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w1,Q1(ByL),...>ET All because of damage?

How about the first breakdown? infinite samples.

High power
)
more damage
l

less gradient

EHT = 20.00 kV Signal A = SE2 Date :24 Jan 2013
WD =10.0mm Mag= 100X Time :15:11:20

\
EHT = 15.00 kV Signal A = SE2 Date :22 Jan 2013
WD = 9.8mm Mag= 100X Time :16:48:04

Fascinating, not essential.
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Re-used for ECHO ~ 30 MV/m

C. Adolphs.en
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1999: Damage in a 1.8 m Structure
After Operation at -
Gradients up to 50 MV/m
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Field emission = Breakdown

o

Power
Quantum tunneling in the late 1920s (FN): E;, ¢
How HeP works... How about macro parameters?

w, Q (ﬁg), B, number of cells, ...
Plasma

Emitters are small, nm ~ um

Wavelength, mm ~ cm
T

-

Macroscopic FE
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Micro FE = macro FE: Setup

TW, Rect. WG, low ¢, a flat\disk-like emitter

By (a) n N |
co\rl—/» X
ssdimension < 1/w, /Z =

**W/Wo static magnetic field (along y)
Surface field (E¢) = applied field (E ) + Fe induced field ((SEy)

Je = FN(ES' ‘P)
SEy = f(Eg Je» 0, By, By ) Te, t)
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Micro FE = macro FE: How

1. a 3D beam trajectory, the Lorentz equation

moyi—f = eE + e(v ><§) —i—f(ﬁﬁ)
2.j(r,t) > J(r,w)
3. Solving Maxwell equation with the dyadic Green function

Jjw
T k2
A= fE -J(r,w)dV’

[k?A+V(V-A)]

4.IFT. SEp(t) = - 6&re/*dw
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Micro FE = macro FE: Green Function

!/

Gyy = Gyyr + Gyya,
mmx nmy nry’

_ Mo voo Emeén o . mmx _, nmy
ny1_4ab2m'n:0 - flz -2\, vinn €) sin——sin— cos —= cos ——,

Gyyo = g—;z,?it,n}ooA%’y - Re{eTkdimnerfc(d; mne — j k/2€)},

di,mn

8__{1, i=0
L2, i #0

Vrgm = (mn/a)z + (nﬂ'/b)z — k?

the modal and image expansion of the
rectangular waveguide
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Micro FE = macro FE: simplification

1. Asquare pulse FE current,

Jes It] < -
Jo=4, o> TS 0.2 (+/-36°)

Wo
2. The initial energy 7 eV (Cu Fermi energy) with 0 trans. momentum.
3. Uniform FE over the emitter surface
4. Beam trajectories not affected by fields generated by FE beam
5. Rf magnetic force is ignored, Fy /Fg < B, < 1.

6. Static magnetic field along y axis as a special case

7. Emitter radius nm ~< 10 ym
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Longitudinal Space Charge (100 MV/m)
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Longitudinal Space Charge (100 MV/m)

Very short range DC bias (~< 1um)
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Micro FE = macro FE: beam trajectory

11. 4 GHz, 50 MV/m,1 um, 1019 A/m?2, B,=0,2 Tesla
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Micro FE = macro FE: time domain field

Frequency domain 3D current:

nR'?

__le 2 i (FR) —jot’ (5 4 Yray Ve s
Jr,y,w) = wsm(w )e (y+v r+v <p)

!

/ 2
Imax b R"sin(nrtg) r
OEyr = —f dgj dy’j —22 sin(gwoTy) qn(dy, y,y’)ﬁdr’
0Ygmin 0 g n=1

~lum

, 3[y+s()y’]> 1 -1,n=1 ,  dn
) = P s = [ et g = =

Total field: g € [ 0, o]

Leftover field (evanescent modes): g € [0, w./w]
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Example: 60 MV/m,0.5 um, 10° A/m?, Single burst FE
Es/E, = —0.08

FE self-enhanced!! Leftover: damped oscillation

Amplitude ~w ™1 Amplitude ~ 1/N
05: : : : : :

o ez, LA O

NN

S YR PN

i \V2 SR et
¢

S e /N

- / 05 1 5 2 25 3 35

ol o X2r (11.4 GH2)
92 o1 0 0.1 0.2 By = 0.1,0.5,0.8
coot/2n
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Micro FE = macro FE: Pic3P L. xiao

WR90, 11.4 GHz, 100 MV/m, -60 Deg, 10 um, ¢ = 0.43 eV

1011

1010 \ 4

with SC (A/n?)
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=il g
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10° iy g
by
-12 N
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Micro FE = macro FE: Stead state

During emission: surface field get enhanced (6E, o < 1/wy )

Leftover field : dumped oscillation (~1/N, w,)

with phase slippage, 66 = 2nn (% — 1) ~ nﬂ,Bgz

c

“* Neglecting the accumulated residual field effects on FE current, at stead

state it has
— cos(nmB?) ~ (mPE
OEys = O0FEy0 |1 — z € . ) = OEy [1 + eLnsin (Tg
n=1
e =~ 0.16
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Micro FE =» macro FE: w, B,

o
60 MV/m,0.5 um, 10%° A/m? (10° with E_,)
10° :
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Field enhancement (dB)
at 60 MV/m, emitter size and J,

X, By = 0.1 X, By =082 C, By = 0.1

1 AR
R /AN
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Micro FE = macro FE: scaling law
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Stability of a system: B,, = max(6E,s/Eg)

MV
m

E,[2Y] € [30300], J, [%] e [108 1011], r,[um] € [0.01 10]

Bm < EJ Y FwytBY
Je X Eg

n €[815],0 =1.24, a =0.2,v = 0.47
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Micro FE = macro FE: scaling law

At a given B, xRS
E, X w ﬁg
1 cl0.31054]
X an+0-1 T
= € [0.15,0.26
ST an+o-1 [ ' |

~w1/3 -- G.A. Loew and J.W. Wang, Report No. SLAC-PUB-7684, 1997

P/C -- W. Wuensch, CLIC-Note-649, 2006

P x E2/w?
. 1 D E,x wl/zﬁ_1/4
C < (E)A e ,Bg/w

o1 A_h 2Pin-waveguide E, & ﬁ_o 17
& e AN
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Single cell VS Multi-cell

W = W 1-———cos¢N

/o \

source cell [;gs — /ko

0.9

) According to the phase slippage, the

equivalent group velocity of a multi-cell cavity:

0.85

g

o
]
(6}

E_/E (B, = 1/100)
o
]

0.7
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Micro FE = macro FE: Magnetic field

805 MHz, 60 MV/m, 2e10 A/m?2

15;¢ - : : - :
1 um /
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1" : :
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y
Magnetic field further enhances the field!
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Experiment with an L-band Gun

J. Shao 4
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6001 —flat cathode ||
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Experiment results , _

e
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With the same field on the pin cathode, the dark current
depends strongly on the stored energy / net rf power flow

Effect of Macroscopic Geometry on

1 A4 ° Microscopic Field Emission
B N
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Field emission

“ A microscopic phenomenon, E, ¢ ,

¢ the trigger of vacuum breakdown

< A macroscopic phenomenon, E; = E, + 8E(E,, ], w, B4 B ...)
¢ The operational field of a system is original.

“ Damage — the consequence of breakdown.

* More power — more damage.

¢ the damaged surface might not limit the field.
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