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Abstract

Vacuum breakdown in normal-conducting accelerating
structures is a limiting factor for high gradient acceleration.
Many aspects of the physics governing the breakdown pro-
cess and its onset are yet to be fully understood. At Uppsala
University we address these questions with an in-situ experi-
mental setup mounted in an environmental scanning electron
microscope. It consists of a piezo motor driven tungsten
needle and a sample surface mounted on a piezo stage, al-
lowing for nano-meter 3D-position control. One of the piezo
motors controls the needle-sample gap while the two other
scan across the surface. A DC-voltage up to 1 kV is applied
across the gap and field emission currents from a copper
surface are measured with an electrometer. Here we present
the setup and some initial results.

INTRODUCTION

The performance and efficiency of future linear accel-
erators for high energy physics [1] is determined by the
quality of the radio-frequency structures used to accelerate
the particle beams. The high electromagnetic field levels
required to keep the accelerator compact, cause field emis-
sion and occasional spontaneous discharges or breakdown
of the radio-frequency fields [2] on the inner surfaces of
the structures. In super-conducting structures the surface
morphology and chemistry proved to be decisive features
that were improved [3] over the past 30 years and led to a
hugely increased achievable gradients. Normal-conducting
structures have reached a stage where the high design gradi-
ents are reached [4], albeit with breakdown levels that are
marginal. Since the breakdown events are determined by
the surface physics on the inner surfaces of the structures
we have built a device that allows us to place a probe nee-
dle on high-voltage over a sample surface to locally study
the pre-breakdown stage, subsequent breakdown and the
final creation of craters inside a scanning electron micro-
scope. The present scanner is an improved version of the
one discussed in ref. [5].

FIELD EMISSION

The theory of field emission was first properly formulated
by Fowler and Nordheim in 1928 [6]. They derived an equa-
tion for current density as function of electric field. The
equation for field emission was improved to include temper-
ature effects [7]. We use a form commonly used [8, 9] for
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field emission
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we can determine the local
field enhancement β from the slope of the curve. In our
case we use copper samples of quality similar as used for
the Compact Linear Collider (CLIC) accelerating structures.
The value of the work function of copper φ = 4.5 eV.

SYSTEM DESCRIPTION

The setup consists of a sample holder designed for cir-
cular samples with 12 mm diameter. The sample holder
is mounted on piezo motors which allows position control
in x-y direction. A tungsten needle is mounted on another
piezo motor for controlling the gap distance. The Smar-
Act SLC1720 piezo motors all have position sensors with
nanometer resolution and are controlled by a MCS-3C con-
troller, which makes position control with nanometer preci-
sion possible. The setup with the piezo motors is shown in
Fig. 1. A Keithley 6517A electrometer is used for sourcing
voltage up to 1000V and simultaneously measuring currents
with sub-pA resolution. A summary of the parameters is
presented in Table 1.

Table 1: System Parameters

Parameter value
Voltage source 0-1000V
Current measurement resolution sub-pA
Position control 1 nm
Sample diameter 12 mm
Tungsten needle radius of curvature 5 µm
Vacuum level in SEM 5 × 10−5 mBar

The setup can be placed inside the vacuum chamber of
a scanning electron microscope (SEM), we use an environ-
mental SEM Philips XL30 ESEM-FEG. This makes in-situ
measurements of field emission currents and observation of
small surface changes with high resolution possible. The
setup is mounted on the sample holder of the SEM which
can be moved in 5 degrees of freedom, this controls where,
and with what angle, on the sample surface we probe the
electron microsope. On top of this we have the degrees of
freedom of our setup which controls where on the surface
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Figure 1: Left: The setup with piezo motors for controlling
the x-y direction of the sample surface and gap distance
between needle and surface. The bottom plate is only for
holding the setup when not installed in the SEM. Right: A
schematic of the setup inside the vacuum chamber of the
SEM.

we perform the field emission measurements. With the last
piezo motor we can control the gap distance. A schematic
of the setup inside the SEM is shown in Fig. 1.

Knowing the gap distance between needle and surface is
crucial in order to determine the macroscopic electric field.
To determine the gap distance we apply a low voltage of
1 V across the gap and slowly approach the surface while
monitoring the electric current. When the current exceeds a
threshold the procedure stops. Typically we can move to a
gap distance of about 5 µm just from the images from the
electron microscope and then we start decreasing the gap
distance further in steps of a few nanometers using the piezo
motors. Repeated measurements showed good reproducibil-
ity and we performed a series of 10 measurements of the gap
distance with onlyσ = 20 nm standard deviation. At present
we have a tungsten needle with some rough features and the
physical contact of the needle and the surface left marks
on the surface. These dents may give rise to a systematic
error in the measured gap distance. Since we do not want to
make field emission measurements at a location where we
have damaged the surface we can measure the gap distance
at two surrounding points and interpolate between the two
points. Then we move to a position in the middle of the
two points and set a desired gap distance without physical
contact between the surface and the needle.

PRELIMINARY RESULTS

We performed a series of 10 voltage scans at the same
position with gap distance set to 500 nm. In the voltage
scans we measured the current while ramping voltage in
steps of 2 V until a threshold of 1 µA was reached. Figure
2 shows the maximum voltage, i.e. the voltage when the
current threshold was reached. As can be seen the highest
voltage was reached in the first scan and then maximum
voltage decreased in the scans that followed. For each scan
step we performed the same analysis and determined field
enhancement factor β and as we can see in Fig. 2 there
was a peak in field enhancement in scan step 7 leading to a
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Figure 2: The maximum voltage and field enhancement for
10 voltage scans. A peak in field enhancement was reached
at scan step 7.

maximum local electric field at this scan step. We note that
the initial scan step reached the highest maximum voltage
and the lowest field enhancement. The subsequent scans had
lower voltage but higher field enhancement which gives the
impression of an activation effect.

Scanning electron microscope images as shown in Fig.
3, before and after the scan, show the formation of crater
with a diameter of 4 µm during the experiment. As we can
observe from Fig. 3, the sample has low surface roughness.
Furthermore, it can be observed that the enhanced field
emission that leads to the formation of crater occurs in the
flat regions of sample. Higher magnification image shows
some 100 nm protrusions on the surface of the sample. The
location of protrusions before and after the field emission
is outside the region of crater, hence these protrusions have
not played any part in the formation of the crater during field
emission but was effected by the creation of crater itself.

In another experiment, we performed a series of 100 volt-
age scans at another location on the surface. Again we used
gap distance 500 nm and the same settings as in the previ-
ous scan. Figure 4 shows the maximum voltage and field
enhancement factor β. This time we could not obeserve any
changes on the surface, i.e. no crater formation. However,
around scan step 25 there was a sudden increase in maximum
voltage. But there was simultaneously a decrease in field
enhancement. This compensates the increase in voltage and
thus keeping the maximum local electric field fairly constant.
To quantify the steps we performed fits to both the maximum
voltage and the field enhancement in the form

f (n) = a +
b

π
arctan(n − c) (3)

where n is the scan step number. The fit results are sum-
marized in Table 2. As we can see there is a 62 V step in
maximum voltage and -3 step in field enhancement between
steps 25-26. This would suggest that one or several field
emitters disappeared, e.g. melted, due to the intense surface
electric field and high current density.
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Figure 3: A crater formed during the series of 10 voltage
scans. Top left: surface before measurement, to the right of
the image we see the tip of the tungsten needle which was
retracted 10 µm to not block the view of the surface. We
also show a zoom of a small protrusion on the surface. Top

right: needle at surface directly after measurment, crater
was formed. Bottom left: surface after measurement. We
used the dashed lines for triangluation to locate the small
protrusion again. Bottom right: zoom in of the crater. The
diameter of the crater is a few microns. We also note the
smoothness of the surrounding surface.
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Figure 4: The maximum voltage applied and the field en-
hancement factor for 100 voltage scans. There is a sudden
increase in maximum voltage and simultaneously a decrease
in field enhancement.

Table 2: Fit Results Value (Confidence Limits)

Vmax β

a 273.5 (268.6, 278.4) 9.1 (8.7, 9.5)
b 62 (52, 72) -3.0 (-3.8, -2.2)
c 25.6 (23.9, 27.3) 25.3 (22.6, 28.0)

In the series of 100 scans there was no clear peak in
field enhancement and no crater was formed. We also note
that the field enhancement factor was on average lower than
compared to the series of 10 scans. We can only conjecture
that the crater in the series of 10 scans was formed in step 7,
when beta was largest, since we only observed the surface
before and after the series.

In total we have performed many different voltage scans
but only in a handfull of the measurements did we observe
visible damages on the surface and at locations without any
special, visible surface features. This might suggest that
the field enhancement and onset of breakdown might not be
dependent on surface roughness but something else, perhaps
surface chemistry.

CONCLUSION

We constructed a setup for in-situ SEM field emission
measurements we nanometer-precision position control. The
small dimensions of the setup and small size of the tungsten
needle allows for field emission measurements localized to
a small part of the surface. The benefit of in-situ SEM ex-
periments is that we can easily observe the surface before
and after the field emission measurements. We performed
series of voltage scans with field emission and in some cases
we saw crater formation. In the experiment with a crater
formation it did not seem to be a correlation to surface mor-
phology. This suggests that, for well-treated samples with
flat surfaces, the field emission currents do not so much de-
pend on surface morphology, but rather on something else
such as surface chemistry.
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