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Abstract

Multipacting is a common phenomenon of spontaneous electron loading in resonant struc-
tures, either normal or super conducting. These electrons interact with the rf field inside
the resonant structure and thus cause an abrupt and huge loss of rf field. As a result, multi-
pacting appears as a performance limiting phenomenon of resonant structures, e.g., cavity
and waveguide.

In the case of superconducting cavity, due to cool down to cryogenic temperature from
room temperature, residual gas molecules adsorb on the inner surface of cavities and cou-
plers. A common speculation is that these adsorbed molecules enhance the multipact-
ing. In the research and development of superconducting Crab cavity for KEKB electron-
positron collider, a severe multipacting is observed during the first time rf excitation after
the cool down at 4.2K from room temperature. After processing the multipacting, if the
cavity is kept at 4.2K, this multipacting is never observed during the following rf exci-
tation. Also, in the case of KEKB superconducting accelerating cavities, multipacting is
observed at and around the input coupler during the long time operation of KEKB. This
observance of multipacting may be explained as that adsorption of residual gas molecules
may cause this multipacting. Being inspired by these experimental hints, we have devoted
our effort to understand the multipacting with respect to the adsorbed gas molecules.

Our study is different from the present trend of multipacting research — simulation of
multipacting and study on secondary yield. In our study, we have focused our concentra-
tion in the origin of multipacting. What molecules are responsible in multipacting? Is there
any difference between monolayer and multilayer of adsorbed molecules in multipacting?
In our study, we have tried to find out this kind of fundamental answers in an attempt to
trace out the seed of multipacting.

At first, we have designed and built up a dedicated experimental setup to learn the ad-
sorption and desorption of residual gas molecules on cryo-cooled surface. Most exciting
part of our experimental setup is to develop a Gas Flow Control System, by which we have
efficiently controlled the number of molecules admitted into the vacuum chamber. This has
enabled us to study the adsorption and desorption of gas molecules with respect to mono-
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layer and multilayer. As the experimental surface on which adsorption and desorption has
been studied, we have designed a cylindrical vacuum chamber. This vacuum chamber has
been fabricated from the thick cylindrical pipe of oxygen free high conductivity (OFHC)
copper so that the temperature distribution along the length of vacuum chamber becomes
negligible. Since the most dominant residual gas molecule in ultra high vacuum is H,, we
have extensively studied the adsorption and desorption of Hy. We have found that H; has
a saturated pressure of the order of 10~* Pa at 4.2K. Desoprtion of H; from monolayer as
a function of temperature can be characterized by a broad peak at 14K. On the contrary,
desorption of H, from multilayer occurs very sharply at around 5.6K.

Experience of the adsorption desorption experiment has been carried in the experiment
of multipacting with respect to adsorbed gas molecules. For this study, we have designed
and built up a coaxial type resonant cavity of resonant frequency is 1.5 GHz. Mode of
excitation has been so chosen that different cutting parts, for example, vacuum opening
at inner conductor, have been adopted at the places where rf surface current is zero. This
mode selection has enabled us to build up a coaxial cavity of rather high unloaded Qp
from OFHC copper. Another important feature of our design is that the inner and outer
conductor can be easily separated from each other. This feature provides different options
to study the multipacting. For example, besides the very easy access to the multipacting
site, we can change the surface condition at the probable multipacting site. We have also
designed and built up the unit coupling input probe, different monitor probes and the
cryostat top flange.

To study the multipacting, we have used three parameters: i) vacuum pressure, par-
ticularly, for multipacting at room temperature, ii) current due to multipacting electrons,
and iii) reflected and transmitted signals from the cavity. In the study of room temperature
multipacting, We have found that after processing of the multipacting observed below the
peak electric field of 0.28 MV /m, these multipacting incidents do not occur during the sub-
sequent rf excitations, if the cavity is not exposed to ambient air. Multipacting above the
peak electric field of 0.28 MV /m occurs during every rf excitation, even if the cavity is not
exposed to ambient air. Room temperature multipacting observed above 0.3 MV/m has
been found not to become processed without baking at 100°C. This effect of baking hints
that water molecule may cause or enhance multipacting. In contrast to room temperature,
multipacting levels at 4.2K are few and soft. Once processed, multipacting does not occur if
the cavity is kept at 4.2K. We have studied the multipacting at 4.2K with respect to different
amount of adsorption of H; - from saturated H; surface to partial monolayer of H,. Our
experiment has revealed that adsorbed H; does not act as the seed of multipacting, rather
suppresses the multipacting. We have also studied the effect of other dominant residual
gas molecules CO. We have found that CO too does not act as the seed of multipacting.
Also, the development of multipacting in microsecond level has been studied.
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Chapter 1

Introduction

Main objective of this chapter is to explain the motivation of our study. Both experimental
approach and objectives are also mentioned.

1.1 RF Cavity

Now-a-days, accelerator and its technology is not only important for the elementary par-
ticle physics, but also for the wide application in different applied researches such as ma-
terial science, medical science, and molecular science. Radio frequency (rf) cavity is the
heart of a modern particle accelerator. RF cavity is used to provide energy to the particle
beam. Due to growing demand of both energy and luminosity, superconducting, particu-
larly niobium, cavity becomes the indispensable source of particle energy in present day’s
accelerators. In very near future, superconducting rf cavity known as Crab cavity, will be
used to deflect the beam in KEKB ! electron-positron collider.

Due to various reasons, maximum accelerating gradient of superconducting cavity has
been never reached up to the theoretical limit >. One of the reasons is the loss associated
with the residual resistance. Impurity in the superconducting material itself, adsorbed
gas molecules and trapped magnetic flux may be the main sources of residual resistance.
Besides this loss, the other common losses are field emission, thermal breakdown and mul-
tipacting.

IKEKB is a one of the two electron-positron colliders dedicated for the CP violation study.

2This theoretical limit is due to the superheating magnetic field. For niobium, theoretical value of super-
heating magnetic filed is 240 mT at OK [1]. This yields around 60 MV /m maximum accelerating gradient for
niobium cavities.
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At high field level, electrons come out from the microscopic defects on the cavity inner
surface. These electrons are accelerated by the rf electric field and impact on the cavity wall.
As a result, impact site becomes heated up and x-rays in the range 0.1 - 1 MeV is produced.
This phenomenon is known as field emission and the defects are called field emitters. Due to
field emission, an exponential drop in Q) as a function of peak electric field E,; is observed.
RF and He processing are applied to process the emitter but another emitter may appear
at higher rf power. Detection of x-ray near the cryostat and scanning the temperature of
cavity surface provides the powerful ways to detect the field emission and emitters. For a
detailed picture of field emission, it may be very useful to go through the Ref. [2].

Thermal breakdown occurs when a large fraction of the cavity becomes normal conduct-
ing prematurely and as a result, abruptly a huge amount of stored energy is lost into Joule’s
heating. When the field inside the cavity becomes sufficiently small, cavity is cooled by
the liquid He and thus regains the original condition. This whole process repeats and so
reflected and transmitted signal from the cavity looks like saw-tooth wave. Thermal break-
down limits a sharp degradation of the quality Q) at a peak electric field. This anomalous
loss is usually happened due to normal conducting particulates (e.g., inclusion of foreign
material during welding, residuals from the cleaning process) strongly attached with the
cavity inner surface and imperfections of the superconducting material itself. This also
may happen due to impact of electrons generated from field emission and multipacting.

Multipacting is another anomalous loss due to electron impact. Since multipacting is of
our main concern, it is discussed more elaborately in the next section.

1.2 Multipacting

Multipacting is a resonant phenomenon in which copious electrons are generated from the
cavity inner surface within a very short time. These electrons interact with the rf field in-
side the cavity and thus extract stored energy of the cavity. This extraction of stored energy
can be experimentally observed by following the transmitted signal from the cavity in os-
cilloscope. Figure 1.1 shows the time structure of the transmitted signal of a cavity driven
by pulse power. Sometimes, the loss of stored energy due to multipacting electrons is so
huge that it seems as if a barrier is present against the increase of the stored energy by rais-
ing the input rf power. As a result, an abrupt fall of the cavity quality as a function of peak
electric field is observed experimentally. Indeed this situation was frequently happened
before the use of present day’s spherical or elliptical shaped cavity.
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Figure 1.1: Due to Multipacting, change in time structure of stored energy of a cavity op-
erated in pulse mode (dotted line (blue) - during Multipacting, solid line (red) - without
multipacting).

Usually a multipacting barrier is surmounted by rf processing. This is done by allowing
multipacting to progress for an interval of time while slowly raising the rf power. Even-
tually, and sometimes abruptly, multipacting ceases. Very often, further barriers appear
at higher field levels. These may be processed as well. But sometimes this processing

becomes impossible due to limitation of available input rf power.

Upon impact, multipacting electrons release heat on the cavity surface and thereby
cause localized increase of the surface resistance. This increases the cavity losses. Some-
times, this localized heating even may cause thermal breakdown. But this localized heating

enables us to detect the multipacting site.

1.2.1 Theory of Multipacting

Due to different reasons such as cosmic rays, photoemission and field emission, some elec-
trons come out from the inner surface of the rf cavity. If one of these stray electrons is in
favor of the rf field of the cavity, then the electron is accelerated and eventually impacts
on the cavity wall. This impact results in a number of electrons known as secondary elec-
trons. The number of secondary electrons depends on the impact energy and the condition
of the surface. These secondary electrons are again accelerated and, upon impact, produce
another generation of electrons. This process is continuing on. As a result, if the secondary
electron emission coefficient is larger than one, there is an avalanche of electrons inside the
cavity in a very short time, almost instantaneously. This is the mechanism of multipacting.
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Two Point
Multipacting

(One Point
Multipacting

Figure 1.2: A very simplistic view of two common multipacting trajectories.

Trajectories of multipacting electrons are very complex. Depending on the closeness of
emission and impact sites, there are two common types of trajectories, known as one point
and two point multipacting.

In one point multipacting, secondary electrons impact the cavity wall at or very near to
the emission site. But in case of two point multipacting, impact and emission sites are far
away, usually involving two opposite rf surfaces. Obviously, to be accelerated, secondary
electrons should be either in same phase (one point multipacting) or opposite phase (two
point multipacting) relative to the primary electron. This reveals that multipacting is es-
sentially a resonant phenomenon where time between the two consecutive impacts should
be integer (one point multipacting) or half-integer (two point multipacting) multiple of rf
time period. Number of rf periods elapsed in between the two consecutive impact with
the cavity surface is referred as the order of multipacting. In addition to the resonant con-
dition, secondary electron emission coefficient of larger than unity should be fulfilled to
occur the multipacting.
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Figure 1.3: Secondary electron emission coefficient of a niobium surface after different sur-
face treatment [2].

1.2.2 Secondary Electron Emission Coefficient

For most materials, the secondary electron emission coefficient is larger than unity for the
impact energy in the range from a few tens of eV to a few thousands of eV. In this range,
magnitude of the secondary electron emission coefficient varies significantly from material
to material. However, the general behavior is similar to that shown in Figure 1.3.

Since secondary electron emission occurs at the surface, surface preparation is very
important to control the secondary electron emission. This is also revealed out in the Fig-
ure 1.3. One of the steps of cavity preparation is wet treatment, which results in large
secondary emission over the entire measured region of impact energies. Argon discharge
cleaning or baking are very effective in reducing secondary electron emission.

Adsorbed particles also increase the secondary electron emission. Residual gas
molecules, hydrocarbons from the pump oil and lubricants used in polyethylene [3] are
the main sources of adsorbed particle.
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1.3 Review of Multipacting Studies

Multipacting problem drew attention from the very early time of use of pill box shape rf
cavity. At that time, many studies were carried out to understand this problem. For a brief
review, one may go through the Ref. [4], [5] and [6]. It was found that field limitation in
pill box type cavity was caused by the one-point multipacting. A remarkable solution to
this one-point multipacting is to change the cavity shape into the spherical one. In this
shape, electrons drift to the equator within a few impacts and so, no stable trajectories
is possible. At the equator the electric field vanishes and so secondary electrons do not
gain any energy. As a result, generation of secondary electrons stops very quickly and
does not favor to resonant multipacting. Later elliptical shape cavity was developed and
reported free from multipacting [7]. But these spherical and elliptical shape cavities are not
completely free from multipacting. Two-point multipacting was reported to occur in these
cavities [8], [9].

Problem of Multipacting is more severe in the case of coaxial structures, for example,
input coupler and waveguides required to feed rf power to the cavities [10] - [12]. To
understand the multipacting in this arena, and thereby, to find out the best suppression
method, most of the present studies concentrate on the simulation of multipacting [13] -
[15].

Another crucial factor of multipacting is the secondary electron emission coefficient.
So, in past as well as present days, many studies have been carried on to determine the
secondary electron emission coefficients and thus to find out the best way of preparation
of cavity surface [3],[16] - [20].

1.4 Objective of our Study

In KEKB electron-positron collider, a superconducting cavity, well known as Crab Cavity
will be used to realize the finite angle head-on collision. Figure 1.4 shows the conceptual
design of the Crab cavity. This cavity is designed to deflect the beam transversely elec-
trically. So, the mode TM;, rather than the fundamental mode TMy,, is used. To extract
the fundamental mode, a coaxial coupler is adopted. Without this coaxial coupler, there is
not so much multipacting. But with the introduction of the coaxial part, a serious multi-
pacting is observed. Multipacting observed in the Crab cavity with the coaxial coupler is
illustrated in the Figure 1.5. When there is no multipacting, time structure of the reflected
and transmitted signal from the cavity driven by rf pulse has the characteristic form as
shown in the right-bottom part of Figure 1.5 (Here, the cavity was little bit over coupled.).
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Figure 1.4: Conceptual design of KEKB Superconducting Crab cavity.

After cooling to 4.2K from room temperature, during the very first rf excitation, crab cavity
with the coaxial coupler exhibited the time structure as shown in the upper-left part of the
figure at low rf power (a few watts). Since power was too low for field emission, this time
structure could be explained by the electron loading due to multipacting. As illustrated in
the Figure 1.5, it took about one hour to rf process this multipacting. Once processed, this
multipacting never occurred during the following rf excitation if the cavity was kept at lig-
uid helium temperature. After warm up to room temperature, this multipacting was again
observed during the very first rf excitation after cool down the cavity. This observance of
multipacting led to the speculation that adsorption of residual gas molecules might cause
this multipacting. Due to multipacting, adsorbed gas molecules desorb from the multi-
pacting site and thus once processed, there is no reoccurrence of multipacting.

Also, during the long time operation of KEKB electron-positron collider, multipacting
is observed at and around the input coupler of the superconducting accelerating cavities
although the aging of input coupler is done before the operation. This observance may be
explained by the adsorption of residual gas molecules on the surface of input coupler from
the beam pipe. In order to desorb out the adsorbed gas molecules, rf processing with bias
voltage is applied to the input coupler [10].

These experiences prompted us to study the multipacting in the coaxial structure with
respect to the adsorbed gas molecules. In contrast to the present trend of multipacting
research, we concentrated our devotion in the origin of multipacting. Which molecules are
responsible in multipacting? Is there any difference between monolayer and multilayer of
adsorbed gas molecules in occurring multipacting? In our study, we dedicated our effort

to find out this kind of fundamental answers to trace out the seed of multipacting.
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Figure 1.5: rf processing of multipacting observed in KEKB Crab cavity with the coaxial
coupler.

1.5 Sketch of our Study

When the superconducting cavity or coupler is cooled at cryogenic temperature, resid-
ual gas molecules adsorb on the inner surface. There is a common speculation that these
adsorbed molecules play a crucial role in multipacting. In order to study the adsorption
and desorption of residual gas molecules, we designed and built up a dedicated experi-
mental setup, named as Adsorption Desorption Experiment. We designed and built up all
the parts of this experimental setup — starting from the pumping system to the computer
based data acquisition system. The most important and difficult part was to develop a very
simple system by which we efficiently controlled the admission of sample gas molecules
into the vacuum chamber, whose inner surface served as the experimental surface for our
adsorption and desorption experiment.

Along with this experiment, we designed and built up another set up to study the mul-
tipacting on copper surface regarding the adsorption of different residual gas molecules.
Our experimental set up was designed to form monolayer or multilayer of the experimen-
tal gas molecules. This enabled us to study the behavior of multipacting with respect to
the number of layer of the adsorbed gas molecules. A coaxial cavity was designed so that
we can prepare localized modification of surface condition. This design feature allows us
to study the effect of surface condition, especially surface roughness.



1.6. ORGANIZATION OF THE DISSERTATIO 9

1.6 Organization of the Dissertation

As mentioned in the last section, we have built up two separate experimental setups,
namely Adsorption Desorption Experiment and Multipacting Experiment. Chapter 2 de-
scribes the Adsorption Desorption Experiment in full depth starting from the experimental
setup, experiments with H, gas molecules and results. Similarly, Chapter 3 describes the
details of Multipacting Experiment. Chapter 4 summarizes our experimental findings.






Chapter 2

Adsorption Desorption Experiment

When a vacuum chamber e.g., cavity or coupler is cooled from the room temperature,
residual gas molecules adsorb on the inner surface of the vacuum chamber. This adsorp-
tion occurs due to i) adhesive attraction force between the chamber surface material and
the gas molecules, ii) adhesive force between the different gas molecules, and iii) cohe-
sive force between the same gas molecules. How do the gas molecules desorb? Obviously
energy larger than the adsorption energy is needed to desorb the gas molecules from the
surface. But the complete picture may be not so simple because of the adsorption' of dif-
ferent molecules at different temperatures. Again, desorption of the same molecules from
monolayer should be different from the multilayer. What is the difference? For a clear
understanding of these phenomena, we devoted ourselves to build up the following dedi-
cated experimental set up.

2.1 Experimental Set up

Figure 2.1 schematically shows the experimental setup of the Adsorption Desorption ex-
periment. Besides the measurement system, this setup consisted of a vacuum chamber,
pumping system, cryostat top flange and gas flow control system. Since our experiment
should be carried on at cryogenic temperature, at first we had to think of cryostat. KEK
Crab cavity group already had some cryostats of inner diameter 200 mm. Size of these
cryostats were enough to fit our experimental purpose. So, in order to save the cost and
time, we used one of these cryostats. Taking the dimension of this cryostat, we designed
and built up all the other parts of the experiment.

1By adsorption we mean that case when adsorption time is comparable to the experimental time.

1
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Figure 2.1: Schematic view of the experimental setup of Adsorption Desorption Experi-
ment. '
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211 Pumping System

Figure 2.2: Oil free high vacuum pumping unit.

We built up an oil free pumping system to achieve a vacuum better than 10~° Pa at
room temperature. We used the oil free pumping system so that any oil molecules could
not enter the vacuum chamber. Our pumping system was consisted of a turbo-molecular
pump? backed by an oil free scroll pump’. Figure 2.2 shows the photograph of the pumping
system.

In our experimental setup, we used Bayard-Alpert type Nude gauge to measure the
total vacuum. Sometimes filament of this nude gauge becomes burnt out due to various
reasons, for example, accidental leak. During the change of burnt filament, we admitted
dry N, gas into the vacuum part of our setup so that the vacuum part did come into a min-
imum contact with the atmospheric wet air. To do this, our pumping system was equipped

Maodel UTM-150, ULVAC designed for vacuum 10~% Pa.
iModel ISP-250B, ANEST IWATA.
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with a gas supply system. In our experiments, this gas supply system also was used to fill
up the experimental gas (H, and CO) into a small container from the large high-pressurized
container.

2.1.2 Cryostat Top Flange

In our experimental design, the most important part of the cryostat top flange was a vac-
uum pipe, which simultaneously served as the connecting pipe between pumping system
and vacuum chamber and as the holder of the vacuum chamber into the cryostat. This vac-
uum pipe hung the vacuum chamber from the ceiling of top flange. In our experiment we
wanted that adsorption of the experimental gas molecules took place only on the inner sur-
face of the vacuum chamber. This required that temperature of the vacuum pipe should be
fairly higher than the temperature of the vacuum chamber. For this purpose, the vacuum
pipe was coaxially placed into another cylindrical pipe (illustrated as Outer Coaxial Pipe
in Figure 2.1) and the annular space between these two pipes was maintained at vacuum
of the order of 10! Pa at room temperature. This annular space acted as a temperature
isolation space. Also, a heater, named upper heater, was wound around the lower end of
the vacuum pipe just above the connecting flanges in order to prevent cooling by conduc-
tion. This heater (30 watt, 15V) was made from manganese wire of diameter 0.2 mm and
resistance 15.16 2 /m.

2.1.3 Vacuum Chamber

We designed a cylindrical vacuum chamber as the surface on which adsorption and des-
orption was studied. In order to keep the temperature distribution along the length of
vacuum chamber minimum, we fabricated the vacuum chamber from a thick cylindrical
pipe of oxygen free high conductivity (OFHC) copper. This OFHC copper pipe was made
from cylindrical copper rod by extrusion. End plates were made of copper of thickness
7 mm. All parts were joined by vacuum silver brazing. Figure2.3 shows the photograph
of the vacuum chamber. In this figure, outside surface of the vacuum chamber looks ash-
black because of baking at 150°C. Table 2.1 shows the dimensions and related parameters
of the vacuum chamber.

Number (mentioned in Table 2.1) of H, molecules required to form the monolayer was
calculated on the assumption that H, molecules were closely packed in a face-centered
cubic lattice. Geometrical surface of a H, molecule is (v/3/2)62, where § = 2.75 x 1078 cm.
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Figure 2.3: Photograph of our designed vacuum chamber. This photograph was taken after
baking at 150°C in ambient air. So, its outside surface turned ash color.

Table 2.1: Dimension of Vacuum Chamber

|| Parameter Value
Quter Dimension 85 mm
Thickness 6.2 mm
Inner Length 300 mm
Inner surface 792.6 cm®
No. of Hs molecules 1.21 x 1018
to form a monolayer
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Figure 2.4: Schematic view of the flow rate measurement setup.

2.1.4 Gas Flow Control System

Since the dominant residual gas molecule at very high vacuum is hydrogen, we had de-
cided to study, at first, the adsorption and desorption of hydrogen gas molecules. In order
to form a monolayer of H, molecules on our vacuum chamber surface, we needed an order
of 10 '® molecules (Table 2.1). This number of molecules equivalents about 0.04 cc H; gas
at standard temperature and pressure. To feed such a small amount of H, gas molecules
into the vacuum chamber, a very slow gas supply system was required.

To develop such a slow supply system, we took a stainless steel capillary pipe of inner
diameter of about 0.lmm. This was the thinnest capillary pipe commercially available.
Since viscosity of gas increases with temperature, in first attempt, we studied the flow rate
of H, gas through the capillary pipe as a function of temperature. Figure 2.4 shows the
schematic view of the experimental setup of the flow rate measurement. Figure 2.5 shows
the photograph of the real experimental setup. One meter long capillary pipe was wound
on a cylindrical heater. At both ends of the capillary pipe, 50 mm long copper pipe of
diameter 3.2 mm (1/8-inch) were joined by silver brazing to adopt the vacuum Swagelock
nut (Figure 2.6). Then one end was connected with the sample gas (H;) container and other
end was connected with the dummy vacuum chamber. A T-type connector (and the long
connecting pipe) between the capillary pipe and pumping unit was used as the dummy
vacuum chamber. Vacuum pressure of the dummy chamber was measured by a pirani
gauge mounted on the side arm of the T-type connector. Vacuum pressure of the dummy
chamber was maintained at 0.6 Pa during the measurement. Pressure of the sample gas

(H;) container was measured by a digital manometer.
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Figure 2.5: Photograph of the real setup of the flow rate measurement through the capillary
pipe. Inset photograph shows the arrangement of the capillary pipe on a heater. Capillary
pipe was wound around the heater and then covered with aluminum foil.
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Figure 2.6: Schematic view of the joint of the capillary pipe with 1/8 inch Cu pipe.
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Figure 2.7: Flow rate of H, gas molecules through a 1m long capillary pipe at different
temperatures.

Figure 2.7 shows the fall of pressure of the sample gas (H,) container through the one
meter long capillary pipe kept at different temperatures. Since pressure of the gas container
is directly proportional to number of gas molecules, this fall of pressure also indicated the
flow rate of H, gas molecules through the capillary. Obviously the flow rate decreased with
temperature but the rate of decrease was very slow. For example, at pressure 0.15 kegf/ cm?,
flow rate of H, gas molecules at 200 "C was 0.01 kgf/cm?*-hour, which was about two times
slower than the flow rate at 27.7°C.

Another idea, we studied, was to deform the capillary pipe along the cross-section. Ob-
viously, this cross-sectional deformation increases the impedance to flow of gas molecules.
We made a simple gadget, as shown in Figure 2.8, to make the deformation. Structure of
the deformation is shown in Figure 2.9. Length of deformation was 5 mm and gap between
successive deformations was 1 mm. Figure 2.10 shows the flow rate of H, gas molecules as
a function of number of deformations through a 250 mm long capillary pipe. Compared to
the method described in the preceding paragraph, cross-sectional deformation of the cap-
illary pipe proved more effective. Deformation enabled us to supply the H; gas molecules
in a very low flow rate by using a shorter length of the capillary pipe even from a higher
up stream pressure.
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Figure 2.8: A simple gadget for making deformation of the capillary pipe.
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Figure 2.9: Structure of the deformation made by the gadget.
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Figure 2.10: Flow rate of H, gas molecules through a 250 mm long capillary pipe as a
function of number of deformation.

In our experimental setup, we used this deformed capillary pipe to control the admis-
sion of H gas from the H; gas container into the vacuum chamber. Length of deformed
capillary was 25 cm and number of deformation was 15. Figure 2.11 shows the gas flow
control system. H; gas container was kept in a thermally insulated box in order to maintain
the same temperature for sufficiently long time. Valve V4 was kept always open. By open-
ing and closing the valve V5, an amount of H, molecules was admitted into the vacuum
chamber. Number of H; molecules admitted into the vacuum chamber was determined by
the ideal gas equation:

APV
_\. = — 21.
.’1‘.3? ( )
Where, V' = 101.28 cc is the volume of the H; gas container, 7" is temperature in Kelvin
of the H; gas container, kg is the Boltzmann constant and AP is the pressure difference
between before and after admission of gas into the vacuum chamber. Pressure of the H,
gas container was measured with a digital manometer.
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Figure 2.11: Gas flow control system. Sample gas container was kept inside a thermally
insulated box.
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2.2 Measurement System

For the measurement of total vacuum, Bayard-Alpert type ionization gauge was used at
the top of vacuum chamber. A quadruple mass spectrometer (QMS) was used to measure
the partial pressure of residual gas molecules. Relative position of the ionization gauge
and QMS is shown in the Figure 2.1.

For the measurement of temperature, gold-iron chromel thermocouple is used. Tem-
perature of the liquid helium inside the cryostat was used as the reference temperature.
When the liquid helium was boiled off, liquid nitrogen was used as the reference tempera-
ture. Also copper-constantan thermocouple was used for the measurement of temperature
above 0°C.

A program in LabView was written to record the thermocouple voltages, total vacuum
pressure and liquid helium level in the cryostat at an interval (Least interval is 1 sec). Our
experiment took a very long time, even sometimes more than 24 hours. This resulted a
huge amount of raw data of temperature as voltage. Another program was written in
Mathmatica to convert these thermocouple voltages into temperatures.

2.3 Adsorption Experiment

2.3.1 Experimental procedure

Vacuum of the vacuum chamber was prepared by baking at 150°C for 24 hours. Not only
the vacuum chamber, but also the connecting vacuum pipe and bellow was also baked
at 150°C. Usually a vacuum of the order of 107% Pa was achieved at room temperature
(~ 27°C). After admission of liquid helium into cryostat, pumping of the pumping unit
was stopped by closing the metal angle valve V3 shown in Figure 2.1. In our experiment
we tried our best to make the temperature around the connecting flange area higher than
the temperature of liquid helium. For this purpose, as mentioned in § 2.1.2, an annular
vacuum space around the connecting vacuum pipe was made and also, the upper heater
was wound at the lower part of the connecting vacuum pipe. Moreover, as shown in Fig-
ure 2.12, the connecting flanges and the lower part of the connecting vacuum pipe were
covered by the Styrofoam in order to avoid direct contact with the liquid helium. In the
H, adsorption experiment, we thus enabled to maintain the temperature at the lower end
(Sensor AuFeb, Figure 2.1) of the connecting vacuum pipe higher (roughly 20K) than the
temperature (4.2K) of vacuum chamber.
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Figure 2.12: Styrofoam cover around the ICF flanges and lower part of the connecting
vacuum pipe.
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Figure 2.13: Adsorption of H; gas molecules in real time.

After achieving an equilibrium vacuum pressure at liquid helium temperature, an
amount of H; gas molecules was admitted into the vacuum chamber by opening and clos-
ing the valve V5 (Figure 2.11). Valve V4 was kept open since the start of pumping of the
vacuum chamber. Pressure and temperature of the H; gas container were recorded at the
time of opening and closing the valve V5. We called the admission of H; molecules by
opening and closing the valve V5 as a shot. Number of H, gas molecules admitted in a
shot was calculated using Eq. (2.1). After each shot, we waited for the equilibrium pres-
sure. Then another shot was admitted. In this way, H, gas molecules were admitted until
the saturated pressure reached. At saturation, vacuum pressure remains constant although

more and more H; gas molecules are admitted into the vacuum chamber.

Figure 2.13 shows how we carried out the experiment of H, desorption. After cool
down the vacuum chamber at 4.2K, we usually waited for an hour to have an equilibrium
pressure and then admitted the 1% shot. An amount of 4.8 x 10'" H, molecules were ad-
mitted at the 1* shot but no increase of either total pressure or the partial pressure of H,
was observed in 45 minutes. Same amount of H, molecules were admitted at the 2™ and
3 shot but no increase of vacuum pressure was observed. Soon after the 4" shot, vacuum
pressure started to increase and reached an equilibrium value in more than three hours.
After achieving the equilibrium pressure, 5% shot was admitted. In between the 4" and
5" shot, there was a sharp peak due to pouring the liquid helium into the cryostat. In
this way, we continued the admission of H; molecules and reached the situation, where
more and more H, molecules, for example, about 10 times H> molecules at 10" and 11"
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Figure 2.14: Vacuum pressure as a function of adsorbed H; molecules at 4.2K.

shots, were admitted without observation of increase of vacuum pressure. This indicated
that vacuum chamber surface became saturated with the H; molecules. In the experiment
shown in Figure 2.13, a saturated pressure of 3.8 x 107" Pa was recorded in the ionization

gauge.

2.3.2 Results

From our experiment of H, adsorption, we learnt the equilibrium pressure as a function
of number of H, molecules adsorbed on the copper surface at 4.2K. Figure 2.14 shows the
equilibrium pressure as a function of H, molecules admitted into the vacuum chamber.
There was no change or little change in vacuum pressure up to the adsorption of 1.4 x10"®
H, molecules. For H, molecules more than this, vacuum pressure gradually increased to
the saturated level. This revealed that adsorption of H, molecules up to 1.4 x 10'® was
different from the adsorption of later molecules. What was the difference? This may be
answered as follows. All H, molecules up to 1.4 x 10 adsorbed on the vacuum chamber
surface due to adhesive force between copper and H; molecules. The available surface was
completely covered by these molecules. There was no room for any other H, molecules to
be adsorbed directly with the copper surface. So, all other molecules adsorbed on the 1*
layer first, then on the 2" layer and so on. These molecules were loosely bound with the
neighbor ones by the cohesive force. So, after formation of 1* layer, equilibrium pressure
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gradually increased with the adsorption of additional H, molecules and finally achieved a
saturated state.

Our experiment showed that number of H, molecules required to form the monolayer
was 1.4 x 10'® molecules. This value was very close to the calculated value 1.2 x 108 (Ta-
ble 2.1). This yielded that the surface roughness factor was almost one. Reason of this unit
roughness was not clear. But it may be worthy to consider that our vacuum chamber was
made from that OFHC copper cylindrical pipe, which was made from the cylindrical rod
by extrusion. Moreover, vacuum of our vacuum chamber was not so high.

Our experiment also revealed that only a few layers of H; molecules were enough to
attain the saturated vacuum pressure. Saturated pressure of H, on copper surface at lig-
uid helium temperature was of the order of 10~* Pa. This value agrees with the earlier
result[21].

24 Desorption Experiment

24.1 Experimental Procedure

After the adsorption experiment, we started the desorption experiment. At first liquid
helium level in the cryostat was checked and maintained up to the top of vacuum chamber
as the initial condition of the desorption experiment. Then, by opening the metal angle
valve V3 (Figure 2.1), pumping of the pumping unit was brought in action. Otherwise, due
to warm up, pressure of the vacuum chamber increased very fast beyond the measurable
condition of the ionization gauge and the quadruple mass spectrometer. Due to pumping,
vacuum pressure decreased from the saturated pressure 10~ Pa to a lower pressure as
shown in Figure 2.15.

It is very important to separate the desorption occurred at the vacuum chamber from
the desorption of the same molecules occurred outside the vacuum chamber. For this pur-
pose, temperature around the connecting flanges and the lower part of the connecting vac-
uum pipe was maintained higher compared to the temperature of the vacuum chamber
as shown in the Figure 2.15. This way of maintaining temperature also ensured us that
the molecules, which were desorbed from the vacuum chamber, did not get cryo-trapped

outside the vacuum chamber.
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Figure 2.15: Desorption time curve. Positions of thermo-sensors AuFel and AuFe5 are
shown in Figs. 2.1 & 2.3.
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Figure 2.17: Desorption of adsorbed molecules as a function of temperature from the H,
saturated surface.

During the warm up of the vacuum chamber, temperature distribution along the length
of the vacuum chamber was tried to keep very low as shown in Figure 2.16. Warming was
done by the simultaneous use of both the upper and bottom heaters. Control of increase
of temperature was very difficult, particularly after the boil off of liquid helium. So, it was
hard to follow the same time profile of warming in all desorption experiments.

2.4.2 Results

Figure 2.17 shows the desorption of H,, N3, CO, CO, and H,O adsorbed on the copper sur-
face. We prepared the copper surface saturated by H; at 4.2K. Desorption of H; appeared
as a sharp peak around 5.6K followed by another broad peak around 14K. Why did des-
orption of H, appear as two peaks? We thought that desorption from layers other than the
monolayer made the first sharp peak and second broad peak was due to desorption from
the monolayer.

This explanation of the two peaks prompted us to carry on experiment to study the
desorption from the 1st monolayer. From our adsnrptinn experiment, we learnt the num-
ber of Hs molecules required to form the monolayer (§ 2.3.2). By admitting a less amount
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Figure 2.18: Desorption from H, monolayer surface as a function of temperature.

of H, molecules than the amount required to form the monolayer, we built up a partial
monolayer of H; at liquid helium temperature. Then the vacuum chamber was warmed
up as mentioned in § 2.4.1. Figure 2.18 shows the desorption from the H, monolayer sur-
face. In this case, desorption of H, has only one broad peak around 14K, there is no sharp
peak around 5.6K, as we observed during the desorption from H; saturated surface. This
confirms our explanation. Figure 2.19 shows that the broad peak of H, desorption of from
multilayer surface can be explained by the H; desorption from the monolayer surface of
H,. It should be noted that peak height depended dominantly on the rate of warming and
the same time profile of warming could not be maintained in all the trials.

During the desorption of H, molecules, temperature difference between the top and
bottom of the vacuum chamber was of the order of 0.1K whereas peak width at half maxi-
mum of the H, desorption peak was about 20K. So, width of desorption peak in our experi-
ment was not due to the temperature distribution along the length of the vacuum chamber.
The large peak width may be explained as that all the molecules become agitated but by
chance, a molecule can acquire the sufficient energy to come out from the surface.
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Figure 2.19: Desorption of H; from monolayer and multilayer of adsorbed H; as a function
of temperature.



Chapter 3

Multipacting Experiment

In order to study the multipacting, we developed a dedicated experimental setup. Our
prime interest is in the origin of multipacting. So, rather than using an existing cavity built
for accelerators such as KEKB Crab cavity, we built a multipacting prone cavity. Then we
studied the multipacting regarding the adsorption of two dominant residual gas molecules
H; and CO.

3.1 Design of RF Cavity

From the experience of cavity experiment, it was found that multipacting occurs severely
at the coaxial part of the cavity. This was also explicitly revealed in the research and de-
velopment of KEKB Crab cavity. A coaxial cavity, therefore, seems to be very prone to
multipacting. That’s why we decided to build up a coaxial type cavity.

During the very first stage of the cavity design, we considered the different options of rf
power source. Magnetron available from the used domestic microwave oven seemed very
promising because of its high rf power (500W or more) at a low price. But the magnetron
designed for the domestic microwave oven has a fixed frequency 2.45 GHz. So, some
tuning mechanism should be adopted into the cavity structure. This makes the cavity
structure complex. We preferred the simple structure as much as possible for the easier
understanding of the experimental events. So, instead of using magnetron, we opted for
the use of a broadband amplifier such as Traveling Wave Tube (TWT) amplifier.

Resonant frequency was chosen as 1.5 GHz so that the rf system developed for the R&D
of 1/3 Crab cavity could be used in our experiment.

31
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Figure 3.1: Conceptual design of the coaxial cavity.

Figure 3.1 shows the conceptual design of the 1.5 GHz coaxial cavity. Mode of excitation
was so chosen that different cutting parts, for example, vacuum opening at inner conductor,
were at the places where rf surface current was zero. This mode selection allowed us to
build up a coaxial cavity of rather high unloaded Q. Figure 3.2 shows the detailed design
of the coaxial cavity. Most important feature of our design is that inner conductor can be
taken off from the outer conductor. So, our design provided different options to study
the multipacting. For example, we can easily change the surface condition at the probable
multipacting site.

3.2 Fabrication of RF Cavity

Outer conductor was made from oxygen free high conductivity (OFHC) copper pipe. This
copper pipe was made from cylindrical bar by extrusion. For inner conductor and probe
port, copper pipe was used. End plates were made from copper sheet. Flanges were made
of SUS. All parts were joined by vacuum silver brazing. Indium seal was used to join
the inner conductor with the outer conductor. Figure 3.3 shows the coaxial cavity after
fabrication.
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Figure 3.3: Our designed coaxial cavity.



34 CHAPTER 3. MULTIPACTING EXPERIMENT

3.3 REF Field and Quality of the Coaxial Cavity

Due to cylindrical symmetry, there is only radial component of electric field (E,) and cor-
responding azimuthal magnetic field (H;). On the assumption of perfect reflection at the
both ends of the cavity, electromagnetic fields can be expressed as follows ':

E, = ZO% cos (Bz) exp (jwt) (3.1)

H, = j% sin (82) exp (jwt) (3.2)

Here, Z, is the intrinsic impedance of the medium inside the cavity. For our coaxial cavity,
Zy = 3770 I, peak rf surface current, can be expressed in terms of resonant frequency (f),
input rf power (P), cavity length (L) and unloaded quality (Q) as follows:

| PQ
b= \mrz In(2) (33)

At the both ends of the cavity, electric field (E,) must be zero. This condition defines
the allowed resonant modes:

2L
A= N=123,... (3.4)

We chose the designed mode N = 4. This required that resonant wavelength ()) is half
of the length of the cavity. Unloaded quality (Qo) for the design mode of excitation can be
expressed by the following equation:

1

5 (3.5)

Qo =

142
n(Z)

= [ =

-+

M

o o

Here, 4, is the skin depth. At our design frequency 1.5 GHz, skin depth of Cuis 1.7 um at
20°C. Parameters a and b are the radius of inner and outer conductor, respectively. For our
cavity, L =40 cm, a = 1.27 cm and b = 2.9 cm. Table 3.1 shows the calculated value of QQp and
the corresponding electric field (E,,) at input rf power 200W at 20°C and liquid nitrogen
temperature (-196°C).

Detailed derivation is given in Appendix-A
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Table 3.1: Calculated @y and E|, at rf input power 200W

E.(kV/m)
Temperature o At inner At outer
(K) conductor conductor
293 7964 478 209
77.3 2.34 x 104 319 359
18000 1515
—i—Loaded Q
—s—Unloaded Q@ |4
14000 + 1312
—+—FRes J
<y 10000 %
6000 -
2000 - : +
o 50 100 130 200 230 300 330
Temperature (K)

Figure 3.4: Measured value of quality Q., ¢y (=@ x 3,) and resonant frequency f, as a
function of temperature.
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We measured the @ as a function of temperature with the different probes set at the
positions mentioned in Table 3.3. Figure 3.4 shows the measured value of loaded quality
Qr, unloaded quality Qo and resonant frequency f, as a function of cavity temperature.
Unloaded quality @y was determined by the product of @, and input coupling coefficient
Bin- Measured value of Q, at 20°C was around 7000, which was very close to the calculated
value mentioned in Table 3.1. This agreement showed that although the inner conductor
was cut away by 10 mm for the vacuum opening, we enabled to achieve the @, close to the
calculated value and this was due to our selection of the excitation mode. This agreement
also indicated that joints between different parts of our cavity were very well at room tem-
perature. This might be not true at liquid helium temperature. So, the measured @ of the
cavity at liquid helium temperature was rather low, around 17000.

Table 3.2: Measured Q) and corresponding E,, at rf input power 200W

E,(kV/m)
Temperature Qo At inner At outer
(K) conductor  conductor
293 7000 448 196
4.2 1.7 x 10* 692 306

In the case of input coupler of KEKB superconducting accelerating cavity, peak electric
fields at inner and outer conductor are 0.25 and 0.11 MV /m, respectively, in traveling wave
mode at rf power 300 kW. The field level of the input coupler is low compared to that of our
coaxial cavity. So, our experiment can reproduce the multipacting observed in the input
coupler of KEKB superconducting accelerating cavity.

3.4 Probe Design

Unfortunately, our cryostat was too slim to have room for a probe of adjustable length.
Moreover, we had limitation of input rf power. So, it was necessary to design the input
probe of unit coupling (3;, =1).

In order to find out the length of probe required for unit coupling, we, at first, designed
a probe of adjustable length for the use at atmospheric pressure. Figure 3.5 shows the de-
sign of this probe. This designed probe was used in the measurement of coupling factor
Bin as a function of probe length . Figure 3.6 shows the photograph of the measurement.
In the measurement, probe length was measured from the inner surface of the outer con-
ductor. Our definition was that if the tip of probe was inserted deep more than the inner
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Figure 3.5: Design of adjustable length probe.
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Figure 3.6: Measurement with Network Analyzer for determination of the probe length
required for unit coupling.
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Figure 3.7: Quality ¢;, @ and /3, as a function of the probe length. Inset figure shows the
definition of length measurement.

surface of the outer conductor, then the length was taken as positive, otherwise negative.
Figure 3.7 shows the quality factor @, @, and j3,, as a function of the probe length. For
unit coupling, tip of the probe should be at a distance +3.25 mm from the inner surface of
the outer conductor.

Knowing the required length of probe, we designed the probe for experiments with
ultra high vacuum. Figure 3.8 shows the probes made for the multipacting experiments.
Right most one was designed for unit coupling and, hence, was used as the input probe.
Other two probes had coupling factor less than unity and were used as monitor and trans-
mission probes. After mounting the probes into the cavity, coupling factors were measured
using the Network Analyzer. Table 3.3 shows the measured values of coupling factors of
the different probes.

Table 3.3: Coupling factors of different probes

Probe Tip Position 5}
mim

Input Probe +3.275 1.02

Transmission Probe -5.525 0.01

Monitor Probe -9.225 0.0015
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Figure 3.8: Designed probes for multipacting experiments.

3.5 Design of Cryostat Top Flange

Figure 3.9 shows the design of cryostat top flange. Concept of design was almost same as
that described in § 2.1.2; only difference was the position of the connecting vacuum pipe.
Probes made the coaxial cavity cylindrically asymmetric. In order to accommodate the
cavity, we had to shift the connecting vacuum pipe radially outward. We also designed an
adapter to mount the different vacuum gauges and pumps. Figure 3.10 shows our designed
cryostat top flange and the adapter.
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Figure 3.10: Our designed cryostat top flange and adapter for mounting different vacuum
gauges and pumps.
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Figure 3.11: Schematic view of setup of multipacting experiment.

3.6 Experimental Setup

Figure 3.11 shows the experimental set up schematically. A combination of a signal gen-
erator and a traveling wave tube (TWT) amplifier was used as the source of rf power. By
using this rf power source, we enabled to have the input rf power up to 200W. Reflected and
transmitted signal coming out from the cavity were used to study the multipacting. Also,
current due to multipacting electrons was measured to study the multipacting. Multipact-
ing electrons were collected by using a very simple electric circuit as shown in Figure 3.11.
And, Figure 3.12 shows the current due to multipacting electrons as a function of dc bias
voltage. We have found that a +30V was enough to collect the multipacting electrons in
our setup. Due to impact of multipacting electrons on the cavity surface, desorption of the
adsorbed gas molecules takes place and thus the vacuum pressure of the cavity increases.
Figure 3.13 shows the desorption of different gas molecules during multipacting at room
temperature. We also monitored this increase of vacuum pressure to study the multipact-
ing at room temperature. At liquid helium temperature it was very hard to detect this
desorption due to multipacting electrons because desorbed molecules again got adsorbed
at the place where multipacting did not take place.
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Figure 3.12: Current due to multipacting electrons as a function of bias voltage.
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Figure 3.14 shows the schematic diagram of the rf system used in our experiment. This
system was originally developed for the study of 1/3 superconducting Crab cavity. Since
our coaxial cavity was a normal conducting cavity, the feed back loop for adjustment of
the resonant frequency was not used in our setup. In the study of Crab cavity, power
requirement was too low compared that of our experiment. So, the rf system could not
handle such a high power in continuous mode. Instead of continuous power, we carried
on our experiments by feeding the rf power in pulse mode. Frequency of pulse was 1 Hz
and pulse width was 36 msec during which rf power was fed into the cavity.

3.7 Experiments

3.7.1 Procedures

Before the start of the experiment, resonant frequency was searched at low rf power (0.2W)
in continuous mode. Then the mode of input rf power was switched into the pulse mode.
rf power in pulse mode was continuously fed in to the cavity until there was no indication
of multipacting. Initiation of multipacting was detected by observing the current due to
multipacting electrons and reflected and transmitted signals in digital oscilloscope. During
experiment at room temperature, we also monitored the vacuum pressure of the cavity to
determine the onset of multipacting. As soon as multipacting started, increase of input rf
power was halted. When multipacting seemed to be processed, again rf power was slowly
increased until the next multipacting incident. In this way, experiment was carried on up
to the available maximum power.

Although multipacting events were extremely fast (order of a few rf time periods), we
found that a low response analog system was very convenient and efficient to study the
gross feature. We used Pen Recorder? to simultaneously record the vacuum pressure, con-
trolling voltage of input rf power and current due to multipacting electrons. As mentioned
in § 3.6, the coaxial cavity was driven by rf power only for 36 msec in each second. On the
contrary, the characteristic time constant (7, defined by Q; = 27 f7) of our cavity is of the
order of microsecond. In our experiment, therefore, the coaxial cavity could store rf energy
for less than 36 msec in each second. So, if there was an onset of multipacting incidents, it
continued like initiated and ceased in each second until the multipacting became processed
down. For this reason, multipacting current recorded in Pen Recorder chart appeared as
the continuous series of spikes.

21L.R4200E, Yokogawa, Japan.
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3.7.2 Room Temperature Multipacting

At first, we studied the multipacting incidents at room temperature (~298K) by preparing
the cavity vacuum of the order of 10~¢ Pa at room temperature (~20°C) without baking.
Figure 3.15 — 3.18 shows the multipacting incidents at room temperature recorded in the
Pen Recorder chart®. These multipacting incidents were observed during the very first rf
excitation after exposing the cavity to the ambient air. To explain the multipacting qual-
itatively, we used some comparative terminologies such as hard, soft, strong and weak.
Strongness or weakness was the measure of current due to multipacting electrons. For ex-
ample, at input power of 182W, pen recorder recorded a large spike of multipacting current
followed by two small spikes as shown in Figure 3.18. This large spike was categorized as
strong multipacting in comparison to the smaller spikes categorized as weak multipacting.
Hardness or softness was the measure of time required to process a multipacting incident.
For example, multipacting at 60W shown in Figure 3.16, became processed by 12 minutes
whereas multipacting at 1229W shown in Figure 3.17, did not become processed within 140
minutes. Multipacting at 61W was categorized as a soft incident as compared to that at
129W categorized as hard incident.

During the very first rf excitation after preparation of vacuum from the expose to am-
bient air, first multipacting was observed at input power of around 15W (123 kV/m) *.
As illustrated in Figure 3.15, this incident was so weak that it was very hard to detect the
multipacting current by our simple measuring circuit. This incident was soft as well. A
few incidents like this were observed for input power below 60W (246 kV/m). First strong
multipacting was observed at input power of around 60W (Figure 3.16). It took the longest
time, around 15 minutes, to become processed. After this incident, strong incidents were
observed to occur with a small increase of input power. These multipacting took a few
minutes to become processed. Multipacting incidents became very severe when the input
power reached above 100W (317 kV/m). Below 100W, multipacting seemed to be pro-
cessed sharply whereas above 100W, initial strong incident was followed by a continuous
series of weak incidents; 70-80% processing time attributed these weak incidents. As the
input power increased, strong incidents occurred irregularly against the background of
continuous series of weak incidents as shown in Figures 3.17 & 3.18. Sometimes multipact-
ing seemed to be processed down but if rf power was fed for long time, it suddenly started
again. Our available input power ( 180W) was not enough to surmount this hard barrier.

3Due to setting of the Pen Recorder, origin of time scale of vacuum pressure was ahead that of input rf
power, which was again ahead of time scale of multipacting current. Difference is 2.5 minutes. It is very
difficult to understand this difference in the given images of Pen Recorder Chart. So, all images of Pen
Recorder Chart have been illustrated with some labels to minimize the different in origin of time scales.
“From now on, peak electric field at inner conductor is mentioned in the parenthesis.
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Figure 3.15: Multipacting incidents observed at room temperature during 1* rf excitation
before baking of the cavity (Part-1/4). Vacuum pressure, multipacting current, rf power
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Pa, A, Watt and MV /m.
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Figure 3.16: Multipacting incidents observed at room temperature during 1* rf excitation
before baking of the cavity (Part-2/4). Vacuum pressure, multipacting current, rf power
inside cavity and peak electric field E,; at inner conductor, respecl‘ively, are expressed in
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Figure 3.18: Multipacting incidents observed at room temperature during 1* rf excitation
before baking of the cavity (Part-4/4). Vacuum pressure, multipacting current, rf power
inside cavity and peak electric field E,, at inner conductor, respectively, are expressed in
Pa, uA, Watt and MV /m.
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After this rf excitation, we carried on the experiment without exposing the cavity to am-
bient air in order to study the change in multipacting phenomena during the subsequent
rf excitations. We found that multipacting observed during the first rf excitation at lower
rf power below 80W (284 kV /m), was not observed during the subsequent 2"? and 3 rf
excitation. But, there was no significant difference in multipacting incidents between the
2" and 3" rf excitation, although the interval between the two rf excitations was 20 days.
Figures 3.19- 3.21 show the multipacting observed during the 3™ rf excitation. A char-
acteristic difference from the 1* rf excitation was that the first multipacting incident was
observed at relatively higher rf power between 80-90W and this incident was strong but
very soft. Second incident took the longest time to become processed. Other multipacting
incidents were observed more or less similar to that observed during the 1* rf excitation.

Room temperature multipacting without baking can be summarized as follows:
e For input power below 60W (246 kV/m), there were a few multipacting incidents.

These were very soft and weak as well. Once these incidents were processed, these
multipacting will never occur until the cavity was exposed to ambient air.
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e In the range 60 — 80W (246 - 284 kV /m), multipacting incidents were strong. First in-
cident in this range took the longest time, around 15 minutes, to be processed. Once
these multipacting were processed, these never happened until the cavity was ex-
posed to ambient air.

e In the range 80 — 100W (284 - 317 kV/m), multipacting incidents were strong but
soft. Within one minutes, these incidents became processed down. After processing
of these multipacting, if the cavity was left without rf power for a few days, then
these multipacting incidents, particularly around and above 90W, occurred during
the following rf excitations, even if the cavity was not exposed to ambient air.

e Power above 100W (317 kV/m), multipacting becomes very severe. Strong incidents
occurred irregularly against the background of continuous series of weak incidents.
Our available input power (180W) was not enough to surmount this hard barrier.

After carrying out the multipacting experiments without baking, we baked the cav-
ity at 100°C for 40 hours in order to study the effect of baking on multipacting. Baking
temperature was limited due to use of Indium seal at the joint between the outer and inner
conductors. Figures 3.22 — 3.25 shows the multipacting incidents observed at room temper-
ature after baking the cavity. Comparing with Figures3.19 - 3.21, we found that multipact-
ing observed after baking seemed similar or somewhat more severe than the multipacting
observed before baking the cavity. Although there was no symptom of alleviation of multi-
pacting due to baking, we found that multipacting barrier above 100W became completely
processed down after baking of the cavity. We also carried out the multipacting exper-
iment after exposing the cavity to the ambient air and then preparing the vacuum with
baking at 100°C for 40 hours. Figure 3.26 shows the multipacting observed during the 1%
rf excitation. In this case too, multipacting above input power of 100W became eventually
processed down. So, baking at 100°C enabled us to process the multipacting, which did
not become processed before baking of the cavity.
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Figure 3.23: Multipacting incidents observed at room temperature after baking of the cavity
(Part-2/4). Vacuum pressure, multipacting current, rf power inside cavity and peak electric
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3.7.3 Multipacting at 4.2K without admission of any gas molecules

Figure 3.27 shows the multipacting observed after cool down the cavity at 4.2K. Comparing
to the multipacting at room temperature, we found a few multipacting incidents at 4.2K.
In the case of room temperature experiments, many multipacting incidents were observed
below the peak electric field of 0.3MV /m and multipacting became very severe above this
electric filed. On the contrary, at 4.2K no multipacting was observed below the peak electric
filed of 0.3MV/m Moreover, power levels of multipacting were easily distinguishable. In
our experiments, multipacting was observed typically at input power 43W (321 kV/m),
54W (360 kV/m), 77W (429 kV /m), 86W (454 kV/m), 104W (499 kV/m), 156W (611 kV/m),
and 185W (666 kV/m). Multipacting at lower power levels were strong but soft; became
processed within few minutes. Multipacting at higher power, particularly above 180W,
was found weak. Sometimes, strong incidents were also observed along with the weak
incidents. It took about half an hour to become processed; 95-100% of this processing time
was due to the weak incidents.

Our experiments showed that cool down at 4.2K reduced the multipacting incidents
but could not eliminate the multipacting.

In our experiments at 4.2K, we observed that multipacting below input power of 100W
(489 kV/m) seemed somewhat different than the multipacting above 100W. During the
multipacting below 100W, for example at 54W and 74W in Figure 3.27, we observed the
change in reflected and transmitted signal from the cavity into the unstable condition as
shown in Figure 3.33. But, during the multipacting above 100W, for example at 104W,

156W and 165W in Figure 3.27, we did not observe any apparent change in reflected and
transmitted signals. In these cases, multipacting incidents were identified only by the mul-
tipacting current.
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3.7.4 Multipacting at 4.2K with H; molecules

It is generally believed that adsorbed H, molecules may be the main source of multipacting
or enhance the multipacting. We tried to show experimentally that this was really so. If
multipacting is observed after adsorption of H, molecules on a no-multipacting surface,
then it can be concluded that H, molecules act as the source of multipacting. So, after
processing all multipacting at 4.2K in the range of our power level, 5 x 10'® H; molecules
were admitted into the cavity at 4.2K. This admission of H, changed the cavity vacuum °
from 7.7 x 10~" Pa to 5.7 x 10~° Pa at 4.2K. From our adsorption-desorption experiment, we
know that H, has saturation pressure of the order of 10~ Pa at 4.2K. The vacuum pressure
of 5.7 x 107° Pa indicated the formation of multilayer of H, molecules, although it was not
saturated. Then cavity was excited with the rf power up to 200W. Surprisingly, there was
no evidence of multipacting.

After this rf excitation, cavity was kept at 4.2K for 15 hours and then, additional 2.5 x
10'® H, molecules were admitted into the cavity to make the cavity saturated by H; at 4.2K.
This admission of H; molecules changed the cavity vacuum pressure to 1.4 x 10~* Pa. From
our adsorption experiment, we learnt that this was the vacuum pressure of a H, saturated
surface at 4.2K. But, this time also no evidence of multipacting was found.

This experimental result showed, contrary to the general belief, that H, molecule did
not act as the source of multipacting.

After having the surprising result - Hy was not the source of multipacting - we conducted
the experiments in various ways to confirm the result.

In our cavity, there was a 10 mm gap along the inner conductor. This gap made the
entrance opening of the Hy molecules from the H, feeding pipe as shown in Figure 3.28.
Adsorption time of H, at 4.2K may be comparable to the experimental time. So, there
might be a question whether the admitted H, molecules entered the cavity or remained
trapped at the entrance and outside the cavity. Usually we used to wait few hours after
the admission of H, and, particularly, we waited about 28 hours after admission of Hy
molecules in the above mentioned experiment. This time might be sufficient to make H,
molecules entered the cavity, especially in the case of saturated pressure. Still being on the
assumption of trapping of H, molecules outside the cavity, H, molecules were admitted
into the cavity at 30°C. Adsorption time of H, at 30°C is order of 10~!! sec. So, very soon
admitted H; uniformly distributes all over the surface. This ensured the formation of H,
layers everywhere in side the cavity after cool down at 4.2K. Cavity vacuum was found to
be 3.7 x 107* Pa at 4.2K.As our H, adsorption experiment revealed, this was the vacuum

SCavity vacuum was measured at room temperature environment by using a Bayard-Alpert type ioniza-
tion gauge as illustrated in Figure 3.28.
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Figure 3.29: Partial pressure of residual gas molecules at 4.2K after becoming saturated by
H:, molecules.

pressure of a H; saturated surface at 4.2K. Figure 3.29 shows the vacuum state of the cavity
at 4.2K after admission of H, molecules at 30°C. And, this was the vacuum state we always
observed when the cavity became saturated by H, at 4.2K.

At this vacuum state, the cavity was excited by rf power up to 180W but no multipacting
was observed.

As mentioned in §3.7.3, whenever the cavity was cooled down from room temperature
without admission of any gas molecules, multipacting was observed. In the above exper-
iment, cavity was cooled down after admission of H, molecules but no multipacting was
observed. Therefore, this experimental result not only revealed that H, did not act as the source
of multipacting but also showed that saturated H, surface suppressed the multipacting.

Admission of H; at room temperature caused sudden increase of the vacuum pressure
of the cavity. This sudden increase of vacuum pressure might cause the breakdown of
vacuum gauges, particularly the nude gauge. So, in the case of admission at room tem-
perature, we had to switch off the vacuum gauges. As a result, we had to loose vacuum
data, particularly the base vacuum at 4.2K. So, in our experiment, we preferred to ad-
mit H, molecules after cool down at 4.2K. In order that the admitted H; molecules were
not trapped outside the cavity, the connecting vacuum pipe was kept warm by using the
upper heater wound around the lower part of the connecting vacuum pipe as shown in
Figure 3.28.

In order to confirm that saturated H, surface suppresses the multipacting, we repeated the
experiment with H, saturated surface but this time H, molecules were admitted after the
cool down to 4.2K. Vacuum state was shown in the center part of Figure 3.30. Comparison
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with Figure 3.29 reveals that the cavity became saturated by Hy molecules at 4.2K. Same as
previous experiments, no multipacting was observed. After rf excitation, the cavity was
warmed up to 46K to desorb the Hy molecules out of the cavity. Then the cavity was again
cooled down to 4.2K. Cavity vacuum and partial pressure of H, were almost same as those
we had before admission of H, at 4.2K as shown in Figure 3.30. So, the condition of inner
surface of the cavity might be considered as before the admission of H; molecules. Now
with rf excitation, multipacting was observed at input power 45W, 165W, 170W, 1756W and
maximum 195W. At higher powers 170W, 175W and 195W, multipacting incidents were
very weak — very hard to detect in our setup. But, these multipacting incidents took more
than 5 minutes to be processed.

In this experiment too, multipacting was not observed with the admission of H,
molecules. But after the desorption of H, molecules, multipacting was observed. This
confirmed that saturated H, surface suppressed the multipacting.

We also carried out the experiments to find out the difference of the multipacting sup-
pression effect between multilayer and monolayer of H,. For this purpose, again the cavity was
made saturated by H, molecules at 4.2K. This time too, no multipacting was observed with
rf excitation up to 215W. Then keeping the metal angle valve between the vacuum pump
and the coaxial cavity opened, cavity was warmed up at 6K to desorb some H;, molecules
out of the cavity. After cool down at 4.2K, cavity vacuum was reached at 3.1 x 107° Pa.
Comparison of this vacuum pressure with the saturated pressure © showed that the cavity
surface was covered with the multilayer of H, molecules but not saturated. At this state of the
cavity vacuum, no multipacting was observed with the rf excitation.

Again, keeping the metal angle valve opened, the cavity was warmed up at 23K and
then cooled down at 4.2K. This temperature was sufficient to desorb H,; molecules even
from the monolayer. So, after cool down at 4.2K, the cavity surface could be considered as
almost same as the surface obtained after cool down at 4.2K from room temperature. But,
the proportion of surface covered with H, molecules was certainly larger than that of the
virgin surface, since some H, molecules might not have enough time to get out from the
cavity. With rf excitation at this stage, strong multipacting was observed at input power
84W for less than 30 seconds. At input power around 190W, very weak multipacting was
observed which took about 30 minutes to be processed.

Again, the cavity was warmed up at 30K by keeping the metal angle valve open and
then cooled down at 4.2K. Now the cavity surface was less populated by H; molecules than
the surface we had before warm up. At this stage, strong incidents were observed at 83W
and 89W. Also very faint incidents were appeared at higher power 215W.

6Saturated pressure was recorded as 3.6 x 107 Pa.
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Figure 3.30: Partial pressure of residual gas molecules at 4.2K at different stages of the
multipacting experiment with saturated surface of H, molecules.
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Figure 3.31: Admission of H, gas molecules into the cavity at 4.2K in order to form mono-
layer of Hs.

This experiment showed that not only saturated but also multilayer surface of H, sup-
pressed the multipacting. We also found that multipacting incident mcreased with the decrease

of population of Hy molecules in the case of partial monolayer.

In another experiment, we tried to deliberately make a uniform monolayer of H;. In
order to do so, H, molecules were admitted step by step into the cavity after cool down at
4.2K. Figure 3.31 illustrates how H, molecules were admitted into the cavity. Upper heater
(5.3W) was kept ON since the cool down of the cavity so that the admitted H, molecules
did not remain trapped out side the cavity. Moreover, liquid helium level in cryostat was
always maintained to keep the cavity only sunk into the liquid helium. As shown in Fig-
ure 3.31, up to the 4" shot of H, molecules the cavity vacuum attained the base value (6.2 x
1077 Pa), which we had after cool down the cavity. But, after the 5 shot of H, molecules,
the vacuum pressure slightly increased to 8.0 x 10" Pa. This indicated that almost all H,
molecules up to 4" shot and maybe, some of the 5" shot were directly adsorbed on the
cavity surface to form a uniform monolayer. Rest molecules of the 5" shot formed layer
upon the monolayer so that the vacuum pressure increased from the base pressure. In this
way, we formed a uniform monolayer and a partial layer of H, upon the monolayer. The
number of H; molecules required to form these layers were 2.5 x 10'® molecules. This num-
ber was also satisfactory from the point of view of calculation. Geometrical surface 7 of the

7Geometrical surface of the cavity roughly equals to 1180 cm?.
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cavity requires 1.8 x 10'® H, molecules to form a uniform monolayer. After the admission
of H, molecules, no multipacting was observed with the rf excitations up to input power
215W.

This experiment showed that a uniform monolayer of H, suppressed the multipacting.

As mentioned before, we already studied the multipacting with the partial monolayer
of H,. In those cases, partial monolayer was formed by the desorption of Hy; molecules
from the multilayer surface and so, the population of adsorbed H, molecules remained
unknown. Those experiments indicted that multipacting incidents increased with the de-
crease of population of adsorbed H,. We carried out more experiments to study compre-
hensively the multipacting with the partial monolayer. This time we deliberately made the
partial monolayer by admitting a known amount of H, molecules.

Experiment - 1: In this experiment with partial monolayer of Hy, 5 x 10'” H, molecules

were admitted into the cavity after cool down at 4.2K. After admission of H; molecules,
there was no change in either the total vacuum pressure (4.9 x 10~7 Pa) or the partial
pressure (3.0 x 10~ Pa) of H,. This indicated that all admitted H, molecules directly ad-
sorbed on the cavity surface and formed a partial monolayer of H,. After admission of
H, molecules, only one incident was observed at input power 50W. There was no faint
incident, very often observed at higher input power.

After rf excitation, in order to reorganize the adsorption sites of the partial monolayer,
the cavity was warmed up to 41K by keeping the metal angle valve closed. This tempera-
ture was enough to desorb H, molecules from the monolayer, but H; molecules could not
go out of the cavity because of keeping the metal angle valve closed. Then the cavity was
cooled down at 4.2K. Upper heater (5.3W) was kept ON since the start of warm up of the
cavity and switched OFF after 2 hours of cool down the cavity so that the Hy molecules,
contained inside the connecting vacuum pipe, entered into the cavity and adsorbed on the
cavity surface. After cool down at 4.2K, the cavity vacuum and the partial pressure of Hy
were almost same as those we had before warm up the cavity. At this stage, no multipact-
ing was observed with the rf excitation up to input power of 215W.

Experiment - 2: In this experiment with partial monolayer, 1.1 x 10'® H, molecules were

admitted into the cavity after cool down to 4.2K. After admission of H, molecules, there
was no change in either the total vacuum pressure (3.8 x 10~ Pa) or the partial pressure
(3.2 x 1078 Pa) of H,. This indicated that all admitted H, molecules directly adsorbed on
the cavity surface and formed a partial monolayer of H,. But, density of population of Hy
was larger than twice the density, which we obtained in the Experiment - 1. At this stage
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Figure 3.32: Multipacting incidents observed with partial monolayer of H; molecules at
4.2K.

too, no multipacting was observed.

After the rf excitation, cavity was warmed up to 57K to desorb the admitted H;
molecules out of the cavity. After cool down at 4.2K, multipacting was observed at 78W,
80W, 83W and 89W. All these multipacting incidents were strong but soft; became pro-
cessed within around 15 seconds.

Experiment - 3: This time too 1.1 x 10'® H, molecules (same as Experiment - 2) were
admitted into the cavity after cool down the cavity at 4.2K. This time multipacting was
observed at input power 89W and 94W. But, as illustrated in Figure 3.32, these multipacting
incidents were very weak; peak current due to multipacting electrons was about 1 pA
whereas the usual current levels were above 10 pA in our measuring setup. This might be
explained that multipacting sites were far away from the current measuring port.

All these experimental results of partial monolayer may be explained as follows. If all
the multipacting sites are covered by the H,, then no multipacting occurs. With the par-
tial monolayer built up from the same number of H, molecules, once no multipacting was
observed because all probable multipacting sites were covered by the monolayer. In other
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case, multipacting was observed with much less current because nearby multipacting sites
around the current measuring port were covered with the monolayer but far away multi-
pacting sites were not covered by H, layer. In the case of formation of partial monolayer
with less amount of H, molecules, probability of bare multipacting sites was larger and so,
multipacting was observed. After cool down the cavity at 4.2K from room temperature,
without admission of H, molecules, only residual H, gas molecules built up the least pop-
ulated monolayer. So, the probability of bared multipacting sites was largest. This was the
reason, always multipacting was observed after cool down the cavity without admission
of H, molecules.

With this explanation on monolayer multipacting, it could be concluded that H,
molecule suppressed the multipacting.

3.7.5 Multipacting at 4.2K with CO

In ultra high vacuum, after H, dominant residual gas molecule is CO. In contrast to Hy
molecule, CO is a polar molecule like HyO whereas latter molecule was found to enhance
multipacting [22]. How is about CO?

In order to study the effect of CO on multipacting, after cool down the cavity at 4.2K,
about 6 x 10'® CO molecules were admitted into the cavity. But there was no change in
the cavity vacuum (7.5 x 1077 Pa) and even in the partial pressure (~10~® Pa) of CO after
admission of CO. With the rf excitation up to input power of 200W, multipacting incidents
were observed at input power 45W and 185W. Without admission of any molecules, mul-
tipacting was also observed at these power levels with the same order of multipacting
current.

Being suspicious that the admitted CO molecules were trapped outside the cavity, the
cavity was warmed up at 210K with keeping the vacuum pumping OFF. From our ad-
sorption desorption experiment, we have learnt that 200K was enough to desorb out all
dominant residual molecules, even H,O started to desorb. At 210K, additional 5.1 x 10*°
CO molecules were admitted into the cavity. So, in total 1 x 102 CO molecules were mov-
ing inside the cavity. After cool down the cavity to 4.2K, the cavity vacuum was 1.0 x 107°
Pa and the partial pressure of CO (and N2) was of the order of 108 Pa. With rf excitation,
multipacting was observed at 85W and 87W. These incidents were also observed without
admission of any gas molecules.

Multipacting incidents with the admission of CO were the same as those observed with-
out admission of CO. Since admission of CO did not enhance the multipacting, it can be
concluded that CO too did not act as the seed of multipacting.
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Figure 3.33: Time structure of reflected and transmitted signals during multipacting.

3.8 Time Structure of Multipacting

In our experiments, the coaxial cavity was driven by rf pulses of frequency 1 Hz and duty
3.6%. So, the cavity could store the available maximum rf energy only for 36 msec in each
second. Therefore, if there was onset of multipacting, it could continue only for the 36
msec in each second. As a result, the multipacting current appeared as the series of spikes
in the pen recorder chart. In order to study what happened in this 36 msec during mul-
tipacting, time structure of multipacting current was recorded in the digital oscilloscope
along with the reflected and transmitted signal. Figure 3.33 shows the time structure of
reflected and transmitted signal during multipacting in our experiments. After start of
multipacting, how it continues? In order to find out this answer, we studied the develop-
ment of multipacting in microsecond scale. Figure 3.34 shows multipacting incidents in
microsecond scale. Obviously, multipacting did not occur continuously for the whole rf
ON period. Rather multipacting originated, then became ceased and again, re-originated.
In this way, multipacting continued until the multipacting became processed. The cease
of multipacting can be explained as follows. Multipacting electron interacted with the rf
field inside the cavity and thus, extracted the stored energy of the cavity. As a result, rf
field level decreased with the development of multipacting and finally, became too low
for the multipacting. This was the reason for the cease of multipacting. After the cease
of multipacting, cavity restored its energy. But, as soon as the cavity restored its energy,
multipacting did not observed to occur again. It needed some time to re-originate the mul-
tipacting. Sometimes, multipacting was observed to occur only for a fraction of each rf ON
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Figure 3.34: Microscopic view of multipacting incidents.

period (36 msec). For example, multipacting was observed around the 5" msec of the rf
ON period, no multipacting was observed during rest of the rf ON period.

Figure 3.35 illustrates the development of multipacting current. Multipacting current
at first increased very slowly and then suddenly reached to maximum, where multipact-
ing became ceased due to insufficient rf field. After initiation, multipacting sustained for a
time of a few thousands of rf period. After the cease of multipacting, oscillation in multi-
pacting current was, maybe, the noise attributed to the impedance mismatch of our current
measuring circuit.
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Figure 3.35: Development of multipacting,.

69






Chapter 4

Conclusion

Objective of our experiment is to search out the seed of multipacting. There is a com-
mon speculation that adsorption of molecules on cooled surface enhances the multipact-
ing. Usually the cavity is prepared with ultra-high vacuum where Hj is the main dominant
residual molecules. This leads our curiosity on Hy. So, before rf experiments with Hy, we
studied the adsorption and desorption phenomena of H, at 4.2K.

From the study of adsorption of H, molecules at 4.2K on copper surface we have learnt
how the vacuum pressure increases with the increase of amount of adsorbed H, molecules.
At 4.2K, H, has a saturation pressure of the order of 10-4 Pa. Desorption of H; as a function
of temperature can be characterized by a sharp peak followed by a broad peak. Sharp peak
is due to desorption of the H, molecules, which are adsorbed on each other by the cohesive
force between themselves. Position of the sharp peak is at around 5.6K. This gives us a
measure of binding energy (0.48 mev) due to cohesive force between the H, molecules.
On the contrary, the large peak is due to desorption of those H, molecules, which are
adsorbed directly on the copper surface by the adhesive force. Position of the large peak
is at around 14K. This yields a measure of binding energy of the adhesive force (1.2 mev)
between copper and H,; molecules.

For the study of multipacting, we made a coaxial cavity of copper. Main feature of our
design is the selection of the excitation mode so that different cutting parts of the coaxial
cavity are at the position where rf surface current is zero. This mode selection provided us
to fabricate the coaxial cavity of rather high Qo (7000 at 20°C) from copper. At input power
200W, peak electric field at inner conductor of our cavity is 0.45 MV/m at 25°C and 0.69
MV /m at 4.2K. Field level of our cavity is higher than that of the input coupler of KEKB
superconducting accelerating cavity.
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In the case of room temperature (~25°C), multipacting can occur at very low rf field — as
low as 0.1 MV/m for the peak electric field!. But, multipacting becomes severe above the
peak electric field of 0.3 MV /m. This multipacting has not become processed although the
input power has been raised to the peak electric field 0.4 MV/m. After baking of the cavity
at 100°C for 40 hours, multipacting levels have been found almost same as those observed
before baking. However, after baking, multipacting observed above the peak electric field
of 0.3 MV/m has become processed down. We also have found that after processing of
the multipacting observed below the peak electric field of 0.28 MV /m, these multipacting
incidents do not occur during the subsequent rf excitations, if the cavity is not exposed to
ambient air. Multipacting above the peak electric field of 0.28 MV/m occurs during every
rf excitation, even if the cavity is not exposed to ambient air.

After cool down the cavity at 4.2K, we have observed much less multipacting incidents.
It requires rather high field — as high as 0.32 MV/m for the peak electric field, to occur
the first multipacting incident. At 4.2K, no severe multipacting like room temperature
multipacting has been observed. All multipacting incidents have become processed within
a few minutes. Only exception is the very weak multipacting observed above the peak
electric field of 0.65 MV /m; it requires about half an hour to become processed. Once
processed, multipacting does not occur if the cavity is kept at 4.2K.

We have studied the multipacting with adsorption of H, molecules. We have found
that adsorbed H, does not act as the seed of multipacting, rather suppresses the multipact-
ing. From the complete monolayer to saturated surface of Hy, we have never observed
any multipacting at 4.2K. In case of partial monolayer, sometimes multipacting has been
observed and sometimes not. Reason of this observance can be explained as follows. If the
multipacting sites are covered by the H, layer, then multipacting is not observed. With the
increase of population of adsorbed H, molecules, probability of bared multipacting sites
and number as well decrease and approach to zero as the population makes a complete
monolayer of adsorbed Hs. This argument also explains why multipacting was always ob-
served in our experiment without admission of H, molecules. In this case, residual H gas
molecules build up the least populated monolayer of adsorbed H; and so, this increases
the probability of bared multipacting sites and number as well.

After chasing the H,, we also have studied the multipacting with adsorption of CO
molecules at 4.2K. With the adsorption of CO, We have found the same multipacting as
that observed after cool down the cavity at 4.2K from room temperature. Since adsorption
of CO does not enhance the multipacting, it can be concluded that adsorbed CO does not
act as the seed of multipacting.

'Here, peak electric field always refers to the field at the inner conductor of the coaxial cavity
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At room temperature, baking at 100°C has enabled us to process the multipacting bar-
rier above the peak electric field 0.3 MV /m. This indicates that adsorbed H,O may act as
the seed of multipacting.

We have also studied the development of multipacting. After generation of multipact-
ing, it becomes ceased due to fall of stored energy of the cavity and again, originates after
the cavity restores its energy. In this way, multipacting continues until process down. We
have found that after the cease of multipacting, it does not restart as soon as the cavity
restores its energy. It seems that multipacting needs some kind of triggering to occur.






Appendix A

Analytical Calculation of Cavity
Parameters

Due to cylindrical symmetry, cylindrical coordinate (r, ¢, z) was adopted, as shown in Fig-
ure A.1, for the analytical calculation. Origin was taken at the middle of symmetrical axis.

Figure A.1: Coordinates for the coaxial cavity.

A.1 Fields inside the coaxial cavity

TEM modes propagating along z-axis form standing wave due to reflection at the both
ends of the cavity. Due to cylindrical symmetry, there is only radial component of electric
filed and associated azimuthal magnetic field.
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Electric Field:
E, =0
E¢ = 0
1 j —y*z+jw
E = zoﬁ(’r<e—vz+ﬂwt+|r|e ety
I, . ) )
= Z 0wt <e—aﬂz + e+Jﬁz)
27r
I )
= Zy 0wt 2cos Bz
2mr
IO jwi
= Zy— cosfz¢é (A1)
r
Magnetic Field:
H, =0
H =0
Iy A _y
H —- —yz+jwt __ r —y*z+jwt
= slfe [Ple"=*5+1)
. IO . iwt
= j— sinfze’” (A.2)
r

Here, v is propagation constant defined as v = o+ j3. For air, attenuation constant o = 0. 8
is phase constant defined as 3 = 27 /. T is reflection coefficient and for perfect conductor
IT'| = 1. Z, is intrinsic impedance of the medium inside the cavity and Z, = 377 {2 for air.

At the both ends (z = :I:%) of the cavity electric field must be zero (or minimum). This
condition yields that allowed resonant wave length is given by

AN = %; N =0,1,2,...,any positive integers (A.3)
N=0: XMN=o0: fo=0 Static Field
N=1 A =2L Lowest Mode
N=2: M=L
N=3: X\=2L/3
N=14

M=1L/2 Designed Mode




A.2. UNLOADED QUALITY (Qo) L

In the design of coaxial cavity, we chose N = 4 as designed mode of excitation. So, our
coaxial cavity was designed to excite at resonant wavelength of A = L/2, where L is the
length of the cavity.

A.2 Unloaded Quality (Q;)

Unloaded quality Q) of a cavity is defined by

U
‘PlOSS

Qo = w (A.4)

Here, U is the total energy stored in the cavity, P, is the power loss through the surface
of the cavity and w = 2x f is the resonant angular frequency.

In an electro-magnetic field, time averaged electric energy (U.) is equal to time averaged
magnetic energy (U,,) and so, the total electromagnetic energy(U) is twice of either electric
or magnetic energy.

U = 2U,
1 _
= 2m [ |H@Pd

1 -
LY LGRS (A5)
Time averaged power loss through surface resistance R, is given by

1

>R, / . \F,(7)2ds (A.6)

Boss = 9

So, the expression for () becomes,

_ 2 LIA@P
O 5 T P A7)

sur face

where, R, = and b = /=
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Here, o and p, respectively, are conductivity and magnetic permeability constant of the
material of cavity. In more conventional form, @, is given by

b _ 2 S IA@P
DN X T S o

sur face

where, ) is the resonant wavelength of the cavity.

From Eq(A.2), we find that

H(7) = & Hy(r,2)
= éd,j%sin(ﬂNz)
\HFP = |HE).H (")
12

= ;r—— sin?(Gnz)
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A.3 Relation between E, and Q)

Substituting Eq(A.9) into Eq(A.5), we get the total stored energy in the cavity:

b
v = Holo g (A.12)
27 a

In non-transient state, input rf power P to the cavity must be equal to total power loss Fi;.
So, by inserting expression for U from Eq(A.4) into Eq(A.12), we get:
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PQo

= %
po f L ln(g)

With this expression, the Eq(A.1) becomes
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