SLAC-PUB-9114
January 2002

Frequency and Pulse Length Scaling of RF Breakdown*
in Accelerator Structures

P. B. Wilson
Stanford Linear Accelerator Center, Stanford University, Stanford943%99

Abstract

The plasma spot model predicts that small areas of plasma on the order of 10
microns in diameter form in regions of intense electric field near the iris tips of
accelerator structures. These plasma spots act as a dc current source, injecting
both electrons and ions into the rf field. The model suggests that an observable
breakdown event will occur when electrons, extracted from the spot and
accelerated, absorb energy faster than it can be supplied by the rf source. The
resulting field collapse, which can occur during processing as the gradient is
increased, is not an ultimate limit on accelerating gradient. It is conjectured that
surface melting, due to electron back-bombardment at the emitting site, leads to a
pseudospark-like discharge which limits the gradient and can produce massive
surface damage. Using a statistical model, the dependence on frequency and pulse
length of the probability of triggering a plasma spot is examined.
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Abstract close similarity. Supporting this conclusion is tFaet
The plasma spotmodel predictsthat small areas of that field emission, whichserves as a trigger for the
plasma on therder of 10microns indiameter form in  formation of a dc plasma spot, is essentially Hzene
regions of intense rélectric field nearthe iris tips of phenomenon in both dand rf fields. Knobloch and
accelerator structures. Thegkasma spotact as acurrent  Padamseéhave, in fact, simulated the formation of a
source, injecting electrorendions into the rffield. The plasma at a site of field emission in an rf field [3].
modelsuggests that anbservablebreakdownevent will A single dc cathode spot produces a currentherorder
occur when electrons, extracted from the spot and of 10—100 A, and an iocurrentwhich is about 10% of
accelerated, absorb energy faster than it can be suppliedthig. The current is roughly constant during the lifetime of
the rf source. Thidield collapse, whichcan occur during the spot. After some 50 ns, thate of crategrowth will
processing, is not an ultimate limit omccelerating have decreasedsubstantially and the expanding plasma
gradient. It is conjecturethat surface melting, due to cloud will have outrun its source ofionizing electron
electronandion back-bombardment ahe emittingsite, current. At that point the plasma spwill extinguish.
leads to a pseudospark-like dischangkich limits the However, secondaryspots may beriggered near rough
gradient and can produceassivesurface damageJsing a areas arounthe rim of thecrater formed bythe primary
statistical model, thalependence on frequency apdlse spot. Clusters of suckBecondary cratersurrounding a
length of the probability of triggering a plasma spot isentralcrater areoften observed onphotomicrographs of
examined. surfaceghat have been subjected iatensive breakdown
events. Thus, in principleseveral generations of plasma
1 INTRODUCTION spots could last for more than 100 nand generate a

In [1] it is proposedhat plasma spots, which form orfurrent of several hundred Amperes.
the metallic surfaces afcceleratostructures in regions of ~Although the formatiorand dynamics ofthe plasma
intense electric fields, can act as multi-ampecarrent SPOt itself is essentially a dc phenomenon, the behavior of
sources folboth electronsand copperions. In anintense the électron@ndions following injection into an rfield
dc field these plasma manifestations, known cathode IS dramatically differentThe trajectories of electrons and
spots,act as current sources for kiloampere vactags. 10ns from a plasmaourceare currently beingsimulated
Because of thenany practicalapplications of such darcs for various TW and SW accelerating structures by
(high voltage switching, plasma deposition, etc.), teclgashevand Tantav]. The dynamics ofthe electron
properties of suctcathodespots have been intensively motion arequite complex fothe case ofemissionfrom
studied[2]. Very briefly, a cathodespot is a mushroom- the iris tip in anacceleratorstructure, especiallyvhen
like region of plasma having a density on tirder of 1> Space charge effecemdtaken into accountiowever, the
electrons per cinand adimension on theorder of 10 Particlemotion in suchstructures has somfendamental
microns. A plasma sheath forms at the contama similarities to particle motion in the simple geometry of a
betweenthe plasmandthe metallicsurface.This sheath 9ap between parallelplanes. Analytic results for the
has the properties of apace changdimited diode, parallel-plane case can bsed, togethewith appropriate
subjecting the metakurface to anion bombardment form factors, to obtain approximate results fmore
current on the order of #¥/cm? and accelerating a roughly complex structures.
equivalent number of electromsto the plasma. A simple
calculation will show that thdons, bombarding the 2 PARTICLE MOTION IN A
surfacewith anenergy onthe order of 20eV, will raise PARALLEL PLANE GAP
the surface temperature tthe melting point in a few The equations ofmotion (non-relativistic) for an
nanoseconds. AfteB0O—50ns, the lifetime of a single electron emitted with zero velocity from a plane at x = 0 at
cathode spot, the subsequent melting Willleproduced a a phase angl@, with respect tothe crest of an rfield
craterwith a diameter 0of5—20 microns. In the dcase, with peak value Fare
such a crater is known to be a well-defined “footprint” of a
cathodespot. It is the close similarithetweenthe crater X = [ ENMN@2MAV X, vic=[ENEMVIv, (1)
footprints formed in both dc and rf fields that suggests that
the process of formatioandthe subsequent dynamics for where x = [cos6, — cosgt + 6,) — wt sinB,], Vv, =
both dc cathode spots and rf plasma spots must have a [sin (wt + 8,) — sin 8] and V, = mc¢/e = 511 kV. For a

Bwork supported by Department of Energy contract DE-AC03-76SF0051.



wide gap, x> 2, it is foundthat electrons emitted in the 0.05, using f = 0.3 and, k= 2 x 16*v/C-m asbefore, we
phase range- W2 < 6, < 0 always cross the gap andind the required emitted current to be 1.5 kA .

impact on the opposintace,while electrons in th@hase
range 0< 6, < 12 return to theemitting surfacewith an
average value,¥= 0.62. For a structure operatingar the
dark current capture thresholg\E= 1tV (this threshold is
61/MV/m at 11.4GHz), andhaving a gap width ok/3,
the normalized gap width is, x 4.1 andthe average value
of v,2is about 1.7 for electrons crossing the gap.

3 CONDITION FOR FIELD COLLAPSE

The differential equation for field (gradierddllapse in a
standing wave structure of tdmode cellsis, after turn-on
of a plasma spot with dc curregtand rfemitted current.|
=142: G + T(dG/dt) = G- fl(r/Q)Q /N . Here Gis the
gradient before spot turn-on; Ts the filling time, and f is
the impactenergy in electrowolts integrated oveall the
cell surfacesncluding theentranceandexit irisesand all
emission phase angles, normalized to the maxiraxial
energy gain @ where g i/szthe cell length:

n

_ -1
= (10" [d8[V,(Q)ds
-ml2
From thedifferential equationrabove, the spoturrent
required tocollapse thefield in time t, is, for t, small
compared to the filling timeJ

1(SW) = G N/2ft_ k, (2)

where k is the structurdoss factor per meter, k

If the same current loading &plit equally between two
adjacentcells, the transmittegowerwill be reduced to a
few percentand the missingpower will be greaterthan
50% (for current loading in aingle cell, the maximum
missing power is 50%).

4 CONDITION FOR SURFACE
MELTING

In an rf field, the metaburfacesurrounding a plasma
spot can be raised tothe melting point by back-
bombardment of the electrons emitted in the phasge O
<0,<12. From Eq. (1), theverageémpactenergy(eV)
over this range is(1/8m)(E\)%v,((ave)/\.. For vZ(ave) =
0.6, this gives Y,(ave) =1.5 x 1C(E)>. Electron

emission from a plasma spot can also produce heating on a

opposingsurface,such as a neighboring iris tip in an
accelerating structure. Although the average impact
electron energyill be higher, the impactareawill be
considerably larger (this is verified by simulations [5]).
The consequences of surfacenelting in the
neighborhood of arexisting plasma spoare severe. It
seems almost certain that the plasma, initiatipfined to
a small region over melting craterabout 10 microns in
diameter, will immediately spread to cover a lafigetion
of the surroundindiquid layer. We suggest this is the
condition for the initiation of gseudospark discharge [6]
capable of producing verlyigh electronandion currents.
Depending on the structure parameters, the elecuoent

(w/4)(r/Q) ~2 x 1¢* ohms/m-s at 11.4 GHz. A simulationmay be sufficient tqroduceimmediate fieldcollapse and

is required to compute an exact value fobdi for typical
cases it is estimated to be time range0.2 — 0.4. For a

to quench the discharge. In a worse scenario, tkeurce
may continue to pumgnergyinto the dischargeover a

collapse time of 3s, with f ~ 0.3and N = 15 at a longer time, producing massive surface damage.

gradient of 50 MV/m, the collapse current &SW) [0 200
A. This current could in principle bgroduced by a&luster
of a half dozen plasma spots.

The surface temperatumése is readily calculated in two
limits, which depend onthe relative values of théeat
diffusion depth, given by x= 2(Dt)*?, where D =1.1 x

To calculatethe required collapse current for a TW 10°(microns§/s is the diffusivity for copper,and the

structure, we assume the simplestse of abreakdown
event in a single cellConsider such a cell to belav Q
resonant cavity with two couplingaperturesand an
external Q of Q= (1/3)/(v//c) for eachaperture. Define X
to be the ratio of th@ower dissipated irthe cell to the
power emittedthrough each aperture. Then thepower
transmitted through the cell (normalized to the |quaker
flow) is P; = 4/(X + 2¥ andthe reflectedpower is R =
X% (X + 2)°. Thedissipatedmissing) power is +P;—P.
In terms of X, the required spot currentds G, X/8fk,Q,,
or
le (TW) = 3XGyv/4f AK;. (3)

To reducethe transmittegpower to 10% requires R = 4.3
(the reflected power is 47% and the missing power is
43%). Putting in numberor G, = 50 MV/m and y/c =

penetration depth for electrongith impact energy eV,
given by x(microns)= 3.4 x 10PV*® [7]. For % << X,
the temperature rise is given b&T), = (2 P/K)(Dt/m)*2
= 0.3 Rt*?, where R is the impact power per unit area and
K = 3.8 W/cm-K for copperFor x large compare to px
the temperature rise is given b&T), = P,t/C,X,, Where
C, = 3.4 JlcmK for copper.

The impact power is given by P =/8) V;,(ave) = 8 x
10°(E, A2 Since thedistance an electrotravels per rf
cycle scales (Eq. 1) as x ~ K?, the back-bombardment
areawill scale as g A*. From simulations on @lane
surface[8], the rmsradius is severghundredmicrons at
11.4 GHz for =70 MV/m, giving A ~ 1 x 10° (E\?).

At an iris tip the area might be somewhat larger . Thus the

power perunit areascales as P~ 1 x 16(1/ % per nf
(independent of f). Putting in some numbers 4dtl.4
GHz at = E (surface) = 100 MV/m and £ 10 A, (a 20
A spot) we calculate ,, (ave)= 100 kVand R = 1.5 x



10° W/cn. At t = 30 ns, ¥ = 4 micronsand % = 8 is seen, again, that this is not“eean” scaling with
microns. Thus théemperatureise is calculatedusing X, frequency.

and is about 1600degrees.Taking heat diffusioninto

account will lower the temperature rise. 6 CONCLUSIONS

The precedingexpressiongan beput togeltg)frmfgive Plasma spots formnear field emission sites in
the scaling for themelting time asf ~ E;""A™" AN sccelerator structures. The properties of thespots

occurs in a filling time ¢ ~ A*% Thegradientthenscales g those for dc cathode spots.

as E ~ MM If heat diffusion is takennto account, the
exponent will be smaller. Theelectron currenfrom a spot or cluster of spots is

5 SCALING OF BREAKDOWN RATE accelerated and extracts energy from the rf field.

Using thefact that the formation of a plasma spot is Complete field collapse requires sevdrahdred amperes
triggered by field emission, we assume that the probability a typical SW structurend several kiloamperes in a
of triggering a plasma spot per unit time is proportional tgpical TW structure.
the field emission current, p +d ~ exp £1/BG), where
the surface field is proportional to tlgeadient Gand B is  Electron and ion back-bombardment in tteéghborhood
in some sense agffective beta enhancement factor for allof a plasma spatan produce surfacenelting, resulting in
the emitters on theurface. Weassume furthethat the a multi-kiloamperepseudospark-like dischargehich can
surface has beenprocessed to devel such that the provide sufficient current tocompletely cut off power
breakdown rate for a very long pulse is essentially zero aransmission in a TW structusnd producdeavysurface
gradient G = @ The breakdown probabilitger unit time damage. Inthe region of the initial emitting sit¢here
can then be written as pA{fexp B(1/G, — 1/G)] - 1}, should be evidence of surface melting; onoaposing iris
where A is insome sense proportional to tkedfective tip there should be evidence of surface erosion.
emitting area. The probability dfreakdown in gulse of
length T, is pT, (assumed to be smal@ndthe breakdown  There is no simple scalingd*or ~T,™™) for breakdown
rate per hour is proportional to this, gradient as a function of frequency or pulse length.
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