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A variable-temperature pulsed high-voltage system has been constructed and a series of high-field mea-
surements on copper electrodes have been carried out. The measurements are made at ambient to cryogenic
temperatures and include conditioning, breakdown threshold, and field emission. A significant, up to 50%,
increase in the breakdown threshold and remarkable stability of field emission are observed when cooled
to cryogenic temperatures compared to room temperature. These results provide important experimental
input for the development of quantitative theories and models of high-field processes as well as practical

input for cryogenic radio-frequency systems.
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Electron field emission (FE) and vacuum arcing (break-
down) are phenomena that are important for a wide
range of applications, including normal conducting and
superconducting accelerators. Significant resources have
been dedicated by accelerator communities for increasing
achievable gradient, including investigations into the fun-
damental processes that lead to FE and breakdown (BD)
[1-5].

In high-gradient accelerator applications, the most
important issues include identifying the mechanisms that
limit the ultimate surface fields and the origin of the BD
rate (BDR), that is, the number of times an accelerating
structure breaks down divided by the number of pulses to
which it is subject [6,7]. A number of models have been
proposed including those of Refs. [8,9], which attribute
BD nucleation, and consequently BDR, to lattice void for-
mation and to dislocation dynamics, respectively. In both
cases the BDR is predicted to be strongly temperature
dependent. Fowler and Nordheim have described the the-
ory behind FE [10]; however, in macroscopic systems a
so-far-unidentified field enhancement factor (often denoted
as f3), of the order of 30 to over 100, must be applied for the
theory to fit experiment. Constraining the characteristics of
the FE enhancement would be an important contribution to
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the theory. BD nucleation models and the nature of intrin-
sic field enhancement features can be studied in an original
way exploiting temperature dependence, and to this end
a dedicated experimental setup has been constructed and
high-field measurements have been made in the range from
room down to cryogenic temperatures.

The setup is based on a pulsed dc high-field system
[11—-14], which has been developed to complement the X -
band radio frequency (rf) test stands of the CLIC study
[15]. It consists of planar anode and cathode made of
OFE copper in ultrahigh vacuum biased by a kHz-range-
capable, high-voltage (HV) generator [16]. A precision-
manufactured alumina spacer fixes the gap between the
electrodes to 62.8 um at 300 K. The electrode system
is placed in a cryostat connected to a cryocooler. The
electrode assembly is attached to the second stage of the
cryocooler with the upper electrode in mechanical contact
with the cold finger [17]. The high-field operation, includ-
ing BD detection, recovery from discharge, and algorithms
for conditioning, is derived from X-band test facilities
[11-14].

Throughout these tests, whenever the system is cooled,
intermediate degassing procedures are carried out at criti-
cal temperatures of 120, 60, and 30 K [18]. The procedure
consists of: cool-down and stabilization of all surfaces at
an intermediate temperature; warming up of electrodes by
internal heaters to degas the material; waiting for gases
to desorb from the electrodes and condense on the colder
outer radiation shield. At each temperature the capacitance
of the electrode system is measured and from this the gap
distance is estimated to 77, 78, and 79 um at 90, 60, and
30 K, respectively [19,20].
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FIG. 1. Conditioning curves for all runs. Data from (a) the first

set of electrodes and (b) the second set of electrodes.

Surfaces generally do not initially hold their highest
field, and in order to attain it they are subject to progres-
sively higher voltage pulses in a controlled way, a process
known as conditioning. In this system, as in the rf structure
tests, the pulsed voltage is gradually increased while main-
taining a BDR at approximately 10~°, by feeding back on
the ramping rate. The average saturation voltage Vs, cal-
culated by taking an average of 5 x 10® pulses around the
maximum voltage, typically occurs within about 100 mil-
lion pulses and corresponds to stable operation at a BDR
of around 107>, Details of the conditioning procedure can
be found in Refs. [12,13].

After the initial conditioning at 300 K, the first pair of
electrodes is conditioned at 30 and 60 K and the second
pair at 30, 60, and 90 K. A final conditioning for both
pairs is made at room temperature. After each tempera-
ture change and at the end of each conditioning run, field
emission characteristics are measured.

The conditioning histories for both sets of electrodes,
and at all temperatures, are shown in Fig. 1 where the
applied voltage is plotted as a function of number of
applied pulses.

The conditioning at lower temperatures clearly allows
attaining higher saturation voltage levels, and higher sat-
uration fields (Eg = Viat/d, where d is the spacing of the
electrodes), as shown in Table I. The saturation field has,
however, usually been observed to decrease with increas-
ing gap size [12,21,22], and described in terms of Vg, by

sat?
Egy, and relative change AE/E between them, for conditioning

runs at different temperatures 7.

Electrode set 1 Electrode set 2

T Ese;tt Esat AE/E Ese;: Esat AE/E
K) (MV/m) (MV/m) (%) (MV/m) (MV/m) (%)
30 67.4 96.7 43 78.3 117.1 50
60 67.7 93.6 38 78.6 115.0 46
90 e e 78.9 109.4 39
300 722 72.2 0 83.9 83.9 0

the relation
Vear = k x d*7, (1)

where the constant k£ depends on the surface properties and
processing procedure of the electrodes.

Using Eq. (1) one can compensate for the effect of
the gap increase by calculating the expected V,, at cryo-
genic temperatures, taking the & value calculated at room
temperature (k; = 3.96 MV/m"” and k, = 4.61 MV,/m"7,
respectively, for the first and second electrode set) and
estimating the expected saturation field ES at gap sizes
measured at 90, 60, and 30 K. A comparison of these
estimates with the measured values for each of the condi-
tioning runs can be found in Table I. There is a significant
increase of the measured saturation field at cryogenic tem-
peratures with respect to room temperature, clearly indicat-
ing a strong effect of the cold conditioning. These results
are consistent with the experiment performed at SLAC in
which a copper accelerating cavity achieved higher rf sur-
face fields for a fixed BDR when operated at cryogenic
temperatures [23].

A theoretical model of the BDR dependence on electric
field £ and temperature 7, driven by the creation of dis-
locations under the stress produced by the electric field,
described by the activation energy E; and the volume of
dislocation nucleation AV, was put forward in Ref. [8].
These quantities are related by the equation

_ —E; +€AVE?
"~ ky(InBDR — Ina)’

)

where €y is the vacuum permittivity, k; is the Boltz-
mann constant, and a is the prefactor of the Sieverts-type
dependence postulated by the model.

We perform a simultaneous least-squared fit to both
data sets with parameters described by Eq. (2) keeping
Ey common for both sets and AV;/AV; and a;/a, dif-
ferent for each set and taking BDR = 10~° as fixed by our
conditioning algorithm. We obtain the following results:
Ey =0.103 eV with AV} =0.191 x 107 m® and a| =
6.36 x 107> for the first set of electrodes and AV, =
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FIG. 2. Measured values of the maximum surface field at dif-
ferent temperatures for both sets of electrodes. The lines are the
fits from the crystal defect model [Eq. (2)].

0.128 x 1072 m? and a, = 7.81 x 10~ for the second
set. The results are very consistent with the values given
in Refs. [8,24]. Figure 2 shows the fit of the model to the
data. The data are in similar agreement to Ref. [9].

Field emission measurements are carried out after each
conditioning run and at each stabilized temperature. Two
different instruments are used in the study [25] and provide
consistent results. FE current / is measured with constant,
that is, not pulsed, applied voltage V, which is increased
at a rate of 100 V per minute until maximum voltage is
reached or a BD is detected. The possible damage as a
result of a BD is significantly limited by available power
from the HV power supply. Current-voltage scans are rou-
tinely repeated in order to determine if there is any surface
degassing of contaminants by electron-stimulated desorp-
tion [26] during the measurements, or other effects that
might result in a change in the FE properties between
the scans. Such a change is observed at room tempera-
ture but not at cryogenic temperatures. We believe this
confirms that the desorption procedure described before is
successful.

FE results relating to different temperatures are pre-
sented in the following, plotted as In(//E?) versus 1/E.
The Fowler-Nordheim [10] theory predicts a linear behav-
ior in such plots for a single emitter on a perfectly flat
surface [27,28]. In all the plots dashed lines represent lin-
ear fits and solid lines represent a Savitzky-Golay (SG)
filter fit to the data [29].

The effect of cooling to cryogenic temperatures can be
seen in Fig. 3(a), which shows the examples of FE cur-
rent scans after conditioning at 300 K (black curve) and
after cooling to 30 K (green) (but not re-conditioning).
The scans in all the cases end with the detection of a BD
after reaching on average currents of about 100 pA. At the
lower temperature the current is at least an order of mag-
nitude smaller than at room temperature for the same field
value.

The effect of the conditioning at 30 K is shown in the
same figure in brown color. After conditioning at 30 K,
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FIG. 3. (a) Field emission after conditioning at 300 K (black),

cool-down to 30 K (green), and after re-conditioning at 30 K
(brown). (b) FE for surface cooled down to 60 K after condi-
tioning at 300 K (black), after re-conditioning at 60 K (brown),
and compared with FE at 60 K after 9 days (green).

lower currents are drawn from the surface for the same
field; moreover the surface can sustain a higher field result-
ing in a much higher emitted current, limited only by
the power supply (3 mA). Most strikingly, the FE current
curves become extremely smooth and very linear in the
plot.

The same effect is observed at 60 K, which is illustrated
in Fig. 3(b) with FE current scans before (black) and after
conditioning (brown) at 60 K. The FE curves show very
linear behavior throughout the whole scan. We observe the
same behavior for both sets of electrodes.

A warm-up test on conditioned surfaces is made to see
if the remarkable stability and high level of FE current are
maintained when the temperature increases, as shown in
Fig. 4. The electrodes conditioned at 30 K are warmed
up to 45 K and then to 60 K. Subsequently after re-
conditioning at 60 K the electrodes are warmed up to 75
and 90 K. In each case the 15 K difference already reverses
the effects of the conditioning. Breakdowns are detected
at relatively low voltages and the curves become irregu-
lar.Finally a measurement is made to investigate if stable
and high-level FE conditions persist in the longer term.
After conditioning and measuring FE at 60 K the tem-
perature of the system is lowered to 30 K and left for 9
days. Afterwards the electrodes are warmed up to 60 K, to
desorb any gases that might have been adsorbed. The FE
measured at 60 K after 9 days, displayed as a green curve
in Fig. 3(b), shows a partial de-conditioning.

A linear fit is performed on the In(//E?) versus 1/E
plots of the FE measurements, and the fitting results are
presented in the first three columns in Table II. The
emission from the surfaces conditioned at cryogenic tem-
peratures is characterized by much larger values of both
intercept and slope, indicating a larger effective emission
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FIG. 4. (a)FE from surfaces conditioned at 30 K (brown) com-

pared with FE after warm-up to 45 K (green) and to 60 K (black).
(b) FE from surfaces conditioned at 60 K (brown) compared with
FE after warm-up to 75 K (green) and to 90 K (black).

area and a smaller field enhancement as demonstrated by
the parameter 8 [28]. A constant work function of copper
of 4.65 eV is assumed during the fit of the 8 parameter.

An analysis is made to quantify the noisiness of the FE
curves under different conditions, as seen in Figs. 3 and 4,
by calculating the deviation from a curve fit to the data.
A nonlinear dependence is allowed to accommodate pos-
sible distortion of the Fowler-Nordheim curves due to the
effects of space-charge or local emitter heating [30]. A SG
filter is used for the analysis with three different criteria
[31] with the systematic error estimated by repeating the
fit with £10% variation in SG filter window size. Table 11
shows the results of the analysis. The three criteria have
similar behavior at the different temperatures. The differ-
ences after conditioning are striking. For example, at 30 K
the mean square error decreases from 1.7% to 0.004%, i.e.
by a factor 400, the signal to noise ratio increases by 21 dB,
and the smoothing index increases from 0.41 to 0.91.

Our measurements of the long-term effects of condition-
ing at cryogenic temperatures (see last row in Table II)
indicate that the material and/or surface state changes.
After over a week-long interruption we record a change
in the slope of the FE curve as well as in all the three
parameters describing the smoothness of the FE curves.
The change, however, is not as pronounced as the effect
of the warm-up of the electrodes.

In conclusion, a cryogenic dc HV system integrated in
a stand-alone cryocooler is constructed in order to inves-
tigate the fundamental mechanisms of field emission and
breakdown nucleation. A series of high-field measure-
ments are carried out with two pairs of copper electrodes
at temperatures ranging from ambient down to 30 K. We
observe a significant increase in the field holding capability
of the electrodes when cooled and conditioned at cryogenic
temperatures, with increases of 44% and 50% for the two
sets at 30 K. The enhancement for measurements at 60 K
decreases by 4%—6% and it further diminishes by 7% at a
temperature of 90 K. The improvement disappears when
the surface is warmed up back to room temperature, even
after a re-conditioning.

A remarkable reduction of fluctuations of the field-
emitted current from fully conditioned electrodes operated
at cryogenic temperatures is also observed, together with
an increase of the maximum current enabled by the larger
attainable field, consistent with a standard large metal tip
theory. The stable and high current field emission quickly
deteriorates with increasing temperature, and already with
a 15 K increase the field emission characteristics return to
the values from before conditioning.

The results show a general agreement of BD char-
acteristics with the proposed theoretical models, where
the temperature enters exponentially via e!/%T term
[8,9], and confirm the increase in field holding capabil-
ity at cryogenic temperatures observed in Refs. [23,32,33].
The present work provides experimental data that can
be used to refine the theoretical models and potentially

TABLE II. Quantitative comparison of the smoothness of FE curves based on linear regression and Savitzky-Golay fit.
Case Slope? Intercept B MSE (%)® SNR (dB)° s1¢
300 K after conditioning at 300 K —184+2 3.64 £0.1 35542 1.2+02 3241 0.33 £ 0.01
After cool-down to 30 K —279+2 355+£0.1 235+1 1.7+£02 36 1 0.41 £ 0.01
30 K after conditioning at 30 K —479+1 7.99 £0.1 137+ 1 0.004 £ 0.001 57+1 0.91 £ 0.01
After warm-up to 45 K —433+5 6.54 +0.2 151 +1 26+£02 38+1 0.50 £ 0.01
After warm-up to 60 K —299+3 4.08 £ 0.1 219+ 1 29+03 3241 0.31 £ 0.01
60 K after conditioning at 60 K =561 %1 831 £0.1 117+1 0.007 £ 0.001 56 1 0.92 +0.01
After warm-up to 75 K —323+2 4474+0.1 203+ 1 I.1£0.1 39+1 0.37 £ 0.01
After warm-up to 90 K —211+3 2.13£0.1 310+2 84+0.7 2941 0.39 £ 0.02
60 K after 9 days —387+1 513+0.1 169 + 1 0.124 £ 0.002 47+ 1 0.50 £ 0.01

2 Slope, intercept, and S field enhancement factor derived from linear regression fit with standard error on the coefficient.

b Relative mean square error after SG fit.
¢ Signal to noise ratio after SG fit.
4 Smoothing index after SG fit.
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discriminate between various underlying physical mech-
anisms, thus eventually improving our understanding of
BD phenomena. Our FE data might also be relevant for
benchmarking other theoretical work on nano-tip growth
[34], in particular the expectations that these models would
have in regards to changes with temperature. We plan to
continue with the cryogenic test, and as more temperature-
dependent datasets become available the accuracy for
theoretical modeling and benchmarking should further
improve. We also underline that a temperature variation
by an order of magnitude is possible only with a cryogenic
experiment like ours, while this would certainly not be fea-
sible upon heating above room temperature, irrespective of
any experimental difficulty.

Finally, our study provides crucial data for the design
of future normal-conducting accelerators at cryogenic tem-
peratures with very high gradient and reduced breakdown
rates [35], with the potential of a reduced cost and opti-
mized performance.

The authors would like to thank Torsten Koettig
(CERN) for several helpful discussions and suggestions for
the design of the cryogenic system.
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