© 1973 |EEE. Personal use of this material is permitted. However, permission to reprint/republish this material
for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers
or lists, or to reuse any copyrighted component of this work in other works must be obtained from the IEEE.

*
ELECTRON LOADING IN I- AND S- BAND SUPERCONDUCTING NIOBIUM CAVITIES

t
C. Lyneis, Y. Kojime, J. P. Turneaure, Nguyen Tuong Viet

Department of Physlcs and High Energy Physics Laboratory

Stanford University, Stanford, California 94305

Summary

Electron lcading has been investigated in super-
conducting niobium L- and S- band TMO mode single-
cell cavities at high field by observing the x-radistion
which electrons accelerated by the RF fields produce
on collisison with a cavity wall. This x-radiation
has been studied for various cavity lengths, cavity
rescnant frequencies, and vacuum and surface conditions.
Alsc, electron loading has been found to produce
regenerative excitation of higher modes in both I~
and S-bend cavities.

Introduction

Electron loading is the principal factor which
limite the maximum fields aschieved in superconducting
accele{a%og ﬁype cavities with frequencies below about
2 GHz.?<2>2* Most instances of electron loading at
high fields are probably the result of field emitted
electrons which are accelerated by the cavity RF fields
snd eventually collide with a cavity wall producing
x-radiation and secondary electrons. This relationship
of electron field emission to electron loading in
superconducting cavities has been rather convincingly
demonstrated by x-radiation data over s range of five
decades which fits & Fcwler-Ncordheim equation modified
tc include the effects of electron dynamics in the RF
fields, x-radiation preduction, %nd absorption of the
x-radiation by the cavity walls. The modified Fowler-
Nordheim equaticn for the x-radiation intensity I is of
the follcwing form:

= ;
I=0%5 exp [-6.83 x 105 ¢/ w(y)/8E] (1)
where ¢ is the work function of the metal in eV,
v(y) is a function given in reference 6, B is the
electric field enhancement factor, and E is the
surface electric field in MV/m. Tt has been found that
ordinary electron-field-emission thecry alone can not
adequately account for all of the experimental data
related to the x-radiation for superconducting nicbium
cavities; however, if one includes the possibility of
resonant tunneling due to adsorbed gases the x-radiatim
data can be adequately explained and the x-radiation
intensity still has the dependence on the electriec field
given in Eq. (1). Since electron loading is an impor-
tant factor which limits the fields in superconducting
ocavities, electron losding was investigated by obser-
vation of x-radiation as a function of variocus cavity
characteristics.
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Experimentel Results and Discussions

Teble I gives x-radiation data for a number of
superconducting niobiunm mode single-cell I-band
cavities with resonant frequencies of nominelly 1.3
GHz. The first column gives the cavity identificeticn
and test number., The third column gives the x-radia-
tion flux from the cavity at a distance of 1 m from
the cavity and at the maximum surface electric field
given in the second column. The enkancement factor
B based on the x-radiation dats and Eq. (1) is given
in the fourth column. By calculating the average x-
ray energy (from x-ray energy spectrum measurements)
as a function of electric fileld, it was possible to
show that B values should not be significantly dif-
ferent for x-radistion data based on phcton counting
rates measured with NaI(Tl) crystals and on ionization
measured with ionization chambers. It has in fact been
ocur experience that B values based on these two x-
radietion measurement methods are in agreement. The
fifth column in Teble I glves the x-radiation flux at
a maximum surface electric field of 15 MV/m based on an
extrepolation using Eq. (1) and the other values in
the table.

The conditions under which x-radiation measurements
were made on the L-band cavities were varied with re-
spect tc the nature of the cavity vacuum, the condition
of the cavity surfece, and the cavity length (and thus
she voltage across the cavity at a particular electric
field level). There were two different techniques used
to provide a vacuum for the cavities. The first method
(continuously pumped) was to provide continuous pumping
using ultre-high-vacuum techniques (sputter-ion pump
and appropriate ueterials) through the coasxial line
which provided variable RF coupling to the cavity.

This continuously pumped method had two disadvantages:
(1) the pumping speed through the coaxial line from the
pump to the cavity was very low, and (2) some parts of
the vacuum system remained at room temperature while the
cavity was below 4 K. The second method (permanently
evacuated) employed a low temperature microwave coaxial
window to provide coupling to the cavity. With this
coaxial window it was possible to attach the cavity to
an ultra-high-vacuum pumping system and after evacuation
to permanently seal the cavity vacuum by pinching off
the copper tube connected tc the ultra-high-vacuum
system., Both vacuum methods achieved vacuums on the
crder of 10~%torr. There is a general difference in

the x~radilation characteristics of cavities prepared
with the two vacuum methods as shown in Table I: for
the continuously pumped methcd the B values lie
between 412 and 508, and for the permanently evacusted
method the B values are between 314 and 377. This
difference for the two vacuum methods is still generally
evident when one compares the x-rediation flux normalized
to 15 MV/m, however, not es clearly (B-2 and B-3 can not
ve included in this comparison since the x-radiation flux
given is after helium-ion sputter processing). Appe-
rently rather small changes in vacuum conditions can
influence the x-radiation characteristics of cavities.
This result may be understood from another experimental
observation that, even though the field level is kept
very constant, the x-radiation level under some condi-
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TABLE T

X-Radiation Data On Superconducting Niobium I-Band Cavities

Cavity Maximum Surface X-Radiation Enhancement X-Radiation Comments
and Electric Field, at B Factor, B E oy =15 MV /m
Test Eﬁax (MV A) (mBR/h 2% 1 ) (m§7h at 1 m)
E-1 10.2 50 Lok 2000 continuously pumped
D-L 6.7 .2 138 280¢ anodized, continucusly
punped
*
B-2 18.4 200 so8 (197) 14 continuously pumped,
sputter processed
*
B-3 15.5 65 193 (338) %9 continuously pumped,
sputter processed
M1-6 12.6 20 Loy 57 continuously pumped
G-1 15.4 250 L30 205 centinuously pumped
G-2 17.0 200 Li2 79 continuously pumped
G-5 21.5 730 377 53 permanently evacuated
D-5 11.3 1.5 331 43 permanently evacuated
K-1 10.9 0.05 31L 3.0 permanently evacuated

% These radiation values umessured after helium-icn sputter prccessing. The P
column after the value of

x-radiation values sre shown in parenthesis in the

tions can change by factors cn the order of two in time
both inereasing and decreasing., This observation sug-
zests that the addition or removel cf just a few ad-
sorbed atoms &t a field emitting site may have a rela-
tively large effect on the field emission current and
hence the x-raciation.

TABLE I1

X-Radiation Data At S-Band

Cavity Max, Surface X-Radiation  Inhancement
and Electric Field, at E Factor, B
Test E_ (#V/m) (mR/h at°% )

-3 30 2 115

7-6 20.6 .8 381

7-7 20 < .05 77

5=3 35.3 200 210

5= 12.35 it 247

3-3 15 1 252

Takle II zives x-radisticn data for a rnumber of
superccnducting nichbium ‘I‘Mm node single-cell S-band
2 =5 with rescnant Iredliéncies of sbcut 2.3 GHz.
It is interesting to compars these S-band x-radiation
i “<h these for L-tand in Tabtle I. The max
»tace olectric fields for S-band are cn the
sbout 1.7 times those for L-band. 't these maximum
clectric fields, the 3 values and x-radiaticn [lux

- -

raluss Tor B nd are 2onsidernbly below these ror L-
2 The < trcns in the csvity RT
& e v to intluence the comperiscn of

sta since the irum fields scale
ricnal to the Ireguency. Two
fans for the dirfersince in the

-
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values apprcpriste to these
B befcre processing.

radiation from S-band and I-band cavities are (1) =
statistical model for field emitting projections with
nigh B (based on high electric field area) and (2)

a frequency dependent fileld emission theory. All of
the S-band cavity tests used low temperature microwave
cozxial windows (rermenently evacuated), and thus one
should compare the data in Tsble II only with the last
three entries in Tatle I. In as much as one out of six
S-band cavity tests had a B similar to thcse for the
three I-~band tests and the area cf an S-band cavity is
about 1/5 the area cf an I~band cavity, the x-radiation
datae supports a statistical model for field emitting
projections of high B , although they by nc mesans
necessitate such a model. Although ordinary =lectron
f1eld emission is not likely to have any Trequency
dependence until well asbove the 1-10 GHz region, 1t may
nonetheless be possible that resonant tunneling of
s2lectrons through the surface potentisl barrier {dus

to adsorbed gas) mey heve a frequency depsndence in the
1-10 GHz regicn.

The cavitiss for 211 cof the tests indiceted in
Table I were fired in ultra-high-vacuum at about lSOOOC.
This firing was the final prccessing sier Just befors
agserbly and testing cf the cavity, except for cavity
test O-4 which was ancdized to s depth of about LOO A
as a final prccessing step. As seen in ths table,there
is no chbvious differencs in the x-radiation characteris-
125 betwzen the anclizad cavity snd the rired cavities.
The surface of twc of the cavities {in tests 3-2 and
B-3} were subjected to helium-ion sputte:
whils the cavisies were at about 2K, Thi
spatter processing ! i
3 wvalue and the x
test B-2 tha £ value 4
with a decresge by a
nt 15 MY/m, i

sarimeemd da Adatadl o
CADS LT il Liadn

28 o 107 aleong
he w-radizticn




TABLE

Regenerative Excitation of

IIT

Higher Freqguency Modes

Cavity Frequency of Regeneratively E % Required X-Radiation
end ™, Mode Excited Mode 0¥ Excitation at E

Test ?GHZ) and Frequency (MV/m) (mR/h a¥%% m)
G-1 1.326 TMllO—Q.OlY 15.4 200

G-2 1.326 TMllO-2.O17 15.0 60

G-5 1.326 T 0m2.937 21.5 65

7-€ 2.847 m&ufhem 18.0 .8

cavity K is 5.9 cm long. It would appear from the characteristics. It appears thet the electric field

Table that “here mey be some length dependence of the
x-radiation characteristics, perticularly in the x-
radiation flux normalized to 15 MV/m; however, more
measurements must be made to make any conclusion.

Regenerative excitation of higher modes by field
emitted current accelerated by the RF field of the

mode has been cbserved in both S- and L-band
cavity tests. Table III glves the results for several
cavity tests in which & higher frequency mode was ex-
cited, As can be seen from the table the higher fre-
quency modes were only found along with a large
x-radiation level and hence electron loading. Re-
generative excitation of higher modes has been observed
in btoth the TDLlO and ™ modes. This regenerative
excitatlon of ﬁlgher nodés appears to be very similar
to regenerative beam breskup in accelerators except
that the electron current originates from electron
field emission rather thazn from an accelerator beam.
Measurements have been mede which show thsat increasing
the RF coupling and hence decreasing the loaded @ of
the regeneratively excited mode increases the time
required for build up of this mode. Also, there is &
starting x-radiation level (or field level) for regene-
rative excitation of the higher mode. As the x-radia-
tion level is increased sbove the starting level, the
build up time for regenerative excitation decreases.
Field emission currents calculated from the Fowler-
Nerdheim equation, x-radiation data, and typical field
emission areas are on the same order as starting currents
calculated for regenerative beam breskup based on the
lcadedé @ and shuntimpedance of the regeneratively ex-
cited mode.

Conclusions
Electron loading in superconducting niobium

cavities at high Tfields has been investigated by ob-
serving x-radiation as a function cf various cavity
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enhancement factor P for electron field emission

and the consequent x-radlation level depend on the
esvity vacuum: B  values and x-radiation levels were
generally less for permanently evacuated cavities than
for continucusly pumped cavities which had psrts of the
vacuum system at room temperature. Also the x-radiation
data support a statistical model for fileld emitting
projections of high B %based on the high electric field
area, although they by no means necessitate such a
nodel. It has been found that higher modes are often
excited when large x-radiation levels are present.

The excitetion of these modes may be asccounted for by
regenerative excitation involving the field emitted
current and the properties of the higher wmcde.
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