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-e CRAFT NNBI

® The HONOR facility

Hefei Open-facility for Negative-ion
Source Research, dedicated to negative
ion source experimental studies / RF
ion source development

® The CANBE facility

CFEDR  Advance  Neutral Beam
Equipment, serves as neutral beam
injector for CFETR — a full-function
NNBI beamline




Electromagnetic Shielding

RF Driver

Expansion Chamber . Lo
Cesium Injection Port

Bias Plate

Plasma Grid BP Flange

Extraction Insulator

Extraction Grid

Ground Grid Main Insulator

| The Dual-driver Negative lon Beam source of CRAFT NNBI

RF Power
Extraction Voltage
Accelerator Voltage
lon Current
Pulse Duration
Cs Injection Port
OhG-£G

dEG—GG

140 kW
-8 kV
-200 kv
15 A
>100s
2
7 mm

90 mm

E—




-here does the injected Cs go?

| The Expansion Chamber | The PG

| The GG
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® In the LHD-NNBI, approximately 99.5% of the cesium deposited in the plasma generator, and 0.5% deposited on the accelerator

electrodes 1,
[1] K. Tsumori, et al. 2010.
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Introduction

ain effect of cesium on vacuum insulation

L1 - WHY Cs

Cs seeding

* Lowers plasma-grid
work function «: 4.5
—+1.5-21¢eV

» Opens the surface
H-/D" production
channel

= Enables high-
current NNBI (ITER,
JT-60SA, CFETR)

L2 - WHERE Cs GOES

Source chamber walls &
backplate

» Cold surfaces retain >99%
of injected Cs

+« W /O /C co-deposit —
poly-layers (reservoir)

= No direct HV path — branch
ends

Plasma grid (PG)

+ Wanted sub-monolayer (6 =
0.6) — ¢-min

= Kept by T_PG > 200 °C;
origin of the H- gain

+ Functional surface — branch
ends

Accelerator electrodes
= Cs leaks through PG
apertures into the accelerator
+ Deposits on grids, aperture
edges & support corners

= Overlaps the max-EV weak
points — HV risk

L3 - BREAKDOWN
MECHANISMS

Field emission 1

« @l boosts FN tunneling: J ~
E?-e~(-B-@*1.5/E)

= Dark current T from high-p
asperities & aperture edges

Thermal-field — explosive
emission

= Extra FE current heats micro-tips
(Joule + Nottingham)

+ Thermal runaway — ecton
explosion at lower voltage

Clump / microparticle impact
« Weak Cs layers & droplets add new
clump sources

« Surface chemistry lowers EV =
const

SEE — glow-discharge path

= Low ¢ raises ion-induced secondary
yield y

« Self-sustained gas discharge ignites
more easily

L4 - OPERATING REGIME

Short gaps / high local
field

+ Low-(p asperities (edges, high
B) emit earlier

+ Runaway — explosive
emission: dark current & micro-
breakdowns 1

Long gaps (~10 cm, MV
class)

+ Clump + area effect set the
hold-off limit

» Cs-lowered EV constant &
huge grid area =V b |

Gas molecules present
+ Low ¢ + higher y — glow /
Paschen discharge

= Vacuum-arc — glow switch;
anode ESD / bubble ~40%
triggers

Clean high vacuum (no
gas)

« No gas path — FE — EE &
clump channels persist

+ Cs governs dark current &
conditioning state

NNBI « 1 MV accelerator « vacuum
insulation

L5 « MACROSCOPIC IMPACT

Macroscopic impact

« Voltage holding | ~30%
(Watanabe 1992) — EV constant
& hold-off margin shrink

+ Breakdowns 1 & pulse length |
— daily V drop as Cs accumulates
(JT-60SA); 10-min beam-less HV
conditioning recovers 500 kV

= Availability | — needs wall <50
°C, PG >200 °C, Mo cladding;
motivates Cs-free / low-Cs R&D

Bottom line: Cs is both the H-
enabler and the HV pollutant
— hold-off voltage, pulse
length and accelerator
reliability are all capped by Cs
management.
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Theoretical Evaluation

: Effect of low work function of Cs on field emission

| The model introduction C Phase1_fn_cs.py)

® Assume a vacuum gap with a spacing of 100 mm, across

which a voltage of 0.2-1 MV applied * @ Common Quantities and Calculation Scenarios

Criterion 1: j crit=1x101* A/m? Criterion 2: £=10 GV/m

. ad=100 mm, /=200 kV-1 MV
® The work functions of a clean electrode surface, a Work function @: 4.5/2.6/2.1/1.5 eV

contaminated cesium-covered surface, an ideal cesium Field enhancement factor 8: 50-2000
monolayer surface, and an optimal cesium submonolayer
surface are 4.5, 2.6, 2.1, and 1.5 eV, respectively.

* ® Model Function
FN current: ABE @) — Critical field: x crit(¢) — B crit = x crit-a/V/

® Starting from the two criteria of critical current density and
local electric field strength, determine whether field

emission can lead to microprotrusion explosion-induced ’ ®Va"d2t;§(;iteri°“ 1
breakdown. <

B_crit@200 kV

B crit@1 MV

| = @ Validate Criterion2 |

v

[ *® Conclusion ]
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Theoretical Evaluation

-: Effect of low work function of Cs on field emission

| The modeling principles

(MODEL FUNCTION A « J FN(BE, ¢)
Fowler—Nordheim emission engine
(1) local field: BE= - V/d =

applied field V/d, amplified by the site's factor S
(2) Fowler-Nordheim current density 3!

J= A FN-(BB?/ ¢ - exp(- B_FN-p"1.5/B6)
(3) constants 3!

A FN = 1.541434e-6 AeV-VA-2

B FN = 6.830890€9 V/(m-eV~1.5)
(4) work-function inputs “

@ =4.5¢eV cean; 26/21/15 eV Cs-conditioned
(5) guard: BE<O0 — J=0
= / [A/m?]

(MODEL FUNCTION B + x crit_local(¢p)
Log-space root-find of criterion 1 — the trigger local field
(6) criterion 1: /= Jcrit = 1x10t A/m? 2
Fursey 1985 explosive-emission threshold, taken at the LOW end
(7) root find: Ax crit, ¢) = / crit

geometric bisection on [1e8, 1e13] V/m, 200 steps

(8) shortcut: x crit= BFN-o*1.5/ L
L= 2Inx - Ing - In(/crit/A_FN); contraction 2/ = 0.39
Cross-check: Ding 10+0.5, Barengolts 10.8, Ishida 13 GV/m 1l

- x crit [GV/m]

(MODEL FUNCTION C + Vb(ep, B and B crit(ep, V)
Two voltage-side readings — criterion 1 and criterion 2
(9) emission trigger: solve ABV b/d, ¢) = Jcrit2
bracket [1e3, 1e6] V, 120 bisections
(10) Critical field factor: B crit=X crit-d/V @

—;

@200 kV & @1 MV

(11) Criterion 2: constant local field £ local,crit = 10 GV/m 131
¢-independent: Vb = E_local.crit-a/f

(12) Drop & gain: 4 =1 - x crit(Cs)/x crit(clean) (=
[ cancels (49.3% at = 1500 and 2000);

\— Vb IkV]& B crit




| The results of phase 1

V, (kV)
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| The breakdown voltage under criterion 1
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-: Effect of low work function of Cs on field emission

| Critical local field under different ¢ & critical B under

different voltages
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| The breakdown voltage under

criterion 2 (¢

independent)
B 50 200 500 1000 2000
W, (kV) 2e4 5000 2000 1000 500
| FE current at fixed local field BE= 5 GV/m
@ (eV) 26 2.1 15
Jin (A/mM2) 4825e10 2871el1 2.088e12
Amplification
vs @=45 eV 2.6e3 1.5e4 1.1e5

® According to Criterion 1, a decrease in @ leads to a significant reduction in the field-emission-induced breakdown voltage.

Under the typical field enhancement factors (8 < 500) of negative ion accelerators, breakdown caused purely by field emission

is unlikely to occur.




Theoretical Evaluation

2: Thermal instability of microprotrusion

| The model introduction

This model introduces a temperature term into the field
emission current, form TFE spectral emission engine. It is
validated using the Fowler-Nordheim equation.

Using 0-D and 2-D models with TFE to calculate the local
field strength required for thermal instability.

C phase2_site instability.py )

s

* @ Inputs & Criterion
Criterion: / crit = 1x10%* A/m? (low end of Fursey explosive emission)
Materials W / Mo / Cu (7 melt 3695 / 2896 / 1358 K)
Microprotrusion R=1 pm, =10 um

~\

v

f @ Model Function A - TFE spectral emission engine )
J(F, T,p) = free-electron supply function x JWKB triangular-barrier
transmission (numerical energy-grid integration)

Also returns the mean emission energy (u) (Nottingham term,

L including the reversal temperature T_N) )

v

® Model Function B / C + Lumped thermal model + 2D FEM
B: g gen (Joule + Nottingham) = g cool at onset = £ b
C: 2D axisymmetric electro-thermal FEM

v

* @ Output - Site-level breakdown field £ b(ep)

v

E
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Theoretical Evaluation

| The modeling function

(MODEL FUNCTION A - TFE (£ T o)
TFE spectral emission engine
(1) free-electron supply function 7
Sommerfeld free-electron gas, Fermi-Dirac
(2) JWKB transmission coefficient 31171
triangular Fowler—Nordheim barrier, no image force
(3) TFE current density — Oth moment (7-¢1
Murphy-Good integral, ¢ T(7) prefactor
(4) Nottingham energy (v) — 1st moment r10-121
sign of (v) sets Nottingham heating / cooling
(5) Fowler-Nordheim equation — 0 K check 31
— / [A/m?] &(u) [eV]

-e2: Thermal instability of microprotrusion

(MODEL FUNCTION B + 0-D lumped thermal runaway
Balance 0d() = g gen—qg cool stable 7() — 7 stab, £ b, 0D

(7) Nottingham heat flux 1. 12

(8) Joule heating, lumped 161

(9) Fourier conduction cooling !

(10) Empirical & (7), p_e(T) laws

(11) Thermal instability — saddle-node bifurcation — £ b,0D eittaisi
(12) Explosive-emission criterion, / crit = 1011 A/m? 4l

(13) Adiabatic melting time (/2¢action) itel

(— E£b,0D [GV/m] & T stab [K] & E jerit, £ melt

~— ~—

(MODEL FUNCTION C « 2-D axisymmetric FVM
Solve 2d axisym() = 7(, z) £b 2d sweep() = £ b 2D + hot spot
(14) Axisymmetric steady heat conduction 1

(15) Volumetric Joule source, patch-current spreading teiiol

(16) BCs: Neumann top/ Dirichlet base / adiabatic side 1o

(17) Finite-volume discretisation — thermal-resistance network (101
Picard + sparse solve; continuation sweepin £ = £ b2D

(18) 1-D analytic thermal-resistance benchmark — ratio 09938 v
(— £ b,2D [GV/m] & hot-spot z max

J

E_—



-2: Thermal instability of microprotrusion

| The results of phase2

| Comparison between the thermal-instability field and

| Verification of :: calculation results, 7= 0 K the field required to reach the critical current — 0D

| Comparison between the thermal-instability field and
the field required to reach the critical current — 2D
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® The TFE spectral emission engine agrees well with the FN equation at 0 K.

® The local field strengths for thermal instability of W, Mo, and Cu are all lower than the local critical field strengths required for

pure field emission of the respective materials.
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Theoretical Evaluation

-nary of the theoretical evaluation

® Under optimal work function conditions (1.5 eV), the field emission current density can increase by a factor of 1x10> compared
to that of a clean metal surface.

® Breakdown caused purely by field emission requires a field enhancement factor (8) exceeding 1500, which is safe under typical
negative ion accelerator processing conditions.

® Considering thermal-field emission, its breakdown voltage is lower than that of pure field emission under various material
conditions.

® The model is currently limited to microscopic mechanisms. In the future, when evaluating the voltage withstand capability of
the entire negative ion accelerator under cesium deposition conditions, the area effect will be further taken into account.

E_—
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Experimental Setup

Auxiliary interface
x4

™ i

HV terminal
100 kV

M

Retractable cesium supply
and detection mechanism

1L

Vacuum chamber N
2 1m

Observation wind
Event camera adap

thickness probes
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. Qes VS W, Thermal
qcs VS %l
Cs c:febpo?tlon Ges VS Wy substrate redistni butlon of > > ...
catibration materials H, pressure
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Summary & Acknowledgments

.ummary

® (s deposition has been observed in the negative ion accelerator of NNBI. Its impact on high-voltage insulation has been
macroscopically manifested during NNBI experimental operations.

® Theoretical studies based on field emission and thermal-field emission can explain the reasons for the decline in voltage
withstand capability under cesium deposition conditions, partially. However, a comprehensive and more realistic computational
model for negative ion accelerators still needs to be developed.

® A cesium-related experimental facility, beyond the computational model, has been designed and is planned for operation.
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