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ABSTRACT

Light emission associated with electron emission in
metallic surfaces exposed to high electric fields has been
reported by several authors in both D.C. and RF.
experiments. These observations have been employed to
support different models of the field emission phenomena. In
this paper we present an optical system for the observation
and study of light emission in RF cavities. The first results
obtained with a special copper cavity equipped with
removable samples are presented. Light spots were clearly
observed and some physical parameters (geometrical, field
dependence, intensity, radiation spectrum and time evolution)
have been measured in preliminary experiments. This optical
system provides an interesting tool for field emission studies
in RF cavities: high spatial resolution for light spots detection
and straightforward measurement of optical radiation.

INTRODUCTION

Several authors have reported observations of light
emission associated to electric field emission in different
experimental conditions. Hurley and Dooley [1] [2] have
observed light spots in D.C. field emission experiments on
different samples placed in high electric fields E> 5MV/m.
The spots were localised and its characteristics measured
(light intensity vs., electric field, light spectrum), showing a
close behaviour to the electroluminescence phenomena. The
authors concluded by proposing a model where the electron
emission sites found on metallic surfaces are associated with
semiconducting type impurities located at the grain
boundaries or other defects in the metal surfaces.

Light emission observations in RF cavities have also been
reported and some interesting experimental results were
presented. At CERN, with a monocell superconducting cavity
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(500 MHz), light emission was detected by a photomultiplier
through a view port installed at the upper beam tube [3].
Measuring the light intensity as a function of the electrical
field, an experimental law was founded which is well
supported by a model considering the black body radiation
from a small particle, insulated from the Nb wall, which is
heated by the RF field.

The study of light emission in RF cavities could strongly
contribute to a further understanding of the electron emission
phenomena. Some optical measurements could bring
interesting data to elaborate a more complete model able to
explain the origin and mechanism of the field electron
emission.

In this paper we present the first results obtained with an
optical system adapted to a 1.5 GHz copper cavity. The main
aim was to experimentally prove the working principle and to
evaluate the localisation and measurement capabilities of such
adiagnostic tool.

1-THE 1.5 GHz COPPER CAVITY

The GECS group in France has started a study on electron
emission in D.C. and RF cavities. The understanding of field
emission in metallic surfaces placed in strong RF fields could
contribute to improve the gradient obtained in
superconducting cavities for electron accelerators [4] [S] [6].

Concerning the RF experiments, the Saclay group has built
a copper cavity at room temperature equipped with a
removable sample. The experimental work at room
temperature can be totally applied to metal surfaces working
at cryogenics temperatures and the simple copper cavity offers
a fast turnover of the experiments [6].

A 1.5 GHz re-entrant cavity was designed (Table I) with
diameter 100 mm and height 42 mm, presenting a high
electrical field over the removable sample surface.
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Frequency 1495 + 5 MHz
Maximum RF power 5kW
Maximum average power <50 W
Maximum peak field (300K) > 50 MV/m
Maximum peak field (77K) > 65 MV/m
Qo Cu: 8600 Nb: 6000

RF puise length 10 us to continuous

Emission current 100 pA to 10 mA

Pressure <107 mb

Table I : Characteristics of the 1.5 GHz copper cavity

Two cavities of this model were constructed : # 1 with an
isolated electrode (diameter 15 mm) placed in front of the
sample allowing an accurate measurement of the electron
current flowing from the sample inside a conical angle of
40°. The # 2 cavity is equipped with an optical viewport
(sapphire window) taken the place of the current measuring
electrode. Electron trajectories calculations give a maximum

electron energy of 100 keV for a surface field at the sample of
40 MV/m. Two permanent magnets were disposed on each
side of the tube supporting the viewport in order to deflect the
elecron beam and avoid a strong bombardment of the
sapphire window.

The cavity is powered by a 5 kW klystron (Thomson
TH 2466) working in pulsed mode : frequency 1 Hz, pulse
length 1 to 5 ms, to limit the dissipation on the cavity walls.

Two coaxial antennas are installed at the upper part of the
cavity together with the vacuum pumping tube. An ion pump
keeps a low pressure (< 10”7 mbar) during the experiments.

The sample (diameter 3 mm, height 15 mm) is screwed on
the lower part of the cavity. Its reduced size allows the
mounting on a SEM special holder for examination and local
measurements before (and after) the experiment in the
cavity [7].

2-THE OPTICAL SYSTEM
AND ITS CALIBRATION

The cavity with its pump is directly assembled under an
optical table where the complete experimental set up is
mounted (Fig. 1). Two lenses (f : 200 and f : 450) give an
image (x 2.2) of the sample at the focal plane where is placed
a CCD camera (CoHu 4910) without any filter of window
protection. The camera has a sensitivity of 0.02 lux and the
calibration using a HeNe laser and calibrated attenuator gives
aradiation sensitivity of 1.5x 10-11W at 630 nm.

Saphire window
==
Deflecting Vacuum pump
magnets
Klystron SKW B o] -
o Light source
] AN
Z 1500 MHz Sample
copper cavity (Cu, Nb, ...)

CCD
Camen»
[[PM]
Frame Grabber
Oscilloscope +
Image processing

Fig. 1 : Optical system for light detection in RF cavities
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Taking some precautions (averaging, offset balancing) it is
possible to perform differential measurements of the light
intensity integrated over the CCD sensor area with higher
sensitivity, reaching 10712 (the spectral response of the CCD
sensor covers the wave length range : 400 - 700 nm - 50 % of
relative response -). The video signal from the camera is
sended to a Frame Grabber Board installed in a PC
microcomputer. Image analysis software provides a simple
and efficient tool to digitize and study the light emission
phenomena on the sample.

Geometrical calibration of this optical system (lenses +
mirror + camera) gives a final resolution of 3.6 ym at the
sample level (= 8 pm at the CCD sensor). This is in principle
a quite satisfaciory resull to localize light spots on the sample
surface, but the main problem remains the accurate marking
of the sample for off-line observation and analysis.

The two lenses and the camera are positioned by DC
motors and potentiometers for readout and remote control.
The overall precision and reproducibility of these movements
was evaluated to better than 50 ym.

In some experiments a photomultiplicr (Hamamatsu
R4125) was placed at the focal plane. It detects either the total
light coming from the sample (solid angle defined by the
cavity hole and saphire window : 2.5 x 10-3 Sr) or the light
through a slit (or square diaphragm) placed in face of the PM
cathode, allowing the observation of a particular area of the
sample.

The calibration of the PM with the same laser as described
previoulsy, gives a sensitivity of 2 x 10-13 W (corresponding
to an anode current of InA) at 630 nm (the spectral response
of the PM is limited for the IR : 350 - 550 nm - 50 % of
relative response -).

3 - EXPERIMENTAL RESULTS

3. 1- Obser vations of light spots

The first observations of light emission with this cavity
were made using a copper sample scratched with a tungsten
point (Fig. 2). Examination with the SEM shows small
outgrowths over the surface, mainly in the vicinity of the
artificially located grooves.
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Fig. 2 : Copper sample (SEM picture)

After an initial RF processing (pulse frequency 1 Hz, pulse
length 2 ms) the vacuum in the cavity was stabilized and it
was possible to increase the electric field. The procedure of
RF conditioning is described in details by J. Tan et al. in
reference [6] [7].

Using the CCD camera a first spot was observed for
E = 43 MV/m and pulse length of 2 ms and it was possible to
observe a decreasing luminous intensity down to
E =35MV/m but for lower values of the electric field the
spol ceased to be visible. During this experiment it was
necessary to increase the pulse length from 2 to 4 ms for a
clear identfication of the spot in the electrical field range
between 35 MV/m and 40 MV/m.

Placing the photomultiplier (PM) at the focal plane, we
have measured the total light coming from the sample. This
time, a light signal was observed starting at lower fields
E=220 MV/m and when the field was increased an anode
current step takes place for E = 38 MV/m with a slight
hysteresis. All these results are plotted in Fig. 3 : the PM
signal corresponding to the total anode current measured by
the 15 mm diameter photocathode and the CCD signal
corresponds to the maximum light intensity (arbitrary units) of
the single spot. For the presentation of results we have chosen

1
the experimental law : I = f(j—ﬁ) . This law is adopted by

two authors [1] [3] proposing two completely different
models : electro-luminescence and black body radiation. For
the PM measurements this law seems 1o fit quite well but we
cannot conclude before a more large number of tests so we
have adopted it just for convenience of data presentation.
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Fig. 3 : Light intensity vs Electric Field

The geometrical aspect of a light spot as viewed by the
CCD camera is presented in Fig.4.
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Fig. 4 : Transverse profile of a single spot’observed with
the CCD camera

The image processing software allows to obtain profiles
of the light spot along an axis. The apparent size (at the level
of the sample) is 20 ym (FWHM). Using the calibration of the
sensors, we have evaluated the power in ‘the spot :
P=3x10"10 W (measured with the CCD camera). At the
same electrical field the total light measured by the PM
corresponds to a power of 1.5 x 10 W, note that the wave
length range covered by this sensor is shorter than the CCD.

During the experiment with this sample (several days
corresponding to a real RF time of 10 minutes), five spots
were observed but not simultaneously, the "optical life" of one

spot is evaluated to a few minutes after this time they
disappear but can be turned on by increasing the field or the
RF pulse length. All the observed spots lie in a ring around
the axis of the sample, of radius * 1 mm This sample was
controlled before and after the RF experiments, in a separate
cavity (type # 1) equipped with an electrode for electron
current emission measurement. The results are presented in
Fig.5. The two Fowler-Nordheim plots are very close, the
measured equivalent § remaining roughly the same.
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Fig. § : Fowler-Nordheim plots of the copper sample
measured in a separate cavity

3.2 - Time dependance of the light emission

When using a PM, it was possible to observe some
interesting facts the light signal (anode current)
corresponding to the whole sample was slightly unstable
during the experiment and depends strongly on electrical field
and RF pulse length. With a RF pulse of 4 ms, a first plateau
in synchronism with the RF was observed at low field.
Increasing the field a second plateau of twofold intensity was
observed, delayed by a time varying between 1 and 2 ms. This
delay decreased progressively during the experiment to values
less than 1ms.

In order to study in more details this transient effect, a slit
assembly was installed just before the PM photocathode for
observation of a particular area of sample.The vertical
position of a horizontal slit (1 mm) was adjusted to measure
the light coming from two spots (# 4, # 5). A vertical slit
(1 mm) was added and its horizontal position adjusted to
measure separately the spots # 4 and # 5. The PM anode
signals are presented in the Fig.6. Each spot has a different
transient behaviour and the signal corresponding to the
horizontal slit alone gives with a good precision the sum of
the two single spots.
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Fig. 6 : Light emission signals (PM) corresponding to
different areas of the sample surface
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A simple thermal model could explain this difference
between the spots : different time delays for particles well
isolated from the sample surface, to reach a temperature
which allows a sufficient level of radiation power to be
detected by the optical sensors.

3.3 - Light spectrum

Using a set of high pass filters (Melles Griot) covering the
500 nm - 850 nm range in steps of 50 nm, a preliminary study
of the light spectrum from a single spot has been made using
the CCD camera.

A typical spectrum of a single spot is presented in Fig. 7.
This spectrum shows an important power starting at 600 nm
and increasing toward the IR region. The CCD sensor has a
reduced sensitivity for wavelengths greater than 850 nm but it
was able to measure a significant power (35 % of the total
power) in the interval 850 - 1000 nm. This measurement
could be also explained by a simple thermal model but more
detailed measurements and statistics are necessary to conclude
on this point. In the Fig.7 a curve giving the black body
radiation power of a particle (T : 1500 K) corresponding to
the solid angle of the experiment roughly confirms the trend
observed in this spectrum.
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BB Measurements with the CCD camera and a
high-pass filter set (450nm - 850nm)

—— Power density spectrum of a black body
at 1500K (corrected for the experimental solid angle)

Fig. 7 : Spectral density distribution of a single spot (CCD
measurement)
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4 - CONCLUSION AND FURTHER
IMPROVEMENTS

These preliminary results confirm that the main objective
of this work was reached : the working principle of this kind
of diagnostic has been proved. Light spots were clearly
observed but an important question remains to be answered by
complementary experiments : are all the observed light spots
candidates for field electrons emission sites ?

The simultaneous measurement of light emission and
emitted current from the sample can be obtained by electrical
insulation of the central part of the cavity supporting the
removable sample. This improvement is under developement
and it can partially contribute to answer the question.

Some DC field emission experiments can also be
performed after the RF tests : localised light spots with the
optical detection system can be measured by a special anode
probe mounted on the SEM sample chamber. This operation
asks for an accurate marking of the sample in order to position
the spots with a good reproducibility in the two separate
experiments.

Concerning the spectrum  measurement some
improvements can be easily performed : installation of a
monochromator associated with a sensitive photomultiplier
must give an order of magnitude increase in the wavelength
resolution as compared to the high pass filter method.

Finally, increasing the sensitivity of the optical detectors
can give an answer to another important question : is the black
body radiation the main mechanism of light emission in a RF
cavity ? Some authors have reported electroluminescence in
DC experiments and the presence of this phenomena in RF
cavities remains an open question.
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