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Abstract of the Thesis
A Prototype Diamond Amplified Photocathode
by
Jacob T. Grimes
Master of Science
in
Physics & Astronomy

Stony Brook University

2007

The purpose of this report is to detail the steps involved in the construction and
testing as well as the theoretical underpinnings of a Diamond Amplified Photocapsule.
The DAP Injector is intended as a high brightness low emittance electron source. The
version discussed here is the direct current prototype of a device that will eventually
be the electron source for the new 703.75 MHz Superconducting Energy Recovering
LINAC(ERL) at Brookhaven National Lab. While this device does not incorporate
all of the design requirements of later injectors, it does act as a stage on which many
of the construction steps, and the order in which they must occur, may be tested.
The basic concept behind the DAP injector is that we construct a self contained,
ultra-high-vacuum capsule that uses a low average power laser or other light source
to generate a high brightness low emittance electron pulse beam. A diagram showing
the major components and describing the operation of the DAP is shown in Fig. 1.1.
There are two stages in this capsule. The first stage is a photocathode that is stim-

ulated by a light source to emit electrons. The electrons are accelerated by a high
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voltage potential to the second stage. This stage is where the amplification occurs
via secondary emission. The electron-hole pairs are separated by an electric field of
approximately 1 MV /m, or greater, and the electrons are induced to drift through
the second stage and are emitted into vacuum. These two stages are the faces of the
vacuum capsule. This new type of compound photo-injector introduces the use of a
diamond window that will act as the amplifier. Depending on the type of diamond
used and the input or primary current energy, as well as other mitigating factors, the
capsule output can be hundreds of times greater than the primary current generated

at the photo cathode.
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Chapter 1

Introduction

The purpose of this report is to detail the steps involved in the construction and test-
ing, as well as the theoretical underpinnings, of a Diamond Amplified Photocapsule.
The DAP Injector is intended as a high brightness low emittance electron source. The
version discussed here is the direct current prototype of a device that will eventually
be the electron source for the new 703.75 MHz Superconducting Energy Recovering
LINAC(ERL) at Brookhaven National Lab. While this device does not incorporate
all of the design requirements of later injectors, it does act as a stage on which many
of the construction steps, and the order in which they must occur, may be tested.
The basic concept behind the DAP injector is that we construct a self contained,
ultra-high-vacuum capsule that uses a low average power laser or other light source
to generate a high brightness low emittance electron pulse beam. A diagram showing
the major components and describing the operation of the DAP is shown in Fig. 1.1.
There are two stages in this capsule. The first stage is a photocathode that is stim-
ulated by a light source to emit electrons. The electrons are accelerated by a high
voltage potential to the second stage. This stage is where the amplification occurs
via secondary emission. The electron-hole pairs are separated by an electric field of
approximately 1 MV /m, or greater, and the electrons are induced to drift through
the second stage and are emitted into vacuum. These two stages are the faces of the

vacuum capsule. This new type of compound photo-injector introduces the use of



a diamond window that will act as the amplifier. The mechanism of its operation
will be discussed in greater detail later. Depending on the type of diamond used and
the input or primary current energy, as well as other mitigating factors, the capsule
output can be hundreds of times greater than the primary current generated at the

photo cathode.

1.1 Organization

The remainder of this report will be broken into four chapters. Each of the chap-
ters encompasses a major part of the capsule development. The following is a brief

description of what each chapter covers.

1.1.1 Chapter 2: Theoretical Details

The major concepts underlying the capsule functioning are discussed in this chapter.
First, the functioning of the diamond as an amplifier is explored along with the
hydrogenated surface and its relationship to negative electron affinity and how that
influences emission into vacuum. Next, the capsule design is discussed. This area
covers the specific elements involved as well as the choice of materials and relevant
dimensions. Then, the light source used to stimulate photoemission is introduced.
This leads to a discussion of the photocathode quantum efficiency and how it may
be improved, as well as an approximation of the capsule quantum yield. Finally, the
space charge limitations of the DAP are calculated for various configurations as well

as inside the diamond and between the diamond and anode.

1.1.2 Chapter 3: Experiment/Procedure

In this chapter the apparatus and methodology will be examined. First, the two vac-
uum chambers that are used to assemble the various parts of the DAP are described.

Following this is a detailed look at the Diamond Electrical Contact Assembly. This



Figure 1.1: Diagram of DAP Injector Functioning - Light(white arrow) passes
through a diamond window and into the DAP where it is incident on the photo-
cathode(orange) surface. The incident light stimulates photoemission of electrons
from the PC surface. The photoemitted primary electrons(red arrow) are accelerated
by an electric field and pass through a metal coating on the diamond(blue). Inside the
diamond the primary electrons lose their energy to the creation of secondary electrons.
The secondaries drift through the diamond and are emitted into vacuum(pink arrow)
where they are accelerated.



includes descriptions of all the mechanical and chemical procedures used in the man-
ufacture and preparation of each of the DECA elements. Next, the preparation of
a photocathode for photoemission will be discussed. Lastly, the specific testing and
assembly procedure for the DAP injector will be described. This includes surface
cleaning and photoemission measurement of the PC, as well as the final assembly and

emission testing of the capsule in both open and closed configurations.

1.1.3 Chapter 4: Characterization of DAP Injector

The focus of this chapter is the emission testing of the photocathode and capsule.
The first section covers the collection and handling of data. Of specific importance
are methods for dealing with the integration and conversion of pulses. Additional
methods for smoothing and noise reduction are covered. Several sections are given to
a discussion of background noise and the effects of EMI in the system. Once all issues
with noise and EMI are resolved, possible sources of pressure increases in Capsule
Assembly Chamber are discussed. Next, the emission signature from an unobscured
photocathode is measured across the range of pulse energies and anode voltages.
These data will serve to verify the correct, uniform operation of the photocathode.
Following the photoemission measurements, the preparation of the specific DECA
used for measurement will be discussed. Insertion of the DECA into the CAC brings
the need for a reduction of Diamond Photo-Emission and an investigation of the
residual DPE to be subtracted from the gain emission signal. With the residual DPE
characterized, we move on to test the secondary emission properties of the DAP. This
includes an examination of the gain profile as function of field in diamond. Finally,

the amplified emission from a closed DAP injector is measured.

1.1.4 Chapter 5: Conclusion

In this final chapter the results of the experiment are discussed. The primary focus

will be the successful construction and operation of a prototype DAP injector. There
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will also be some discussion of error and anomalies that were observed in the system.

Finally, suggestions for improvements in the DAP and CAC are presented.



Chapter 2

Theoretical Details

The DAP injector is a device that takes a low power laser input and converts it into
a high brightness, high average power electron beam. In this chapter the physical
concepts that govern the inner workings of the capsule are discussed, as well as the

design features and the materials of which it is comprised.

2.1 Diamond as an Amplifier

The DAP injector utilizes a diamond wafer as a secondary amplification stage, as in
Fig. 2.1. Amplification occurs when electrons that have many times the 5.5 eV dia-
mond band gap energy are incident on the surface of a high purity sample. The ener-
getic electrons pass into the diamond and in approximately the first thirty nanometers
lose the majority of their energy through scattering interactions and the formation
of many electron hole pairs.[1] An electric field of approximately 1 MV/m is main-
tained in the diamond by a high voltage potential between an external anode and a
metalization layer that has been deposited on the side of the diamond on which the
energetic electrons are incident. The newly formed electron hole pairs are separated
by the field and the holes recombine with electrons from the metalization layer. The
extra electrons are induced to drift through the diamond toward the other surface of

the diamond, where the crystal lattice has been hydrogen terminated.



MV /m Field

‘-

Metallization—__

Primaries

Figure 2.1: Mechanism of Amplification in Diamond - Energetic primary elec-
trons are incident on the diamond surface. They pass into the diamond and generate
many electron hole pairs. The e-h pairs are separated by an electric field maintained
in the diamond. The electrons are induced to drift through the diamond toward the
other surface, which is hydrogen terminated, where they are emitted into vacuum.
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Figure 2.2: Negative Electron Affinity in a Hydrogen Terminated Dia-
mond|14]

2.2 The Hydrogenated Diamond Surface
and Negative Electron Affinity

The hydrogen termination of the diamond surface serves two purposes. First it allows
the electrons to flow more freely into the vacuum. This is accomplished by lower-
ing the surface energy level so that is closer to the vacuum level. The conduction
band of a hydrogen terminated diamond sits ~0.7eV above the vacuum level. This
allows electrons to flow more easily into the vacuum, Fig. 2.2. Secondly, it creates a
stable surface that does not readily degrade when exposed to atmosphere. The hy-
drogen terminated surface can withstand annealing up to 1000°C before desorption

and relaxation occur.[5][12]



2.3 Capsule Design

The photo-injector capsule design is highly influenced by the choice of materials
involved and how they may be machined or formed. The particular materials used
will be discussed in the next section. There are, however, other characteristics that
will determine, in a more general fashion, the elements that are necessary in the
capsule.

Since the construction of the capsule is but one facet of a much larger project, it is
necessary to mesh this research with both previous and on-going work. For instance,
in work conducted by Chang et al.[2], the diamond types and dimensions have varied
greatly, but there is a general push toward standardization of the diamond samples.
For initial experiments the less expensive lcm diameter electronic grade diamond is
used. This allows for a large central diameter of minimum 7mm to be used as the
target for primary electrons. This central diameter will be extended to the rest of
the capsule and become the minimum inner diameter of other components. In later
experiments the inner diameter will be as large as 1.2cm, but the same handling
techniques will be applied.

The diamond amplification layer properties determine other necessary elements
of the capsule. In order to replace the electrons used in amplification, there is a
current replenishment layer that consists of a metal film deposited on one of the
diamond faces. Current must be supplied to this metal film by a conduction layer
with which it will be in direct contact. Additionally, the diamond will need some
form of structure that will hold it in place and act as a rigid support during polishing
and manipulation. The capsule inner diameter will be a required dimension in this
conduction and support layer. Therefore, it must be in the form of a washer.

In previous experiments the primary electrons were supplied by a DC mode elec-
tron gun[2]. Since we are interested in producing a self contained capsule, it is nec-
essary to incorporate an emission source. This work represents the first instance of a

photocathode, which is one required item, being used to supply electrons. In order



to accelerate the electrons emitted by this photocathode there must be a high elec-
trical potential between the photocathode and the metal layer. To support this high
potential, an electrical insulating layer is necessary to act as a standoff between the
two metal layers. This layer will also be subject to the inner diameter dimension of

7mm, necessarily making this layer also a washer.

2.4 Materials Selection

As has been shown, there are four major components to the photocapsule. They are
the diamond that acts as the secondary amplification layer, a conduction and support
layer, an insulation layer, and the photocathode. The materials selected to be used
for each layer must meet specific criteria particular to their functioning. Additional

layers are employed for the joining of these materials.

2.4.1 Diamond Dimensions

Diamond is the material of primary importance that informs the selection of all other
materials. The diamond samples to be used are of two outer diameter sizes 5bmm and
10mm. For the purposes of this report, the 10mm sample will be the focus of the
discussion to avoid any confusion in dimensioning. The 5mm samples are handled
in the same fashion but generate smaller dimensions for other capsule elements. For
this particular device, which uses greater than 1us pulse durations and is effectively
a DC emitter, the wafer is much thicker than what will be used in later pulsed mode
applications. Samples come in a range of thicknesses between 150um and 300um,

with the largest portion of those used being approximately 160um thick.

2.4.2 Conduction and Support Layer

Since the capsule is to be the source for a superconducting gun, it will need to with-

stand being cryo-cycled at least once. Additionally, it will be subjected, in part or
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whole, to extreme thermal cycling during manufacture. Therefore, any material that
is to be joined to the diamond must have a coefficient of thermal expansion that is
close to that of diamond and will therefore introduce a minimum of stress into the
system. Furthermore, any material directly joined to the diamond must have good
thermal and electrical conductivity as it will be both the path by which current is
delivered and heat is removed. Table 2.1 shows the thermal and electrical properties
of various materials that were considered. While silicon and sapphire have thermal
expansion values that are closer to that of diamond than other materials, they are
poor electrical conductors and are not able to provide the necessary replenishment
current. Gold and copper have similar flaws in that they are excellent conductors
of both heat and current but poor matches in thermal expansion. After reviewing
the properties of several materials, we find that high purity RRR niobium, having
a thermal expansion coefficient of 7.3um/K compared to diamonds 1.8um/K (@300
K), is the closest match among the electrically conducting materials. This will war-
rant extra care in the preparation of samples to ensure that diamond samples are
not cracked or excessively stressed. In addition to the afore mentioned properties,
niobium has superior corrosion resistance. It is also the best choice for joining to the

gun as it is made from niobium.

Electrical Thermal Thermal

Material Conductivity Conductivity Expansion
O-1.m1 w_ pm
m-K K
Diamond N/A 2000-2500 1.8
Niobium 6.57 - 10° 53.7 7.3
Copper 5.95- 107 401 16.5
Titanium 2.38 - 10° 21.9 8.6
Gold 4.55 - 10° 318 14.2
Silicon 1.56-1073 149 2.6
Sapphire 1-107+ 40 5.8

Table 2.1: Properties of Possible Conduction and Support Layer Materials
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2.4.3 Insulation Layer

The insulation layer acts as both a thermal pathway and an electrical standoff. There-
fore, an appropriate insulating material must be able to conduct heat away from the
conduction and support layer. Since a potential of approximately 5 KV is required to
accelerate electrons, the dielectric strength must be high. Additionally, the insulating
material must be machinable or formable into a washer shape to allow a clear path
for electrons through the chamber. Sapphire meets all of the above criterion. It has a
dielectric strength of 480 KV /cm, so even a millimeter thick wafer will easily standoff
the necessary 5 KV. Sapphire will also effectively conduct heat from the niobium and
diamond layers. It has a thermal conductivity of approximately 40 W/m-K averaged
across both the c-axis and a-axis. The thermal expansion of sapphire also closely

matches that of niobium(Table 2.1), to which it will be directly joined.

2.4.4 Photocathode

There are a variety of materials that would serve well as the photocathode in this
system. There are several criteria that are used to determine exactly which material
is used. Of the main considerations, ease of surface preparation and machineability
stand out. It is also important that the material be available in a high purity form
and that it is a well characterized photo-emitter.

Of the many options, Oxygen Free Copper is the candidate that will be used
as the photocathode in this system. OFC is a high purity material that is easily
machinable. It also is easily polished to a mirror-like finish. Additionally, it is one
of the most often used photocathode materials; therefore, there is ample data on it’s
photoemission characteristics and detailed information on how the quantum efficiency

of a sample may be increased.
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2.4.5 Joining Materials

The properties of the specific joining materials used to construct the capsule are
defined by the layers they form joints between. To create a vacuum tight bond
between a diamond and a refractory metal such as niobium, an active metal braze
alloy is required. The results of a previous investigation[4] show that Ticusil®) is an
appropriate material for creating vacuum tight joints at both the Nb/diamond and

Nb/sapphire interfaces.

2.5 Light Source

Photoemission of electrons from a copper photocathode requires a light source that
operates in the UV. In order to generate the amount of charge that will result in the
production of sufficient numbers of primary and secondary electrons as to be easily
measurable, the light source must have a significant amount of power in the UV. A
pulsed laser operating at 266nm would be ideal, allowing for study of the temporal
response profile. Unfortunately, safety constraints place limits on the types of lasers
that may be used in this experiment to class ITI-A or less. Lasers of this classification
do not deliver the power required to stimulate sufficient photoemission to generate
observable secondary emission. Therefore, another option must be considered.

The Oriel Xe flash lamp, depending on configuration, provides up to 5 Joules
of light energy per pulse with an average power output of 60W. The pulse fre-
quency, which is variable from 1Hz to 75Hz, is related to the pulse energy such
that PulseEnergy(J) - PulseFrequency(Hz) < 60WW. The Xe flash lamp has an ex-
tremely broad spectral distribution, as is evident in Fig. 2.3. This reduces the amount
of power available in the UV, making it a small fraction of the total power of the lamp.
Still there is a significant amount of power available for photoemission. This is even
a benefit as the total amount of light energy in the UV requires only limited safety

measures, in the form of shielding and UV blocking goggles, when compared to lasers
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that generate similar power. The flash lamp also produces significantly more power
in the UV than similar Xe light sources that operate continuously. Additionally, the
pulse shape generated by the flash lamp, Figure 2.4 will serve as a marker by which

to identify the primary photoemission and secondary emission signals.

°
T

ATO5m(mim’ nm’)

SPECTRAL ENERGY DENSITY

0.01}—
L | . | L |

200 400 600 800 1000
WAVELENGTH (nm)

Figure 2.3: Xe Light Source Spectral Irradiance - The energy output for
each wavelength is approximated from this graph[9]. The wavelengths of interest are
between 200nm and 300nm, at the far left of the graph.

2.6 Photocathode Quantum Efficiency

The quantum efficiency(n) of a photocathode is a ratio of the number of electrons
emitted to the number of incident photons. This idea can be used to determine the
potential output of the photocathode based on the amount of energy delivered form
the light source chosen. It can also be extended, by taking into account various other
parameters of the system, to provide a predicted pulse charge yield from the capsule.
In this section the Q.E. of the photocathode, and how it can be improved, will be
discussed.

According to the literature, the Q.E. of a polished copper photocathode is in the
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Figure 2.4: Xe Light Source Pulse Shape - This is the characteristic Pulse
Shape generated by the Oriel Xe Flash Lamp with a 5 Joule Bulb. This pulse shape
will serve as a marker by which to identify the primary and secondary output of the
photo-injector capsule.[9]

range of 107%. This can be improved by up to two orders of magnitude through
various cleaning procedures, such as argon ion bombardment, hydrogen etching, or
laser cleaning. All of these are effective, and can increase the Q.E. of a copper
photocathode by up to two orders of magnitude. While these methods are useful,
they require complicated systems of their own, are difficult to integrate, and suffer
from various safety requirements. A far simpler method is suggested by Palmer et.
al.[8] By heating the photocathode and annealing it at approximately 230°C for 1.5
hours, quantum efficiencies of up to 1.6x10~* can be obtained. This is one of the

methods that will be the method attempted to increase the Q.E. of the photocathode.

2.7 Capsule Quantum Yield

Drawing on the two sections above(§2.5 and §2.6), the output of the photocathode
is approximated by summing the photoelectron yield over all relevant wavelengths

generated by the light source. The range of relevant wavelengths is delimited by
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two factors, the work function of copper and the UV transmission of metal coated
diamond. Polycrystalline copper begins to emit electrons at about 290nm, while the
transmission of UV through a TiPt coated diamond rapidly falls off below 220nm.
Although, the decrease in UV transmission is more closely related to the fact that
220nm light has equivalent energy to the band gap of the diamond(~5.5eV) which is
beginning to act as a primary emitter[12]. Within this range there are other factors
that serve to amplify or diminish the intensity of each wavelength.

The pulsed Xe light source used in this experiment includes a reflector and colli-
mating optics. The reflector increases the amount of light emitted by 60%(Cr = 1.6).
The collimating optics, despite focusing the output into a beam, reduce the total
emitted light by 89%(7,, = .11). As the light passes through the sapphire window
into the vacuum chamber there is a reduction in intensity, signified by the coefficient
of transmission (T;) that varies with the wavelength. Figure 2.5 is an approximation,
modeled from the ISI documentation[7], of how the sapphire window transmission
changes over the region of interest. Figure 2.6 is the measured percent transmission
in the UV of a diamond coated with an optically transparent 50A thick TiPt thin
film when compared to the raw UV beam output from a monochromator. The slope
between points is taken to approximate for a smaller bin size when the integration is
performed to provide a more accurate estimate of the photocathode output.

The estimated photoelectron yield is calculated summing the approximate photo-
electron yield from Eq. 2.1 with A\, = 220nm and Ay = 290nm. Figure 2.7 displays
the estimated energy incident at the photocatode surface taking into account the
afore mentioned transmission factors. The beam energy output at the light source is
represented by F\ in Eq. 2.2. After the integration, the total charge resulting from a
pulse is given by Eq. 2.4. Dividing the charge by the pulse length of 40us yields the
pulse current which can be multiplied by the desired system impedance, according to
Ohm’s law to obtain a measurable voltage.

The results of the photocathode emission approximations are shown in Tables 2.2
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and 2.3. These results indicate that the photocathode will emit between 1.29 and 34.1
nC per pulse while the DECA is in the beam-line. These values are converted into a
voltage, by multiplying by a 5K(2 effective system resistance, to provide an estimate
of what will be measured at the oscilloscope.

To approximate the values for a bare photocathode, the calculations are made as
if there were no metalized diamond in the beam line to reduce the amount of light
incident on the photocathode. For a bare photocathode the emitted pulse charge will
be in the range from from 5.5 to 145nC as seen in Table 2.4 and Table 2.5.

Af
Ne = n(A)N,(A) (2.1)
Ai
where
Ny(A) = CoransTs N Ta(N) Enearn () (2.2)
and
Chrans = Top - Ty - Cp = 0.158 (2.3)
qulse = 6Ne7 ]pulse = qulse/t) V=IR (24)

The accuracy of this estimation will be judged later. Regardless of its success or
failure to predict the pulse charge, the real value in this calculation is demonstrating
that the photoemission generated by a capsule, using the selected light source, will
be large enough to measure with an oscilloscope. This is certainly the case. In fact,
should the charge increase or decrease by up to 2 orders of magnitude the signal will

still be measurable by changing the systems effective resistance.
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Pulse Energy 0.32 Joule 1.2 Joule 5 Joule
N, 2.39 - 100 5.30 - 101 2.13- 10!
Qpuise(nC) 3.83 8.49 34.13
Lyuise(HA) 95.6 212 853
Scope Voltage (V) AT8 1.06 4.27

Table 2.2: High QE Approximation of the Photoelectron Yield from a

Copper Photocathode with a DECA in-line

Pulse Energy 0.32 Joule 1.2 Joule 5 Joule
N, 8.06 - 107 1.79 - 101 7.19 - 104
Qpuise(nC) 1.29 2.87 11.51
Lyuise(HA) 32.5 1.7 288
Scope Voltage (V) 161 .358 1.44

Table 2.3: Low QE Approximation of the Photoelectron Yield from a

Copper Photocathode with a DECA in-line

Pulse Energy 0.32 Joule 1.2 Joule 5 Joule
N, 1.01- 10" 2.26 - 101 9.09 - 101
Qpuise(nC) 16.3 36.3 145
Luise(A) 408 906 3643
Scope Voltage (V) 2.04 4.53 18.2

Table 2.4: High QE Approximation of the Photoelectron Yield from an
Unobscured Copper Photocathode

Pulse Energy 0.32 Joule 1.2 Joule 5 Joule
N, 3.44 - 10 7.63 - 10 3.07- 10!
Qpuise(nC) 5.51 12.2 49.2
Luise(HA) 138 306 1229
Scope Voltage (V) 689 1.53 6.14

Table 2.5: Low QE Approximation of the Photoelectron Yield from an
Unobscured Copper Photocathode
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2.8 Space Charge Limitations

One of the determining factors in the design of the capsule and assembly chamber is
the possibility of space charge effects. To determine whether space charge will be an
issue the, Langmuir-Child equation for a plane diode (Eq. 2.5) is used to calculate

the space-charge-limit (SCL) for a variety of capsule configurations|6].

V3/2
J, =K - 7 (2.5)
where
4
K = §€0(2€/m)1/2 (2.6)

The quantity e/m is the charge to mass ratio for the electron and ¢, is the well
known permittivity of free space. In this equation the photocathode and anode are
considered as parallel plates with a separation d. The fields involved limit the final
group velocity of the electrons. Therefore, the entire system is operating in the non-
relativistic regime.

Figures 2.10 and 2.11 show Jy, for increasing voltage between the photocathode
and the anode. It is visible from these graphs of the Langmuir-Child equation that, in
the range of voltages that will be applied to this system, both capsule configurations
are operating well below the SCL, when compared to the predicted photoemission in
Sec. 2.7.

From the definition of K in Eq. (2.6), we see that the SCL is linearly related
to €. Therefore, it is only necessary to multiply by the relative permittivity of
diamond to calculate the SCL in the amplification layer. The results of this calculation
(Fig. 2.12) show that given the predicted photoemission yield and a projected gain
of 100 secondary electrons per incident photoemitted electron, the total pulse charge
in the diamond is still well below the SCL.

The SCL between the hydrogenated diamond (Fig.2.13) surface and the anode is

also of importance to the operation of the capsule. If the total pulse charge exiting
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the diamond is above the SCL, then not all of the secondary electrons will exit the
diamond. This increases the total amount of charge inside the diamond. This residual
charge reduces the field in the diamond causing a reduction in the number of secondary

electrons that are accelerated out of the recombination zone.

29



Chapter 3

Experiment /Procedure

3.1 Brazing Chamber

Brazing occurs in a Mellen M'T1300 furnace that is capable of reaching temperatures
up to 1300°CFig. 3.1. The furnace has a 3” bore in which a mullite tube sits to
shield the brazing chamber from direct contact with the electrical heating filaments.
During operation it is controlled by a programmable Omega controller. The brazing
chamber is a long 304SS tube with an ID of approximately 1.5” that has been capped
on one end and welded to a 2.75” conflat flange on the other. Samples to be brazed
are mounted on a stainless steel tongue attached to a cross. The cross and tube are
suspended from a metal cage with a track that allows the cross to advance and retract,
bringing the sample into and out of the furnace core. Samples are held in a stainless
steel cup during brazing to ensure proper alignment of the elements. Temperature at
the furnace core is measured with a type K thermocouple. Pumping is provided by a
20L/s Pfeiffer turbo-cube which brings the system into the HV regime, as measured
at the pump before the brazing program begins. Pressures as low as 5 - 107 have

been observed after brazing.
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Figure 3.1: Vacuum Braze Furnace - The Mellen MT1300 furnace with a
vacuum chamber insert is used for high temperature brazing applications
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3.2 Capsule Assembly Chamber

The Capsule Assembly Chamber(CAC), Fig. 3.2, is where the final construction of
the capsule and emission testing occur. It is designed to hold the diamond and its
relevant assembly firmly in place while the photocathode, mounted on a manipulator
arm, is lowered onto it from above. The CAC is designed to provide stability to
both pieces of the capsule during alignment and assembly. The CAC also hosts the
electrical contacts necessary to provide the required high voltage inputs and grounded
output for measurement.

The design of the CAC is centered around a 2.75” conflat cube. Four of the six
available ports are used for electronics and instrumentation. Mounted vertically to
the top of the cube is a linear actuator that passes through a 2.75” cross and a gate
valve into the center of the chamber. Attached to the one of the remaining cross ports
is a 20 L/s ion pump that will bring the CAC into UHV range during operation. The
other port is occupied by a cold cathode gauge used to measure vacuum. On the end
of the linear arm is a cylindrical Macor electrical standoff to which a photocathode
will be attached with a M3 set screw. The linear actuator fully retracts to bring
the photocathode behind the gate-valve to keep it under vacuum during instances in
which it is necessary to reconfigure the chamber.

Opposite the linear actuator is a sapphire window for admitting UV light pulses,
mounted on a 1.33” to 2.75” reducing flange, which is connected to the long axis of
a conflat T. Mounted to the vacuum side of the reducing flange via three 5” stainless
steel posts is the centering assembly. The length of the posts places the centering
assembly into the chamber core when the T is attached to the bottom of the cube. The
remaining T port is occupied by a 4-pin SHV feed-through which provides electrical
contact between the centering assembly and the outside. The centering assembly
consists of an alignment guide, a wire mesh anode, and the photocathode electrical
contact.

The alignment guide, Fig. 3.3, is machined from a single piece of stainless steel and
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has a triangular base with posts that extend from the vertices. Atop the posts is a
chamfered ring that mates with and aligns the macor standoff on the linear actuator.
In the center of the triangular base is an aperture that holds the diamond assembly.
The alignment guide stands at the very top of the mounting posts and is attached to
them with 2-56 screws.

Below the alignment guide is the anode. The anode is formed out of 70 line/inch
nickel mesh. It is mounted on a hollow cylindrical copper holding piece that is inserted
into the central aperture of a triangular copper mounting plate. The mesh and holding
piece are secured by conductive silver paint. The copper mounting plate has a hole at
each vertex through which a pair of male and female mating insulators is inserted to
provide electrical insulation. The 2-56 screws fit through the central diameter these
insulators to mount the anode plate to the three posts.

The photocatode electrical contact sits below the aforementioned insulators and
is connected to only two of the posts. It consists of a steel mount, a macor standoff,
and a beryllium-copper spring finger. The macor standoff is attached to the steel
mount and has a hole in it for the spring finger. The spring finger sets in the hole
so that it is elevated above the base of the alignment guide and bends out over it.
Electrical contact is made when the photocathode is driven down into the alignment

guide.

3.3 Diamond Electrical Contact Assembly

The Diamond Electrical Contact Assembly(DECA) is a multilayer assembly that
contains most of the capsule components. The DECA is comprised of a diamond disk
— the amplifier, a niobium washer — provides electrical contact, a sapphire washer —
for electrical insulation, and a niobium washer — mates with the photocathode. These
layers are assembled in a two step braze process. It provides electrical contact to the

metallization layer and thereby, the diamond.
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Figure 3.3: Alignment guide as seen from above - Visible in this image are
the alignment guide(outer ring), the wire-mesh anode(center), the DECA electrical
contact (upper-right center), and the photocathode electrical contact with Macor®)
standoff(upper-left center). The alignment guide outer diameter is 1.3in.
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Each of the elements in the assembly must be handled to ensure cleanliness and
surface integrity. Specifically, they are each subjected to cleaning processes to remove
contaminants. Some repetition will be noticed, as the cleaning of each sample may

contain identical steps.

3.3.1 Diamond preparation

Diamond samples are initially subjected to a battery of tests(Raman scattering, and
X-ray absorption spectra) that serve as a backdrop against which to track any possible
changes in integrity and physical impurities, either internal or surface. This provides
a window into the physical state of the diamond. The tests can be repeated after any
of the later steps to see what changes have occurred.

After initial characterization, the diamond is etched in a chemical process (Fig. 3.4)
that involves a hot saturated chromic acid in sulfuric acid solution, boiling sulfuric
acid in water and boiling ammonium hydroxide. This process removes any surface
impurities, free carbon, or graphite and then attaches oxygen to the dangling car-
bon bonds on the surface. The etched sample is then inserted into high vacuum and
heated to break the oxygen bonds. Once the oxygen is freed from the surface, a
stream of cracked hydrogen is introduced to the system. The hydrogen bonds with
the dangling carbons and forms a stable surface that can be exposed to atmosphere.
The hydrogenated diamond is then removed to another chamber where the amplified
emission is measured as background for comparison to later measurements after the
capsule assembly.

Diamonds that are not etched are treated to a multi-step washing procedure to
remove oils and other impurities. Samples are first washed in acetone and ethyl
alcohol. Then they are ultrasonically cleaned in a hexane bath for 20 minutes. Finally,

they are blown dry with dry nitrogen or a heat-gun to prevent residues from forming.
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Recipe for Diamond Etching

1. 15 minutes in saturated CrOs in HySO, (solution heated until vapors are
visible) followed by DI water rinse

2. 2 minutes in NH,:H,O (1:10) solution agitated ultrasonically followed by DI
water rinse

3. 2 minutes in HCl:H50 (1:10) solution agitated ultrasonically followed by DI
water rinse

4. 5 minutes in boiling HySO4:H504 (5:1) followed by DI water rinse
5. 2 minutes in boiling NH4:Hy04:HoO (1:1:4) followed by DI water rinse
6. 2 minutes in boiling HCl:H,04:H,O (1:1:4) followed by DI water rinse

7. 5 minutes Ultrasonic bath in DI water

8. Gas drying with Ny

Figure 3.4: Recipe for Diamond Etching - The above recipe is for the etching
of diamond samples. It is performed entirely inside a chemical hood. This process
removes surface impurities, metal, and residual graphite. It then attaches oxygen to
surface dangling carbon bonds in preparation for the hydrogenation process.

3.3.2 Niobium preparation

Two washers are required for the capsule. One sample will be joined to diamond
and sapphire layers, while the other will be attached to the opposing side of the
sapphire. The washers are machined or EDMed from RRR Niobium. In the case of a
10mm diamond sample, they are identical in dimension. Each specimen has an outer
diameter of 12.5 mm, an inner diameter of 7.9 mm, and a thickness of 1 mm. The
dimensions required to join to a 5 mm diamond are slightly different.

Once the washers have been machined they are polished according to a previously
established photocathode preparation procedure(included in supporting documents).
The Nb washers are then subjected to a 20 minute ultrasonic bath in acetone instead
of the called for hexane. The samples are then rinsed with ethyl alcohol and blown

dry with dry nitrogen or a heat gun to avoid the formation of residues.
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3.3.3 Sapphire washer preparation

A synthetic sapphire washer-manufactured by Swiss Jewel®) acts as the electrical
insulator between the capsules conducting plates. The sapphire, as delivered is pol-
ished on only one side. The cleaning process for the sapphire starts with wipe down
with acetone, followed by a 20 minute ultrasonic bath in the same. It is then rinsed
in Ethyl alcohol and blown dry with dry nitrogen or a heat gun to prevent residue

formation.

3.3.4 Ticusil braze foil preparation (2 washers)

Ticusil is the braze material of choice, as it is specifically designed to join refractory
metals and ceramic/diamond. The material comes in paste, foil, or preforms. Due
to the varying size requirements of this project a 50 pum thick foil is selected. This
will allow the volume to be controlled by changing the diameters of the washers. A
Metallic 10 Tru Punch is used to separate washers from the foil. For a 10 mm diamond
sample the ticusil washers has an ID of 8 mm and an OD of 8.5 mm. After many
attempts this washer size was determined to have the appropriate volume for joining
the Nb washers to both sapphire and diamond while eliminating excess flow outside
of the joining region. After being punched, the washers are cleaned with acetone,
then ethyl alcohol to remove oils and other contaminants. They are then blown dry

with nitrogen or a heat-gun.

3.3.5 Brazing

Brazing is accomplished in two steps. Each step uses the same braze sample holder 3.5,
which is a cylindrical multi-tiered stainless steel cup that accommodates the elements
to be brazed along with the requisite Ticusil washers. The first step joins the sapphire
washer and one of the niobium washers. The second step joins three layers; diamond,

niobium washer, and sapphire washer. This step acts as a convenient example of the
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Figure 3.5: Braze Sample Holder - This sample holder is used during the brazing
process. It is machined from a single piece of 304ss, the BSH holds all components
to be brazed; diamond, Nb, Sapphire, and Ticusil.

brazing process.

For the second step, five layers are loaded vertically into the braze sample holder
in bottom-up order: diamond, small Ticusil washer, Nb washer, large Ticusil washer,
and Sapphire washer. In this fashion only gravity is required to hold the elements
in place. The loaded sample holder is placed on the furnace tongue which is then
gently inserted into the furnace core to avoid vibrating the layers out of the sample
holder. Once the sample is in the furnace core and the vacuum chamber is sealed,
the chamber is pumped to 10~%Torr and the braze program is started.

The braze program begins with a ramp to 870°C over 4.25 hours. Once the

furnace reaches the set point the system is allowed to equilibrate through a 2 hour
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soak. After soaking the furnace is ramped to a core temperature of just over 900°C,
which is the liquidus temperature of Ticusil, and quickly brought back down for the
braze to solidify. The furnace is then ramped back down at a rate of 100°C/hr. The
slow ramp allows the niobium washers to relax and absorb stresses thereby preventing

cracking in the diamond and sapphire.

3.4 Post braze handling of DECA

Once brazing is completed on the DECA it is necessary to pressure check the whole
assembly. This is accomplished with a Pfieffer Vacuum QualyTest helium leak checker.
If no leaks are detected above the 107 background helium flow rate from a Viton seal,
then the assembly is considered vacuum tight and it is cleaned in hexane to remove
residual oils without leaving any residue. After cleaning, the DECA is subjected to
Raman scattering and X-ray absorption spectroscopy. The results of these tests are
compared to data from previous tests to ensure that no changes have occurred in the
diamond or that any impurities have been introduced. Upon verification of the braze
integrity and vacuum tightness, the DECA is stored under vacuum or inserted into

the capsule assembly chamber for final testing.

3.5 Photocathode Preparation

As discussed above, the photocathode used in this experiment is made of oxygen
free hard copper or OFHC. The copper photocathode is machined from a rod of this
material and has a diameter of 12.5mm by height of 12.5mm. There is a threaded
hole in the back face to accommodate mounting in the capsule assembly chamber.
The photocathode has a raised central area that has a diameter of approximately
9mm surrounded by a 0.5mm deep by 1mm wide semicircular groove. The outer edge

of the cathode is slightly lower than the central diameter to accommodate polishing.
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After the copper is machined, it is cleaned with acetone to remove residual oils
from the machining process. It is then submerged in a 5% acetic acid bath to remove
oxides that have formed on the surface. The photocathode is removed from the bath
once it has turned a lustrous pinkish color. The sample is then polished to a mirror
finish according to a standard photocathode preparation recipe and finished in an
ultrasonic hexane bath for 20 minutes. When it is removed from the hexane bath
the photocathode is blown dry with pure nitrogen gas and loaded into the capsule

assembly chamber or stored under vacuum, or in hexane, until called for.

3.6 In-situ Testing and Assembly
of DAP Injector

Following assembly of the DECA and completion of photocathode preparation, both
pieces are inserted into the Capsule Assembly Chamber. A variety of tests are per-
formed to determine the overall performance of the diamond amplified photocahtode,
as well as the performance of the individual constituent elements. First, cleaning of
the photocathode to improve the quantum efficiency will be attempted. Then the
number of electrons in a charge pulse emitted from the photocathode that make it
across the accelerating potential to the metallization layer is measured. Finally, the
secondary emission of the diamond sample is tested and the gain is calculated. The
following procedure represents the likely steps that will be incorporated during the

construction and testing of the capsule.

3.6.1 Surface Cleaning and Photocathode QE measurement

In order to obtain the best results from the photocathode, it is desirable to have the
cleanest possible surface which will provide the best quantum efficiency. Therefore, we
wish to examine two potential mechanisms available for cleaning the photocathode.

As mentioned before, Palmer et. al. [8] reported that annealing the photocathode

41



will result in a clean high Q.E. surface. There is also sufficient light energy in the
pulses generated by the Xe flash lamp, which will be used to stimulate emission, to
clean the photocathode surface. Therefore, photocathodes will be subjected to both
annealing and high intensity light from the flash lamp in order to test which of these
methods will have the desired effect. The number of photoemitted electrons will be
measured before and after each of these operations. If there is an increase in the
QE, there will be an increase in the photoelectron yield. It should be noted that this
test is flawed in that it will provide the magnitude of the increase in QE but not the
actual value. It is, however, still possible to obtain a reasonable approximation of the

photocathodes QE by taking as a basis earlier reported literature values.

3.6.2 Photoemission Measurement

Once the cleaning and QE measurements are completed the sample is inserted into
the CAC and the system is pumped down to 10~°Torr. At this point the CAC is
configured for photocathode only operation with only the photocathode and wire
mesh anode present in the system. For the purpose of measuring photoelectron yield,
the anode is at ground and connected to the oscilloscope for data collection.

After the system is pumped down, the high voltage low current power supply is
turned on and a positive voltage of up to 5 KV is applied to the anode. In this
configuration the photocathode and the anode have a larger separation than that
between the photocathode and the diamond metallization layer. Applying voltage to
the anode ensures that all electrons will be extracted from the photocathode. The
xenon flash lamp is then turned on and focused pulses are directed at the photocath-
ode. The copper photocathode is stimulated to emit electrons by broad spectrum
UV pulses that are incident on its surface. Electrons emitted by the photocathode
are accelerated across the potential toward the anode where they are collected. Mea-
surements of the photoemission are made at the photocathode to ensure all emitted

charges are counted. The resulting pulse signal is passed to the oscilloscope where it
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is recorded for later analysis.

3.6.3 Capsule Assembly and Testing

Upon the completion of photoemission measurements, the photocathode is retracted
behind a gate valve and stored under 107 scale vacuum to preserve any QE en-
hancement that has been made. Once the photocathode is isolated, the remainder
of the CAC is bled-up with dry nitrogen and opened to atmosphere, at which time
the alignment guide is removed. The previously brazed DECA is placed into the
alignment guide and all electrical contacts are checked. Then the alignment guide
and relevant assembly is re-attached to the CAC. After the DECA is inserted into
the CAC, the system is pumped by a Pfieffer TurboCube to 10~7 Torr then baked
for 24hrs at ~150°C. Once the system has cooled, the ion pump is turned on to bring
the chamber down to low 10719 scale before measurements are started.

To measure the amount of photoemission generated by UV transmitted through
the diamond, a -5KV potential is applied to the photocathode. The diamond metal-
lization layer is then held at ground so that it is effectively an anode relative to the
photocathode. When the lamp is triggered, the resulting charge pulse is collected at
the anode. The pulse signal is passed to an oscilloscope where it is recorded for later
analysis calculation of the number of photoelectrons emitted.

To measure secondary emission, the electrical contacts on the Capsule Assembly
Chamber are reconfigured such that the diamond metallization layer is at ground
and a positive voltage in the range of 0-3.5KV is applied to a wire mesh anode
outside the DAP. A positive voltage of 2.8KV sets-up an approximate 1 MeV /m field,
depending on the thickness of the diamond. UV light pulses are directed through the
assembly to generate photoelectrons. The resulting charge pulse is accelerated by
a -5 KV potential, applied at the photocathode, toward the diamond metallization
layer. Electrons in the charge pulse enter the diamond and lose their energy through

scattering and the creation of many electron-hole pairs. The electron-hole pairs are
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separated by the electric field in the diamond. Holes recombine with the current from
the metallization layer. Electrons are induced to drift through the diamond by the
field and pass through a hydrogen terminated surface into the vacuum.

The current from the metallization layer that recombined with the holes is con-
verted to a voltage measured at the oscilloscope, and the number of electrons used
in recombination is calculated. That number is compared to the original number of
photoelectrons and the total gain is calculated.

After initial DAP testing the photocathode is lowered onto the diamond electrical
contact assembly (DECA) and a seal is created between them by a thin indium wire,
thus closing the capsule and creating a self contained vacuum apparatus. Once the
capsule has been closed, the procedure specified in the paragraphs above is repeated

to characterize the sealed DAP.
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Chapter 4

Characterization of DAP Injector: Results and

Analysis

The focus of this chapter will be the collection of information about the primary and
secondary emission characteristics of a diamond amplified photo-injector capsule and
the gain profile of this system. Several different characteristics of the CAC and the
DAP injector are studied to ensure that the resulting signal from a closed capsule
is, in fact, amplified secondary emission, with respect to primary emission from the
photocathode.

To begin with, the emission profile of the unobscured photocathode is examined.
This provides preliminary information about the functioning of the CAC and Xe
flash lamp. Characterizing the yield from the photocathode allows quantification of
background and EMI. It also allows determination of the effectiveness of proposed
cleaning techniques.

Following the photocathode characterization the CAC is reconfigured for capsule
assembly and measurement mode. This includes insertion of the DECA and 24hr
bake-out of the system. With the CAC in assembly mode, initial measurements
are made to quantify the diamond photoemission, secondary emission, gain, and to
determine the magnitude of EMI effects in the capsule. From the resulting data, it
is obvious that primary emission from the diamond is large and must be removed or

reduced. Following these initial measurements, steps are taken to shield the system
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from excess RF interference, and the remaining EMI is isolated to be subtracted from
the the primary signal.

Finally, data is collected on secondary emission and the gain profile of a capsule.
Multiple runs are conducted to identify the behavior of gain in the system as the
anode voltage is increased. These results are discussed in detail and the capsule gain

is shown to increase with the increasing field in the diamond.

4.1 Data Collection and Handling

During measurement the photoemission signal is routed through a circuit that con-
tains a K resistor to ground in parallel to an oscilloscopes internal resistance, which
is set to 1MS2. The resulting effective resistance, Eq. 4.1, of the circuit is approxi-
mately that of the smaller resistor, as it dominates in this configuration. The pulse
is converted by the circuit into a voltage that can be recorded on the oscilloscope.
The circuit is protected by a 70V Gas Discharge Tube that will short to ground if the
voltage in the circuit becomes too large.
1 1 1

= 4.1
Reffective Rz Rscope ( )

A Tek 3034 oscilloscope is triggered by the resulting pulses in the circuit. Noisiness
in a single shot and small instabilities in the flash lamp necessitate that the scope
be set to average the data over 16 pulses. The resulting waveforms are stored in a
common format for import into analysis software.

In addition to stored data, approximate peak values for the voltage in each signal
is recorded for quick examination of the system behavior. Peak gain calculated from
these values is typically much larger than when the entire signal is taken into account.
Still the peak values and related graphs provide a reasonable approximation of the

systems behavior over a range of voltages or pulse energies.
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4.1.1 Integration and Conversion

The two pieces of information that can be derived from this experiment, that are
of greatest interest, are the gain in secondary emission and the total charge in each
pulse. The total charge in a pulse is based on the integrated pulse voltage and the
pulse duration. These values are calculated in a slightly different fashion than the
method used in section 2.7. The pulse charge(Q) is calculated from the integration
of the photoemission signal over the pulse-duration(t), as seen in Eq. 4.2.

The amplification of the charge pulse through the diamond, or gain, is the result
of dividing the amplified secondary signal from the diamond by the primary signal
from the photocathode. This can be accomplished by dividing the pulse charges of
each signal(Eq. 4.3), or more simply the integrated pulse voltages.

v 1 i
Q= t= ot v(t) (4.2)
Reffective Reffective g
secondar Vtsecon ar
Gain = Qsccondary = dary (4.3)
Qp’rimary V;?rimary

4.1.2 Smoothing and Noise Reduction

Even though the systemic noise in the waveforms has been reduced by averaging over
multiple pulses, there still remains noise in the signal. While this is not a significant
problem near large peaks, in the long tail, as the signal voltage approaches a minimum
this can lead to a reduced or negative integral. This is especially important when
gain is being calculated.

To combat the effect of noise and obtain a cleaner signal for calculations, smooth-
ing must be applied to the waveforms. For this purpose the stored waveforms are im-
ported into Seasolves’ PeakFit software version 4.12. While this software is normally
used to analyze data for spectroscopy and chromatography, it contains a smoothing

function that is well suited to these purposes. The Savitzky-Golay algorithm, which
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is used to smooth the data, employs a local area polynomial fit using a simplified
least squares procedure [10]. The main benefit of this method is that it smooths the
data without flattening any of the features or reducing peak heights. The result is a
smooth curve with the important features preserved that will not result in improper

reductions in signal voltage when it is integrated.

4.2 Dark Current and Background

Before proper measurement of the photoemission can occur, any systemic noise is
identified so that it may be subtracted from later data. The dark current is examined
in two ways. First, the signal inherent in the system is measured with both the light
source and the voltage in the off position. The result is a signal that has an effective
value of OV. Next, the dark current with a voltage applied is recorded. During this
measurement the light source is still in the off position. Applying a voltage of 5KV
to the anode with the photocathode at ground results in a 100uV noise fluctuation
about the 0V axis. As will be visible later this is approximately 0.005% of the
photoemission for an 800mJ pulse and is therefore totally subsumed by the EMI

background subtracted from the actual photoemission pulses.

4.3 Measuring The effect of EMI

The website for the Oriel Xe Flash Lamp makes note that the electro-magnetic inter-
ference(EMI) is a particular problem in this type of broad spectrum source that may

effect measurement.

Arc lamp ignition requires high voltage, high frequency pulses to break
down the lamp, and a high current discharge to sustain the arc. Ignition
creates significant electromagnetic energy, which may occasionally inter-
fere with associated equipment. Even EMI proofed circuits may require
extra attention to earthing, cable routing and EMI shielding, to avoid ig-
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nition interference. Interference may be more problematic with a pulsed
arc lamp system as each pulse requires lamp ignition.[9]

In order to both understand and negate the effects of EMI on the photoemission
signal, it is necessary to characterize the EMI background of the system. This is
accomplished by directing focused light into the chamber while the photocathode is
backed away behind a gate valve. With the photocathode shielded and the voltage
supply off, any emitted electrons will simply fly around in the vacuum until they
collide with a surface and are reabsorbed.

The background signal registered at the photocathode electrical contact has two
major components. The primary signal is the EMI generated by the flash lamp.
The second, much smaller and less significant component of the signal, is the result
of electrons liberated from other surfaces by the defocused and scattered light beam
randomly striking the electrical contact. By isolating the EMI it is possible to identify
the major characteristics that are present in the photoemission data.

The EMI is recorded across the full range of possible pulse energies(fig. 4.2). The
amplitude of the waveform grows with increasing pulse energy. There appears to be
an exponential decay envelope as the signal grows in the time domain.

The waveform that is generated by the EMI from the light source has a high
frequency component, Fig. 4.3, that reaches peak value in 100-125ns and decays
r