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Introduction 
This paper is an overall review of studied carried out by the 

authors and some of their colleagues on RF breakdown, Field 
Emirrion and RF processing in room temperature electron 
linac structures. The motivation behind this work is twofold: 
in a fundamental way, to contribute to the understanding of the 
RF breakdown phenomenon, and as an application, to deter- 
mine the maximum electric field gradient that can be obtained 
and used safely in future c* linear colliders. Indeed, the next 
generation of these machines will have to reach into the TeV 
(10’1 eV) energy range, and the accelerating gradient will be 
one of the crucial parameters affecting their design, construc- 
tion and cost. For a specified total energy, the gradient sets 
the accelerator length, and once the RF structure, frequency 
and pulse repetition rate are selected, it also determines the 
peak and average power consumption. These three quan- 
titien are at the heart of the ultimate realizability and cost of 
these accelerators. 

Recent overall parameter studies for a 1 TeV c* linear 
collider’ indicate that accelerating gradients on the order of 
100 to 200 MV/m are desirable and that the range of fre- 
quencies wherein such gradients would be affordable is 10 to 
20 GHz. On the basis of the work reported here, it now appears 
that such performance is possible, at least in short and simple 

- disk-loaded structures. Considerable insight has been gained 
into the mechanisms surrounding the complex and still elusive 
breakdown phenomenon. As will be seen, however, more work 
is needed to gain further understanding into the underlying 
physics, to determine if the required gradients are achievable in 
long and complicated structures, and to verify that the accom- 
panying field emitted currents which can absorb power, cause 
parasitic wakefields and spurious x-rays along the accelerator, 
are tolerable. 

Accelerating Structures Tested 
All experiments reported here, except for one that was 

started recently and is still incomplete, were performed on 
resonant standing-wave structures consisting of one or a few 
cavities. The use of such structures was made necessary by 
the present unavailability of the extremely high peak power 
sources that will eventually be required (500 to 1000 MW/m). 
The accelerating gradient in a short standing-wave section of 
length L, shunt impedance per unit length rsw , and peak input 
power P is given by 

E = %  rsw , 
/---- (1) 

whereas for a corresponding traveling-wave section, it is 

E= 2r5r,.,,,, 
F-- (2) 

valid for r < 1, where r, the attenuation of the section, is given 
by wL/2v,Q and r,.,,,, the traveling-wave shunt impedance, 
differs from rsw by at most a factor of 2. It is in principle 
possible to increase r for a short section of length ( by decreas- 
ing the group velocity vg to raise the stored energy density 
(typically by reducing the size of the irises). However, the 
structure would then no longer be representative of the ul- 
timate accelerator design. Standing-wave tests were done at 
S-, C- and X-band at SLAC2*314 and at Varian5gs, and tests 
on a traveling-wave structure, also at X-band, were recently 
begun in connection with the relativistic klystron program’ 
carried out by SLAC in collaboration with LBL and LLNL. 

‘Work supported by the Department of Energy, contract 
DE-AC03-76SF00515. 

The first series of S-band tests was done with a seven- 
cavity resonant section of SLAC 2r/3-mode constant-gradient 
structure. The structure can be seen in cross section in Fig. 1 
and complete with its water cooling system in Fig. 2. 

Fig. 1. Collection of S-band (seven-cavity, 2x/3-mode), 
C-band and X-band cavities used in tests. 

Fig. 2. S-band (seven-cavity, 2n/3-mode) structure, 
complete with water cooling system. 

It was supplied with RF from a 47 M W  peak power XK-5 
klystron with a 2.5 ksec pulse width at 60 pps. The second 
series of S-band tests was done with a specially built n-mode 
twecavity structure with nose cones. Their presence increased 
the ratio of peak-t-accelerating field, thereby reducing the re- 
quired peak power from the above klystron to about 10 MW. 
Such a structure, with one RF feed per wavelength, was pro- 
posed by one of the authorss to circumvent the need for ex- 
tremely high peak power. It is shown in Fig. 3. The C- and X- 
band cavities are shown in Figs. 1 and 4. To simplify the tests, 
only half-cavities were used in these cases. The experiments 
were carried out at Varian with - 1 M W  magnetrons. Finally, 
preliminary tests have been done with a 2x/3-mode thirty- 
cavity traveling-wavestructure at 11.424 GHz. Individual cav- 
ities can be seen in the lower right-hand corner of Fig. 1. Short 
(10 to 25 nsec) pulses of 60 to 200 M W  peak power from a six- 
cavity relativistic klystron were used to drive the section. 

Originally part of an invited presentation to the 
XIIIth International Symposium on Discharges and Electrical Insulation in Vacuum 
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Fig. 3. S-band (two-cavity, r-mode) structure, 
complete with water cooling system. 

The repetition rate, however, was only 1 pps, and no clearly 
measurable breakdown was reached as this report is going to 
press. In all cases, standing-wave, and equivalent traveling- 
wave, accelerating and surface fields were calculated using the 
SUPERFISH computer program. The results are summarized 
in Table 1. 

All experimentally measured maximum gradients for 
standing-wave structures are summarised in Table 2 for pulse 
lengths as shown. For the S-band t&s, pulse length changes 
between 1.5 and 2.5 wet did not have a significant effect. The 
peak surface electric fields are plotted as a function of frequency 
in Fig. 5. A rough fit to this curve is 

E, - 195 [f (GHs)]“’ . (3) 
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Fig. 4. Cross-sectional view of demountable C-band cavity. 
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Fig. 5. Peak breakdown surface fields measured 
as a function of frequency. 

Table 1. Fields calculated for normiulcmg condition 
1 lt h.(s) exp{j(wz/c)} dzl/L = 1 MV/m. 

Frequency, f (MHz) 

S-band 
Disk-loaded With nose cone 
(2x/3-mode) (r-mode) 

2856.0 2856.38 

Length for calculation, L (cm) I 5.2485 1 5.2485 

Beam hole diameter, 2a (cm) 1.99 1.6 

Factor of merit, Q 13,798 18,489 

Shunt impedance (MG/m) 62.812 74.2 

Energy stored, W (J) 1.239 x 10-s 7.254 x lo-’ 

Power dissipated, PD = wW/Q (W) 1611.7 704.12 

Average accelerating field k?,, &IV/m) 0.9815 0.9977 

Maximum axial field at .s = 0, 1 E.,sw I,,,,,. (MV/m) 2.692 1.8655 3.1683 2.0212 1.616 

Maximum surface field, 1 E,..qw jmoz (MV/m) 4.263 4.145 7.54" 4.876 4.502 

I %sw Inus /Em 2.742 1.87 

I Ee,sw 1m.s l&e, 4.342 4.15 

176.8 75.26 262.07 

0.966 0.9087 0.9893 

3.28 I 2.224 I 1.633 I 
7.81 I 5.37 4.55 I 

‘For half-cavities with ad-plate, r and Q are lower than they would be for a full cavity. 
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mble 1. Experimentally obtained gradients. 

FraqUenCY, f (MHZ) 

S-band C-band X-band 
Dirk-loaded With nose cone Dirk-loaded 
(2x/3-mode) (x-mode) Half-cavity Half-cavity (2x/3-mode) 

2856 2ab0 4998 9303 11424 

Total length (cm) 24.6 10.5 0.806 26.26 

Flllii time’ (w) 0.77 1.0 0.172 0.082 0.028 

Pube 1~gth (4 1.5-2.5 l&2.5 3.5 3.8 0.025t 

Peak power input (MW) - 47 - 10 0.8 1.2 2oot 

Peak surface field, E, @IV/m) 312 340 445 572 3051 

Corresponding traveling-wave accelerating field* 144 157 I 205 I 267 14ot 

‘For critical coupling in the cane of standing-wave rtructures. 
tPreliminary results. 
tAnauming SLAC structure, working in the traveling-wave mode, in which E,/&, = 2.17. 

We see that if this empirical relationship is valid at the 
higher frequencies ruch M four tlmee SLAC (11.424 GIiz) 
or pix times SLAC (17.136 GEIx) which are presently being 

w comidued, we could expect the breakdown llmlta nhown in 
Table 3, 

Table 3. Predicted Iimlting gradientm for future 
collidera at rpeciflc trequenciem. 

Extrapolated LtmltIng Gradientm 11.4%4 G& lT.180 GEs 

Peak Surface Field &IV/m) 660 a07 

Accelcely~$l (MV/m) 
UC = 2.5 264 323 
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amuming no lmprovementr due to the much aborter pulse 
kngth8 required at the blgher frequencies (- 20 to 100 n6ec), 
and conversely no womenlng due to the probable need for more 
complex structurw with higher-order moden and slota in the 
dbk0.g 

We will now diiuw the detalb of the experimental condi- 
tiona under which the above reaulb were obtalned. 

ExperlmentaI Setupr md Conditions 

Since the inception of these te& in 1984, just about four 
yeam ago, the expehental setup used for the S-band teab 
has been gradually modified to reiine the muremenb and 
allow dlffereut obeervationr. Two typical etupn am shown in 
Figs. 6 and 7 for the 2~13 and r-mode aections, rempectively. 
Both the tesb were done ineide a concrete vault in the SLAC 
Cryogenica Buildll. Thb vault conal& of three-foot thick 
rhieldii blocb and a complete radiation eefety interlock eye- 
tem. The klystron, modulator and power rupply are located 
on the roof of the vault and the microwave power la piped to 
the accekrator rtructure via a vertical rectangular waveguide 
whooe vacuum la mated from the structure vacuum by a 
ceramic wlndow. 

In Fii. 6, the tat pointe (l-4) were used to make temper- 
ature nwmmmwpb iu the copper walk and ln the dlak tips. 
The temperiture lncreaaa~ tracked linearly wlth the average 
power dlmipated ln the cavitlea, and the hlghast temperaturee 
were reached, an expected, in the dlllrr (w Ref. 3). 

The frequency to obtain resonance had to be tuned accordingly. 
The end-platea were originally made out of etainleas steel but 
after an RF-focused field-emitted (FE) beam punctured the 
downstream plate, they were replaced by 1.25 cm thick cop 
per platen, thinned down on axis to 0.38 mm thick, 1.4 cm 
diameter %indows” to permit extraction and analysis of the 
FE beam. Two internal probes with coaxial SMA feedthroughs 
were installed at both ends to monitor and measure internal FE 
currents. Subsequently, eight transverse coaxial SMA probes 
were lnatalkd (3A, IA, etc. in the full-field cavity A, and 3B, 
4B, etc. ln the half-field cavity B),’ abo to measure FE cur- 
rents, but this time to detect any azimuthal asymmetries in 
emisaioti. 

When the axially extracted FE currenb became maur- 
able, a bending magnet, momentum analyzing slit and Fam- 
day cup were added at the down-stream end (right in Fig. 6). 
Later, thi equipment and the downstreamcopper window were 
removed and a &a window, mirror and black-and-white video 
camera were installed ln the rhielding vault to look inride the 
section during high-gradient operation. An attempt was a&o 
made to use two color video camems, but neither could be 
operated 6UCCaISfUlly: the first one because it was affected by 
x-ray radiation, and the Eond because of insufficient sensitiv- 
ity. Dipole magneh were wrapped around the section and/or 
along an axial output pipe, to prevent FE electrons from melt- 
ing the glad window. The effect of these magneta was to bend 
the electroxu into the walls, but-in the process-to generate 
additional x-rayn which produced a strong luminescent back- 
ground glow M they pansed through the glass window. 

After the seven-cavity section was removed, the two- 
cavity section was installed in the same general location lnaide 
the vault and several additidnal experlmenb were performed. 
Figure 7 6hom a detalled rketch of the vacuum rystem, two 
ion pumpa, a cryo pump, a residual gas analyxer (RGA) and a 
leak valve to introduce various gaaaem into the cavity under con- 
trolled conditions. Ionization chambers were installed around 
the eectione to measure the radiation levels, and at one point, 
a rimpk x-ray pinhole camera wan constructed to detect trana- 
veme emisnion from the section. It revealed that at very hll 
field leveb, the diika were actually responsible for the hllat 
tran6mbfaion of x-rap. 
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Fig. 6. Experimental 
Ix/S-mode) structure. 
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Chemical Cleaning and Baking 

At various stagee when the sections were removed from the 
experimental area and had to be machined, they were subse- 
quently cleaned. The chemical procedure that WM typically 
used is described in Table 4. The various steps that are listed 
were empirically developed by the Plating Shop at SLAC. Oc- 
casionally, the section was also baked at 250°C, principally to 
remove the water vapor from the inside surfaces. This proce- 
dure seemed well-suited to shorten the RF processing time. 

Table 4. Procedure for chemical cleaning. 

4 Vapor degrease in trichlorethane for five minutes 

l Remove oxide by immersion in non-etch copper cleaner 
(citrate, McDermid 9268) at lOOoF for five minutes 

l Tap water rinse 

l Immerse in OXYBAN 60 solution for two minutes 

l Rinse in tap water, cold and hot de-ionized water 

l Immerse in 115°F isopropyl alcohol for 15 seconds 

l Blow with dry air 

l Dry in hot air oven at 150’F for two hours 

Field Emission, Fowler-Nordheim Plots and the 
Kilpatrick Breakdown Limit 

Since electron field emission (FE) is at the heart of the 
- prebreakdown and breakdown phenomena, and the Fowler- 

Nordheim equation and plots are used by many different au- 
thors, it seems worthwhile to review here which form of the 
equation is used for RF fields in this paper and why. 

In the case of DC fields, the FE current density in A/m2 
given by FN is generallylo 

jF = 
1.54 x 1O-6 x 104.52”-05 E* 6 53 x 10’ x #.5 - ’ 

4 
exp 

{ E 1 
(4; 

where E is the externally applied field in V/m and 4 is the 
work function of the metal in eV. 

In the case of RF fields, Eq. (4) is slightly modified and 
the average emitted current density becomes 

TF = 
6 x lo-12 x 104.52)-‘~~ E2.5 

41.75 exp 
1 

6 53 x log x #.5 - ’ 
E 1. 

(5) 
If we now assume that the emitted current is the result of FE 
from an area AE and that, because of some geometric irreg- 
ularity, the field is enhanced by a factor /3, the average FE 
current is given by 

7F = 6 x lo-‘* x 104.524-0’L AE(pE)2.5 
41.75 

(61 
exp 

1 
6 53 x log x &5 

- ’ 
> BE ’ 

where /I is a field enhancement factor. In principle, this fac- 
tor has a direct physical meaning only for metallic protrusion ,. 
If the shape of the protrusion is reasonably simple, its value 
of p can be calculated quite accurately. Experimentally, the 

numerical nlue of /3 can be derived from plotting ZJP/E’” ver- 
aw l/E on semilog paper and using the expression for the 
slope: 

d(log,, ZF/~*~) = -2.84 x 109 +l.s 
41/E) B * (7) 

This is the expreesion that has been used throughout thl pe+ 
per. The xer&ntercept for infinite field is proportional to 
log10 A#“. 

As will be shown later, after many hours of cavity opera- 
tion, the microprotrusions observed with a scanning electron 
microscope are highly irregular, but their heightt&opradius 
ratio can at best explain values of /3 between 5 and 10. On 
the other hand, the measured valuea when steady-date in’ RF 
processing is reached, are on the order of 60. Thus, an addi- 
tional mechanismrl*‘* having to do with dielectric impurities 
is generally invoked (see below). 

The breakdown limits shown in Fig. 5 and empirically ex- 
pressed in Eq. (3) exceed by a factor of roughly seven the pre- 
dictions of the Kilpatrick model.13 This result is by now no 
longer unusual and has been obtained by numerous other ac- 
celerator workers. It is worthwhile to point out why this is 
not surprising. The Kilpatrick criterion is based on the idea 
that breakdown happens when regular FE is enhanced by a 
cascade of secondary electrons ejected from the cathode by ion 
bombardment. Assuming a linear dependence of secondary 
emission of electrons upon maximum ion energy, an expres- 
sion for the breakdown or sparking” threshold was obtained 
empirically from many experimental points, as: 

WE* exp (-1.7 x lo5 E-l} = 1.8 x 10” , (8) 

where W is the maximum possible ion energy in eV and E is 
measured in V/cm. The maximum energy of an ion of mass MO 
and charge c, calculated for a relatively large gap of parallel 
plates and taking into account the transit time, was found to 
be 

. 

w = (0.153eE2) 
Morf* ’ 

from which the Kilpatrick criterion was derived as 

f = 1.64 E*exp -y , 
i I 

(10) 

with f measured in MHz, E in MV/m and the ion assumed to 
be hydrogen. 

Upon examination, there are several discrepancies between 
the original assumptions that went into the above empirical ex- 
pression [Eq. (S)] and the present measurements. First of all, 
the original point at 2856 MHz that was given to Kilpatrick 
was E = 0.5 MV/cm (and not 3.4 MV/cm), corresponding to 
W = 1.5 keV (as opposed to 53 keV for today’s 3.4 MV/cm). 
By definition, our point cannot lie on the same curve. Second, 
the Kilpatrick formula for W was based on a gap of parallel 
plates which is quite different from the condition inside RF cav- 
ities with rounded disks and possible field enhancements due to 
microprotrusions, dielectric inclusions, etc. Finally, the mul- 
tiplicative effect of W in Eq. (8) assumed that the avalanche 
of secondary electrons produced by ion collisions was the dom- 
inant cause of RF breakdown. With FE current densities as 
high as 108 A/cm*, it is improbable that ions (- 10” hydro- 
gen atoms/cm3 in a vacuum of lo-’ .Torr) can play a dominant 
role. 



Obmmatloxu of?iild Emhlon, RF Procuring 
and RF Breakdown 

we will now attempt to munmrhowobaervatblUdbld 
em.imoion,BFprocca~~dRFb~downu~~ 
themtluoughourvuioustuts. Intheintaratdeluchutnas 
md clarity, the chronologkal sequeuce da&bed below b the 
rault of combii the obIerv&tions &om mvoml of the tatr 
together. 

1. Letwurumeth~trertutwitha maeonably well rm- 
chiied, high quality copper btor l tructure. It hu 
been cleaned by the technlqua deuribed above, and pao- 
sibly vacuum baked at 2OQ to 2KPC for more than 24 
hours. Swfaca appear to be smooth. 

2. The structure is pumped down to - lo’* Torr. 
3. An RGA read-out exhibits a strong B line, weak C, 

CH, CHr, C&, Ca;, HO lines, medium H,O aud Na- 
CO, and weak CO*; occasionally, also l lome C&g (see 
Fig. 88). 

4. Pulses of gradually increasing RF power (2.5 JAMC-~O~~) 
are applied to the structure, starting from about 2 M W  

Fig. 8. Rmidual gas &yser displays during RF procasing 
of Sband, two-cavity structure, a) before breohdown, md b) 
imrdiately after breakdown. 

peak. Thbpowerlevel wrmepoudsto86MvMV/mpe8k 
in our eeven-uvky rtructum or 170 MV/m in our tw* 
cavity etructure. Ocueiond RF breaMown b dek&ed. 
Breakdown evda ue mudfated by the following obaer- 
vbtionc 

(a) The rebctd RF pulse jitters violently anin? car- 
raponding forward pulse from the m  ran or 
magnetron) beconxe somewhat erratic (see Figs. Qa,b) . 

HI (a) No Breakdown 

Fig. 9. Forward and reflected RF wave shapes: 
a) normal, b) during breakdown. 

(b) When a glass window is available, sparks are visible in 
high field areas, namely on disk edges, via the video 
monitor and recorder. 

(c) Whatever field emission (FE) current is observed at a 
giveu power level before breakdown, the current jumps 
instantaneously (i.e., within a few nanoseconds, in the 
pulse) by a factor of 20 to 20, as viewed on current 
probe or on an electrometer. When the. breakdown 
stops, the FE current immediately returns to ita pre- 
breakdown level. 
A typical breakdown event is shown in Fig. 10. Such an 
event wns recorded for the seven-cavity !&band struc- 
ture (Fig. 6) by using a Camac Interface System to 
a VAX785 computer to digitize and store eight pulses 
produced at the instant of breakdown. More than 86 
such events were recorded. 
When a typical breakdown event takes place, predom- 
inantly in cavity (A), it is invariably picked up on all 
four probes in cavity (A), channels one, two, three and 
four, but does not spill over much into cavity (B), chan- 
nels five and sin. Arcing and gassing seem to expand 
throughout the cavity in all four directions. The sev- 
enth channel in Fig. 10 was connected to the probe up 
stream of the left-hand cut-off aperture, and the eighth 
channel to the forward RF pulse. The breakdown cur- 
rent in most recorded events appears after the first mi- 
crosecond into the pulse, continues for about one mi- 
cmecond after the end of the pulse while the structure 
is diiharging, and frequently rebounds at a lower level, 
when the fields have practically died out. The latter 
phenomenon is not understood, but could be due to 
some form of multipactoring. 

(d) X-ray radiation bursts as observed on ion chambers 
alongside the structure also coincide with these pulses. 

(a) The RGA exhibits temporary increases in all C-related 
lima (see Fig. 8b). 

(f) The overall pressure increases to u lo-’ Torr. 
5. Thae events generally last for only one RF pulse (2.5 F) 

or romatimro two or three consecutive pulses, unless 
power is raised too fast, in which use the pressure can 
iucreue to 10-r Torr or hiier, causing multiple break- 
downa~dimpedinganyfurtherprogressi.nRFpnt 
caehg. If the power is simply kept constant for a few 
mlnutu, the v8cuum improve, C-related liues return to 
ate&-et& and gradual RF processing ~11 rcsume. 
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Fig. 10. Breakdown “event” recorded at four radial probes in full-field cavity (A), two radial probes in half-&Id 
cavity (B), and one upstream probe. The forward RF pulse provides a time reference. 

Our observation is that this sequential pattern of break- 
down, subsequent recovery and gradually increasing field 
repeats itself all the way up to the maximum field 
(- 340 MV/m on the disks at Sband). With freshly 
constructed structures or structures processed earlier but 
exposed to air for several hours, thii process has taken 
between three and fourteen hours (for a typical schedule, -. .-_ . . ..- 
see Fig. 11). There seem8 to be no observable difference 
between the breakdown events in the range from 170 to 
340 MV/m, except that the steady-state FE current in- 
creases an the field increases. Once the maximum field 
k reached (beyond which the cavity breaka down almoet 
continuously), it in possible to decrease the power input 
and then ixutantaneously increase it back to ib maximum 
value without any breakdown. If, after thii, the structure 
b left under good vacuum (lo-’ to lo-* Torr) for several 
dayq the proase takea only a few minuta~ Under th# 
conditions, repeatable data pointa for Fowler-Nordheim 
plota (ip~/E~*‘ VUBW l/E) can be obtained. Field en- 
hancement &vduea of N80 have been mumrcd over a 
wide range of conditions for S-band and j3 - 98 for C- 
band (see Fig. 12). 

7. In the case of the seven-cavity structure (see Fig. 6), 
an attempt was made to calculate and measure the tra- 
jectorien, currents and energies of FE electrons acceler- 
ated and focussed by the RF fields. Typical trajectc+ 
ria are shown in Fig. 13, aa calculated by the program 
NEWTRAJ,” and indicate how an intense beam can ac- 
tually be generated everywhere inside the structure. 
The crocaaxtion of the FE beam was measured with 
a piece of cinemoid film placed on both upetream and 
down&ream outside surfaces of the windows and found 
to be approximately 3 mm in diameter, almost indepen- 
dently of RF power level. The beam current transmitted 
through the downstream window was measured with the 
Fuuhy cup and found to reech 25 mA peak at 35 M W  
jmk power, as rhown in Fig. 14. By puring through 
the window, the electrons produce an electromagnetic 
shower and are ncattexed at varioue energies and angles. 
The relative beam current transmitted to the collector 
behind the slit formed by two lead bricks W M  measured 
M  8 function of the bendii magnet setting between 0 
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Fig. 14. Field mutted curreut transmitted through 
domdmun window (right-hand side iu Fig. 6) to Fua- 
d8y cup, a8 8 fuuction of peak input power. 
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6 Fig. 12. Fowler-Nordheim plots for S-band 
and C-band structures. 
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Fig. 13. Typical field emitted electron trajectories 
plotted for Sband (2x/3-mode) structure by means of 
computer program NEWTRAJ (courtesy of R. Parodi). 

Fig. 15. Uncorrected (dashed lines) and corrected 
(continuous lines) electron energy spectra for various 
values of peak input power into S-band seven-cavity 
structure. 
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6-86 HCRIZONTAL COOROlNATE (cm) SlOOB, 

Fii. lg. Avenge x-ray dosage distribution around S-band (seven-cavity, as/Q-mode) accelerator sect ion (200 hfV/m 
surface field, 2.5 JBX, 120  pps). 

and  4QQQ G  to give energy spectra for various power 
kveb. These energy spectra had  to be  corrected for 
scattering through the window and  gas scattering. Thii 
wes done  with the aid of the program EGS4 which simu- 
lates bremstrahlung, electron-electron scattering, ionisa- 
tion loss, pair production, photoelectr ic effect and  mul- 
tiple Coulomb scattering, and  the TRANSPORT com- 
puter program. For each incident electron energy and  
corresponding magnet ic field for maximum transmission 
through the slit, a ratio of current to the collector to 
current incident on  the window could be  obtained. This 

_  ratio was then used to renormalise the measured spec- 
tra at various power levels and  obtain the actual elec- 
tron spectra (Fig. 15). The  double humps correspond 
to electrons captured in the thud cavity and  accelerated 
through the entire section or captured in the sixth cavity 
and  accelerated to the output end.  
The extremely elevated x-ray dosage distribution is 
shown in Fig. 16. A dosage curve as a  function of 
peak  electric field for the two-cavity r -mode structure 
is shown in Fig. 17. 

loo 200 300 400 
4.. 
*oLIAIs MaxImum Surface Electric Field (MV/nl) 

Fig. 17. Average x-ray dosage around S-band (tvvo- 
. cavity, ~-mode) accelerator section (2.5 psec, 60 pps) 

as  a  function of peak  field. 

8. After complet ion of the tests, the diik edges  in the struc- 
ture exhibit numerous pits and  crater-lie holes, several 
tens of microns in diameter (see Fig. 18). The  longer one  
has operated the structure, the more pits one  linds. The 
number  of pits does  not seem to affect the breakdown 
level, but it probably increases the steady-state FE cur- 
rent. It shifts the Fowler-Notdheimplots up, but it does  
not change their s lope from their typical value of - 60. 
Scanning electron microscope pictures of one  particular 
diik also show drops of molten copper  in areas of lower 
electric field and  indicate that the pits and  craters are 
the result of very high temperature eruptions. 

9. 

10. 

Fig. 18. Scanning electron microscope pictures of C 
band  cavity nose cone showing RF breakdown damage 
(note four successive scales in microns). 
Control led exposure of the evacuated cavities (lo-’ Torr) 
to gasses was tried with CO and  COs. Exposure to 
50  milli-Torr of CO for three minutes, fol lowed by pump 
down, had  the temporary effect of increasing igg by 
about  XI%, but RF processing for about  15  to 30  min- 
utee lowered it back to its pm-exposure asyr _  otic value. 
A very similar experiment carried out subs-qently with 
CO, had  almost no  effect at all. 
‘RF scrubbii” with argon and  hel ium was also tried. 
The result for argon is il lustrated in Fig. 19. In both 
casq the gas wss introduced into the cavities at about 
lo-’ to lo-’ Torr and  RF processing proceeded at mod- 
erate level (componding to about  100  W/m peak 
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5eld). After pumpdown, irr m m  found to a mwmwhat 
lowerthanb&re%crubbing;butthemlwd~r+ 
maid anntially uwhwgd, and the ultinmte brmk- 
down 5eld did not inemma. It should be noted, however, 
thatthme=BFeuubbing”uperkntrweredoneafter 
the uvltia had undergone many houre of RF pradng 
ln vacuum uld the dink edga were already considerably 
pitted. 

‘O+ F-----J 

. 

(3) )i\\ 
Julv 22.85 

8= 54 

,0-u I I I 1  , , , , , , , , , 

0 2 4 6 8 IO I2 14 

5 86 1 /E (10-%/v) S4Oc.81 

Fig. 19. RF Fowkr-Nordheim plota for S-band (ee-ve&avity, 
2x/3-mode) bucture aa a function of time. Curve (4) wan 
recorded shortly after argon ecrubbii and pumpdown. 

Controntation of Results with Exietlng Modefs 
The meaeuremenb and observationa presented here must 

now be examined in the light of existing modeb for field emk- 
sion and breakdown. 

Models for field emieeion fail into two basic categories. The 
6rst b based on the original Fowler-Nordheimtheury [Eqs. (4- 
7)) in which the rate of electron tumelii through a potential 
barrier at the metal-vacuum interface in affected only by the 
metal work function and the external electric field. Thii field, 
however, to make the obeerved emitted currents connietent with 
obeervatione, must be %nhanced” by a factor b which depends 
on surface geometry, typically sharp pe&, cracka, whiikem or 
micr+protwions. A number of work- have either obeerved 
or postulated such protrusionn and have calculated /3-valuea an 
high M  1000 from Fowler-Nordheimplote. (In this area there b 
a ~olurninoua amount of literature: ee+, for aample, R&e. 10, 
11,16,16,17 and 18.) For the cake of simplicity, we shall call 
thin the %ountain’ model. In recent yeara, the pure ‘monn- 
tain” model hea fallen into partial disfavor becauee few optical 
obaendom have revukd ‘pulted’ enough mountaina to ex- 
plainthedata. Thieobeervationiac&ainlytrueinourcaee: 
we * not see meta.dw irregularities which can explain the 
p-valtK!4of-6olwMurad inourSbandcavit imorevan~40 
in our Cband uvitia. 

m -,& &,&L”~ aauma mrfbce oxida, adeorbed 
arpak raidua, dkbctrk -onthemlrfauorbetween 

cry&al boundah, dumt, ok. ?am -we~ullthk 
thesnOvPmodel, lnulalogywith~d8nowonthomoun- 
taiM.TheatarMuyapplkdekctrk5eld~lntothk 
ln- dkktric layer and auakmtatheekctroMtrom 
theFermlkveliuthematal.Thkuc&rath keqdvakmtto 
heating up thd electrons, thereby called “hot ebctrom,’ whkh 
unthenaupehltothevacuumthroughaquMl-thermionk 
proum, following the old R&ha&on-huhnun model. &!v- 
eral vuiadolll of the %ot ekctron” theory are praemtly b&g 
eonridered, of which the principal t the FIHEE (Fbld-Induced 
Hot-Electron Emimii) modelll*l*a. Where the Rkhardeon- 
D&man model L invoked, the emitted current den&y L given 
by: 

jp = KTj exp(-cx/kT,) A/m’ (11) 
where x ir the height of the eurface poteutial barrier, K in 
a con&ant (- 1.2 x lo-e Am-*), k ia Boltsmann’r con&ant 
and the energy of the hot electrona in measured by the kinetic 
energy they acquire in the dielectric layer of width Ad and of 
relative dielectric constant 6: 

fkT,= fiAd . 
L 

The average RF current density analogue to Eq. (5) is then: 

I’r = 3.89 x lo-‘K {-&} A/m’. 

(13) 
By comparison, an effective & can be obtained: 

P q, = 4.353 x 10s #pl’” 5 . 

hmming 6 = 4.65 eV, x = 4 eV and Ad measured in nanome- 
tern, we ue that 

Thus, for example, for a & of 60 and c = 3, Ad corn- out 
to be 16.5 run (in rliit dieagreement with Ref 10). Thii cal- 
culation awumea that the metal surface is perfect and that 
the entire &I, can be aecribed to the dielectric of thickness 
Ad. In actual fact, perfect machinii das not exist and even 
before the cavities are damaged by breakdown and sparking, 
there ia a contribution to the value of @  due to metal surface 
imperfections. After multiple breakdowns, let ua aesume that 
the surface damage seen in Fig. 18 explains &‘a of magnitude 
6 and that a multiplicative & of magnitude 10 due to a di- 
electric layer gives a total /I,/f = && = 60. Using the rame 
parametem M in Eq. (15), we then lind that the Ad layer on 
the damaged metd surf&x k on the order of 2.8 mu. 

Although we have no diit measurementa of these respec- 
tive layer thickmseee, they are at least plausible. When we 
begin an R.F proceaeing cycle, the evidence is that the inter- 
nal cavity rurfacea an indeed covered with impuritiee and that 
the FE currenta at a given 5eld level are comparati ely hi. 
he electron and photon bombardment proceeda an %  gas deb 
orption and pumpdown take place, FE decreaeea and m  to 
reach an asymptotic lower level. 

Unfortunately, we do not have UL evolutiouary memare- 
mentof~duringtheRFproum. Themaeon iethatuntila 
uvi~~b&nRFp~totbepointw~lto~~ 
at ib asymptotic field (either through ruccemive breakdowna 
or through ‘R.F ecrubbii with argon), a l ingkvalued and 
accurate Fowl&-Nordhehn plot over a reaeonabk range of l/E 
cannotbeobtained. Bythetimethetotalrangeof&ldecan 
be sunned without breakdown, the impuritia w daorbed 
to~m~tial~andthemufacedunagefromnmlt$k 
br~dgwne&a k already irrevemible. The meuurod B b 

. 
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That this scenario is approximately correct can also be con- 
cluded from our observation that after our S-band twecavity 
structure was exposed to CO, the FE current was at first in- 
creased. However, as pointed out earlier, after 15 to 30 min- 
utes of RF processing (i.e., of “snow” removal) it returned to 
its pm-exposure level, i.e., the few mono-layers were desorbed. 

Now let us focus on the breakdown process. In contrast 
to field emission, which is a relatively steady and reproducible 
process, breakdown is a catastrophic phenomenon. As with 
many such phenomena, we seem to be able to list the gen- 
eral conditions which lead to it, but we are not ableto predict 
the exact time when and exact location where it takes place. 
The consensus1Q~21~z2~23 is that the ultimate type of breakdown, 
i.e. the one that invariably damages the surface, is due to Ex- 
plosive Electron Emission (EEE). 

The general model for EEE is that the local effective elec- 
tric field at a particular surface site reaches a level such that 
the FE current raises its temperature to the melting point. In- 
stantaneous melting and evaporation of metal and inclusions 
take place, the gas rapidly expands and gets ionized into a 
plasma, light is emitted, the surface is irreversibly deformed 
and the condition of the initial site is changed. The local field 
emitted current drops off and the breakdown stops. The entire 
phenomenon resembles a volcanic eruption. 

To be more specific, let us consider that the local field at a 
site reaches 6-Q GV/m. In this range, the FE current density 
is on the order of lo*-10’ A/cm*. The heat dissipation per 
cm* through ohmic loss from such a current in a medium of 
resistivity p is then y*p. If we sssume to first order that this 
heat does not have the time to be conducted away, it will raise 

. the temperature of the volume by AT(“C) in a time 

At = 4.18 MC AT 
32P 

where M  is the density in grams/cm3, C is the heat capacity 
per gram, and p is measured in ohms-cm. As it turns out, the 
time to reach the melting point of the metal does not depend 
very much on which metal is considered (in agreement with 
the results of Ref. 6.) and is roughly equal to: 

At= 2T10Q .^ seconds . 
I’ 

Thus, for 3 = 10’ A/cm*, At - 2 nsec. This result is consistent 
with our observations (Fig. 10) and that of other reports that 
breakdown, on the microsecond scale, is essentially instanta- 
neous. In our case, i.e. pulsed RF, all subsequent observations 
as we reported them above, are consistent with the model, 
i.e. we witness: 

- a large current jump (by a factor of 20-30) due to the 
ionization of the plasma and the release of electrons, 

- emission of light (the cathode flare or spark reported by 
others), 

This brings us to the next question: why does the break- 
down field vary as f*/*, in basic agreement with the Kil- 
patrick formula, even though we showed earlier that his 
model does not seem to apply to our high frequency case? 
One possibility is that the ions, whose energy does vary 
as f-* (see Eq. Q), do play a role in triggering the break- 
down after all. Another proposed idea*’ is that the fre- 
quency dependence has something to do with a required 
buildup time of the hot-electron population. The shorter 
the time becomes, the less the full enhancement can ma- 
terialize. According to J. Halbritter, there might result 
a saturation in the field emission due to the neutraliza- 
tion of positive charges in the dielectric interface. This 
theory, however, is still speculative and requires further 
confirmation. 

- a sudden power reflection from the structure (due to the 
consumption of a significant fraction of the few joules 
stored in the cavity and the collapse of the fields), 

- a sudden rise in carbon-related molecules in the RGA 
(the evaporated copper is too heavy to reach the RGA 
and is locally reabsorbed by the cold walls of the cavity), 

- that the cavity disks, upon subsequent examination, are 
damaged. 

Remaining Problems and Conclusions 

5. Finally, we have to ask ourselves if there is some way 
of suppressing or at least controlling the field emission 
and the breakdown in an actual extremely high-gradient 
accelerator. The field emission is detrimental because it 
can absorb a substantial fraction of the RF energy, cause 
wakefields and x-ray radiation, and, if captured over a 
long accelerator length, may be hard to separate from 
the real beam. The breakdown is detrimental for obvi- 
ous reasons: it interrupts the operation of the machine, 
it damages the structure, and through the formation of 
surface defects, it increases or’ at least creates a high level 
of asymptotic field emission. 

Having convinced ourselves that our scenario of “snow Since surface contamination of one sort or another dur- 
covered mountains” sometimes subject to Volcanic eruptions” ing the manufacturing process is probably inevitable, RF 
is a rather plausible one, let us now conclude by listing a few 
problems that still need to be resolved through further work: 

processing will undoubtedly be needed to clean up the in- 
ternal surfaces of the accelerator. The question is then: 

In our S-band structures, breakdown first appeared 
at ~86 MV/m in the seven-cavity section and at 
~170 MV/m in the somewhat cleaner two-cavity struc- 
ture. Both were processed up to over 300 MV/m peak 
field. Did the early breakdown events. nredominantlv 
due to “snow,” cause surface damage? WL believe so but 
we did not examine the inside of the cavities until we 
reached the top field. By that time, there were plenty of 
“mountains” and “craters” formed. 
Close to the top field, immediately after a breakdown 
event, the FE current generally returns exactly to its pre- 
breakdown level. What does this mean? Whv doesn’t 
the modification of the one local mountain with its lo- 
cal snow change the FE current? Probably because by 
this time, there are many similar sites, which combined 
with the production of numerous other secondary emit- 
ted electrons, swamp the effect of the local change. 
We observed throughout our experiments that the FE 
current was independent of the pressure in the cavity, a 
fact which is consistent with the above model. The prob- 
ability of breakdown occurrence was also quite pressure- 
independent in the lo-* to lo-’ Torr range. When the 
pressure at the pumps approaches 10m5 Torr, the fre- 
quency of breakdown does increase and the measure- 
ments become somewhat unstable. It must be stated that 
the exact pressure in our cavities subject to breakdown 
is not known because the pumps (see Fig. 7) are about 
a meter or so away, and local puffs of gas (“clouds” over 
the mountains) cannot be measured accurately: they can 
only be inferred. Thus it is possible that the ultimate 
breakdown trigger is caused by a local instabiity or run- 
away condition, ion formation (P la Kilpatrick!) with ex- 
tra surface bombardment, sudden space charge neutral- 
ization which raises the local field, or even a more com- 
plex phenomenon. Thus to carry our geophysical analogy 
one step further, it may be that the volcanic eruption of 
a snow-covered mountain is finally precipitated by the 
cloud floating above it. 
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can thii be done without damage to the surface, thereby 
and& up with a p of -10 rather than OO? The an- 
gwer le that it may be pouible to avoid l urfgce dam- 
age by rtuting out with upon or helium proceulng, or 
treatment with another gu ruch as atomic oxygen. We 
are presently thinking of experimente to check out theae 
ideas. 
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