 1 VENUS thin edged plasma electrode insufficiently
transported away the power generated by hot electrons

7.5 kKW, a few hours of
operation

@10

Remedy:
Thicker edge ~10 KW,
months of
@10 operations.
mm Little
corrosions
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A\| ﬂ Two VENUS chambers burned

50,000,

401000-'f"”;;:"::ll_““\\ Weakest total
_ magnetic fields on
“\_ Cchamber walls

’%‘30,0007 B
w |
g N

an 20000 : ol B e &

| =R =0, onAxis
10 00{]_' -~ Wall R = 7.1 em, 0 Deg.
1 | ~Wall R =7.1 cm, 60 Deg.

20 0

VENUS had been operating for many years with constrained magnetic field
configurations like the one 1s shown. There were always magnetic holes on the plasma
chamber walls due to the peak field at extraction 1s higher than the total fields at some
locations of the walls.
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Easily for T 1150 °C and then 350 °C.

VENUS had been operating for many years with constrained magnetic field
configurations like the one is shown. There were always magnetic holes on the plasma
chamber walls due to the peak field at extraction is higher than the total fields at some
locations of the walls.
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rml m Remedy 2 New VENUS chamber cooling scheme

BERKELEY LaB

N

P,1 100 Relurn
W/em?2. channel
. Pl
Easily for Ch;jggrﬂ
T1150°C H,O
and then ——/ﬁ_' supply
channel

350 C. Plasma
flute i

a) _ ”“"-me

a). The previous plasma chamber
cooling scheme aligned a water channel
with ~ 2 mm thick wall right on a
plasma flute (red colour).
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rm m Remedy 2 New VENUS chamber cooling scheme

BERKELEY LaB

N
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with ~ 2 mm thick wall right on a
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rm m Remedy 2 New VENUS chamber cooling scheme

P,1100 Relurn
W/em?. channel
o P].
Easily for Eh;ilﬁrﬂ

T1150°C H,0
and then »/ﬁ_"l\ supply

350 C. Plasma chennel
flute }‘

a) _ l’“"-me

a). The previous plasma chamber
cooling scheme aligned a water channel
with ~ 2 mm thick wall right on a
plasma flute (red colour).

N H,0

supply
\4""' channgl
Plasma
chamber ® Return
channel
Plasma
flute / 3(°
b)

I‘.

&

b). New scheme by rotating 30° of the
chamber to align a plasma flute onto a section
of ~7 mm thick solid aluminium that is cooled
laterally by two adjacent water channels.
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rm m Remedy 2 New VENUS chamber cooling scheme

BERKELEY LaB

N

P,1100 Relurn
W/em?2. channel
o P].
Easily for Ch;;ﬁrﬂ

T1150°C H,0
and then »/ﬁ_"l\ supply

350 °C. Plasma ¢ 1
flute }‘

a) _ l’“"-me

a). The previous plasma chamber
cooling scheme aligned a water channel
with ~ 2 mm thick wall right on a
plasma flute (red colour).

Plasma
chamber ®

Plasma

flute /

Two bottles of icy coke
were betted on this scheme

b). New scheme by rotating 30° of the
chamber to align a plasma flute onto a section
of ~7 mm thick solid aluminium that is cooled
laterally by two adjacent water channels.
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N Microwave coupling schemes

A good microwave coupling scheme should:
* Transport microwave power with minimum loss;
* Minimize power reflection.

Dan Xie, ECRIS2016-THAOO1, Busan, Sept 1, 2016 29



Aqﬂ Microwave coupling schemes

A good microwave coupling scheme should:
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* Minimize power reflection.
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Aqﬂ Microwave coupling schemes

A good microwave coupling scheme should:
* Transport microwave power with minimum loss;
* Minimize power reflection.

Plasma Chamber
~

Dan Xie, ECRIS2016-THAOO1, Busan, Sept 1, 2016 32
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BERKELEY LaB

Microwave coupling schemes

A good microwave coupling scheme should:

* Transport microwave power with minimum loss;

* Minimize power reflection.
Launcher Plasma Chamber

~

Dan Xie, ECRIS2016-THAOO1, Busan, Sept 1, 2016
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BERKELEY LaB

Microwave coupling schemes

A good microwave coupling scheme should:

* Transport microwave power with minimum loss;

* Minimize power reflection.
Launcher Plasma Chamber

v

~

Dan Xie, ECRIS2016-THAOO1, Busan, Sept 1, 2016
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N Microwave coupling schemes

A good microwave coupling scheme should:
* Transport microwave power with minimum loss;
* Minimize power reflection.

Launcher Plasma Chamber
~
I\ /N,
\_/
Y,
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BERKELEY LaB

Microwave coupling schemes

A good microwave coupling scheme should:

* Transport microwave power with minimum loss;

* Minimize power reflection.

Launcher Plasma Chamber
~
\_/ )
Y,
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36



A\| m Microwave coupling schemes

BERKELEY LaB

A good microwave coupling scheme should:

* Transport microwave power with minimum loss;

* Minimize power reflection.
Plasma Chamber

Launcher

I\
N

Dan Xie, ECRIS2016-THAOO1, Busan, Sept 1, 2016
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A\| m Microwave coupling schemes

. A good microwave coupling scheme should:
* Transport microwave power with minimum loss;
* Minimize power reflection.

Launcher Plasma Chamber
N
/\ /-\ > < /‘\\_//‘\ ‘/\‘
Y,
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A\| m Microwave coupling schemes

. A good microwave coupling scheme should:
* Transport microwave power with minimum loss;
* Minimize power reflection.

Launcher Plasma Chamber
N
O
/\\//\ ’ ) r\\—//-\ e
Very large diameter )
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A\| m Microwave coupling schemes

. A good microwave coupling scheme should:
* Transport microwave power with minimum loss;
* Minimize power reflection.

Launcher Plasma Chamber
~
a /\u/-\ > — N\ \_//-\ ‘/\‘
Very large diameter )
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A\| m Microwave coupling schemes

BERKELEY LaB

A good microwave coupling scheme should:

* Transport microwave power with minimum loss;
* Minimize power reflection.

Launcher

Plasma Chamber

al O,

Very la@e/diameter

Reflection

~

P
<

/'\\_//'\

J

Dan Xie, ECRIS2016-THAOO1, Busan, Sept 1, 2016
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A\| m Microwave coupling schemes

BERKELEY LaB

* Transport microwave power with minimum loss;
* Minimize power reflection.

Launcher Plasma Chamber
~
Reflection
a /\uf\ > — N\ \_//-\ ‘/\‘
Very large diameter )

Very small diameter

Dan Xie, ECRIS2016-THAOO1, Busan, Sept 1, 2016
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A\| m Microwave coupling schemes

BERKELEY LaB

* Transport microwave power with minimum loss;
* Minimize power reflection.

Launcher Plasma Chamber
~
Reflection
a /\uf\ > — N\ \_//-\ ‘/\‘
Very large diameter )

[
»

Very small diameter
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A\| m Microwave coupling schemes

BERKELEY LaB

* Transport microwave power with minimum loss;
* Minimize power reflection.

Launcher Plasma Chamber
~
Reflection
a /\uf\ > — N\ \_//-\ ‘/\‘
Very large diameter )

/-\ ,A—y
Very small diameter
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A\| m Microwave coupling schemes

BERKELEY LaB

A good microwave coupling scheme should:
* Transport microwave power with minimum loss;
* Minimize power reflection.

Launcher Plasma Chamber
~
Reflection
a /\u/\ > — N\ \_//-\ ‘/\‘
Very large diameter )
4 N

/-\ ,/\_y
Very small diameter
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A\| m Microwave coupling schemes

BERKELEY LaB

A good microwave coupling scheme should:
* Transport microwave power with minimum loss;
* Minimize power reflection.

Launcher Plasma Chamber
~
Reflection
a /\u/\ > — N\ \_//-\ ‘/\‘
Very large diameter )
4 N

N, <
Very small diameter
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A\| m Microwave coupling schemes

BERKELEY LaB

A good microwave coupling scheme should:
* Transport microwave power with minimum loss;
* Minimize power reflection.

Launcher Plasma Chamber
~
Reflection
a /\u/\ > — N\ \_//-\ ‘/\‘
Very large diameter )
4 N
N, 0
\_{‘ < ‘.\ f\ |
Very small diameter ) g
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A\| m Microwave coupling schemes

BERKELEY LaB

A good microwave coupling scheme should:

* Transport microwave power with minimum loss;
* Minimize power reflection.

Launcher

Plasma Chamber

al O\

Very la@e/diam eter

. )
Reflection

’\Jm
Very small diameter

a

/'\\_//'\
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A\| m Microwave coupling schemes

BERKELEY LaB

A good microwave coupling scheme should:
* Transport microwave power with minimum loss;
* Minimize power reflection.

Launcher Plasma Chamber
~
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4 N A o
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/ '\ \
A OSSR T
Very small diameter )
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BERKELEY LaB

A good microwave coupling scheme should:
* Transport microwave power with minimum loss;
* Minimize power reflection.
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BERKELEY LaB

A good microwave coupling scheme should:
* Transport microwave power with minimum loss;
* Minimize power reflection.
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A good microwave coupling scheme should:
* Transport microwave power with minimum loss;
* Minimize power reflection.
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’a\| ﬂ Microwave coupling schemes

A good microwave coupling scheme should:
* Transport microwave power with minimum loss;
* Minimize power reflection.
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’a\| ﬂ Microwave coupling schemes

A good microwave coupling scheme should:
* Transport microwave power with minimum loss;
* Minimize power reflection.
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A\| m Microwave coupling schemes

A good microwave coupling scheme should:
* Transport microwave power with minimum loss;
* Minimize power reflection.
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A\| m Microwave coupling schemes

A good microwave coupling scheme should:
* Transport microwave power with minimum loss;
* Minimize power reflection.
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A good microwave coupling scheme should:
* Transport microwave power with minimum loss;
* Minimize power reflection.
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SERSE: The I¥ ECRIS to successfully couple 28 GHz with

circular waveguide of over size O30-32 mm
Ref: S. Gammino, G. Ciavola, L. Celona, D. Hitz, A. Girard, and G. Melin, Rev. Sci. Instrum. 72, 4090 (2001)

VENUS: Slightly revised 28 GHz coupling after IMP’s exploration
Ref: L. Sun et al., Rev. Sci. Instrum. 87, 02A707 (2016)
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Beam Stability at High Microwave Power

rfr}l m

BERKELEY LAB

600 -
15(05%) 1f: 28+ 18 GHz
Pw= 6.5+ 1.4 kW
500 - HV- 28 kV, Slits— 30 mm .
» To= 3.7 emA Likely peaked at 16+.
400 - Ar'f= 4035 euA
- 08/06/2016
< 300 18
3 N 10(0%)
— 13
200 - o5
12
17 11
o ~JUY | | A AW |
1 2 3 4 5 6
Pu (kW)

Dan Xie, ECRIS2016-THAOO1, Busan, Sept 1, 2016 87



Aqﬂ Beam Stability at High Microwave Power

BERKELEY LAB

600 -
15109 if: 28+ 18 GHz
Pw=6.5 + 1.4 kW
500 7 HV- 28 kV, Slits— 30 mm .
16 To=3.7 emA Likely peaked at 16+.
400 - Arl®= 405 euA
- 08/06/2016
< 300 L
Z N 10(0%)
ol 13
200 - o
12
17 11
100 - A .
0 AU NANYAW |
1 2 3 4 5 6
500
450
400
350
300
= 250
o200 to-mmm e
N
ot A0 o e
L -
R TT——_LL - S
0 T T T T T 1

Time (hour)

Dan Xie, ECRIS2016-THAOO1, Busan, Sept 1, 2016 88



Beam Stability at High Microwave Power

FEFFErr m

BERKELEY LAB

600 -
15(05%) if: 28+ 18 GHz
Pw=65+14kW
500 7 HV- 28 kV, Slits— 30 mm .
. To= 3.7 emA Likely peaked at 16+.
400 - Arl®= 405 euA
—_ 08/06/2016
< | 14
é 300 N 10(0%)
o 13
200 - o
12
0 e A U U T T ]\_‘ f\\ J 1
1 2 3 4 5 6
500
450
200 | The beam intensity is flat
>0 over 5 hours except a few
300 . .
= 250 trips. It should work like
=- ______________________________________________________________ L d L4
f’igg I this for days and weeks if
100 - - all inputs kept stable.
o R EEEEEE TR
0 T T T T T 1

Time (hour)

Dan Xie, ECRIS2016-THAOO1, Busan, Sept 1, 2016 89



FEFFErr m

BERKELEY LAB

600 -

500 -+

400 -~

I (epA)

200 -

100 +

500 -+
450
400 +
350 +-----
300 -

—_

<250*

=

o 200 -

S

— 150 -
100
50 -~

300 -

15(0%%)

16

1f: 28+ 18 GHz
Pw=65+14kW

HV— 28 kV, Slits— 30 mm
Io=3.7 emA

Ar'f= 4035 euA
08/06/2016

10(0%)

Beam Stability at High Microwave Power

Likely peaked at 16+.

13
o5
12
17 11
A J\N\J\J\
S | A AN
3 4 5

The beam intensity is flat
over 5 hours except a few
trips. It should work like

Time (hour)

Dan Xie, ECRIS2016-THAOO1, Busan, Sept 1, 2016 90



_ ) Discussions and conclusions

* The recent enhanced VENUS performance has demonstrated its
unexplored potential and the importance of source engineering, such
as the plasma chamber cooling is very crucial to maximize the
production of intense and highly-charged ions;
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as the plasma chamber cooling is very crucial to maximize the
production of intense and highly-charged ions;

* The enhancement came from a combination of the modifications
discussed. However we do not know which of the remedies contributes
most to the enhancement, due to that we did not explore thoroughly one
by one;
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AQL Discussions and conclusions

* The recent enhanced VENUS performance has demonstrated its
unexplored potential and the importance of source engineering, such
as the plasma chamber cooling is very crucial to maximize the
production of intense and highly-charged ions;

 The enhancement came from a combination of the modifications
discussed. However we do not know which of the remedies contributes
most to the enhancement, due to that we did not explore thoroughly one
by one;

» Tests are continuing for other ion beams. We plan to further test two
more different sizes, O15 and 025 mm, of the 28 GHz coupling
waveguides to determine a better coupling the 28 GHz microwaves to
VENUS.

* Even though so far no any conclusive evidence supports the role of
the microwave mode in the ECRIS performance, investigation of the
effects of TE,; and TE ;; microwaves has also been planned for future
developments.
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