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Characterization of Diamond Film and Bare Metal photocathodes 
as a Function of Temperature and Surface Preparation 

R.P. Shurter, D.C. Moir and D.J. Devlin 

Los Alamos National Laboratory, Los Alamos NM 87545, USA 

Abstract- High current photocathodes 
using bare metal and polycrystalline 
diamond films illuminated by ultraviolet 
lasers are being developed at Los Alamos 
for use in a new generation of linear 
induction accelerators. These 
photocathodes must be able to produce 
multiple 60 ns pulses separated by 
several to tens of nanoseconds. The 
vacuum environment in which the 
photocathodes must operate is -19-5 torr. 

oductim 

The DARHT (Dual Axis Radiographic 
HydroTest facility) will consist of two 20 
MeV linear induction electron accelerators 
with each beam axis on the same plane, 
opposed by 90 degrees. The 4 kiloampere 
electron beams are focused to a minimum 
spot on a high 2 target to generate intense 
bursts of bremsstrahlung radiation. The 
focused spot diameter is a key determinate 
in the image resolution of the radiographs 
produced by these machines. The emittance 
of the electron beam relates, by a power of 
four, to the minimum spot focus. The 
electron temperatures at the cathode of the 
electron beam injector is the dominant 
factor in the production of a low emittance 
beam. 

The accelerator system architecture 
precludes the use of thermionic or thermo- 
dispenser type cathodes to produce the 
desired beam quality. The prototype 
injectors utilize velvet cold cathode emitters 

which inherently produce beams with 
electron temperatures >lOOeV. 

In an effort to improve the beam quality the 
use of a photocathode is being investigated. 
The operating pressure of the diode will not 
permit the use of alkali metal compound or 
other photocathode surface preparations 
unstable in the presence of water vapor or 
other common vacuum background 
con taminants. Because of these constraints 
aluminum bare metal [1,2] and diamond 
film [3,4,5] photocathodes are being 
investigated. We report the work in 
progress of these investigations. 

I1 Discussion 

The photoelectric processes differ 
considerably between metals and wide 
band-gap semiconductors such as diamond. 

In metals the photoelectron created by the 
photon within the solid has an energy above 
the other electrons at thermal equilibrium 
and is commonly referred to as a hot 
electron. Because of the abundance of free 
electrons in the metal, the photoelectron is 
likely to be scattered, elastically and 
inelastically, by other electrons and thus 
approach thermal equilibrium within a short 
distance. The scattering processes limit the 
emission to an escape depth of only a few 
atomic layers. By externally applying heat 
the escape probability of a photoelectron 
can be increased due to the increased 
mobility of the electrons by thermal 



excitation. 
The photoelectric process in a 
semiconductor take place when a photon is 
absorbed and converted into a free electron, 
Le., raised from the valance band into the 
conduction band. Additionally, to escape 
to the vacuum level the electron must have 
sufficient energy to overcome the electron 
affinity. In semiconductors the electron 
scattering loss processes are negligible 
relative to losses by phonon scattering or 
interaction with the lattice. This process is 
much smaller than the electron scattering in 
metals. 

111 Exp eriment 

A photocathode test stand (PCTS) (fig.1) 
was assembled to conduct scaled 
experiments on the subject photocathode 

materials. An ArF laser, 193 MI (photon 
energy 6.4eV) was selected to illuminate 
the photocathodes to achieve a reasonable 
quantum efficiency on a bare Al 
photocathode used as a baseline reference. 
The light beam. normal to the cathode 
surface, is able to be varied in intensity by 
over one order of magnitude through the 
use of multiple, thin quartz attenuating 
plates. The photocathode is able to be 
radiatively heated from ambient to 200C 

The diode vacuum chamber is pumped with 
1500 l/s cryopump. The planar diode 
(fig.2) is configured with an easily 
removable cathode. The anode is a >93% 
transparent W fine wire mesh screen. The 
tubular charge collector contains a defining 
aperture 
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Fig. 1 

EXCIMER LASER 

to size the illuminating laser beam and 
three W transmissive fiberoptics, at the 
aperture, feeding a line filtered photodiode 
to sample each light pulse. The photodiode 
is calibrated to a laser energy meter with 
the cathode removed. The diode operates at 
30kV d.c. and has an A-K gap of 6.7mm. 

The selection of aluminum as the bare 
metal photocathode was made based on 
mechanical properties and work function. 
The cathode was diamond turned aluminum 
alloy with a 1 micron layer of pure 
aluminum vapor deposited on the emitting 
surface. 



Insulator 

30 kV Planar Diode 

Fig. 2 

The diamond film samples were prepared 
by growing a polycrystalline diamond film 
on a Mo substrate with a microwave 
assisted CVD process [6,7,8]. The 
micrograph (fig.3) shows the crystal facet 
orientation of the diamond film surface. 

The two diamond samples were uniformly 
(sub-optimum) boron doped with hydrogen 
terminated surfaces. The uniform doping 
profile inhibits the film conductivity and 
thereby limits the emission process. 
Multiple delta doping [9,10] (MDD) would 
result in a film conductance more than 20 
times higher and is currently the focus of 
our materials technology research. 

TV Calibratioq 

Data obtained from the energy calibration 
of the photodiode consists of total laser 
energy measurements (Le) and a 
corresponding time resolved voltage trace 
from the photodiode. The photodiode 
voltage trace is integrated to obtain Volt- 
seconds (Vs). The calibration factor (Cal) 
is then given as: 

Cal = Le / Vs. 
The calibration factor can be used for 
converting integrated photodiode signal into 
energy or the unintegrated signal into 
power. A series of data is taken measuring 
the laser energy with a Scientec laser 
energy meter and obtaining the photodiode 
waveform. The laser attenuation is varied 
using quartz plates. The calibration factor 
as a function laser energy is shown in 
(Fig.4). The average value and rms 
deviation (5200+/- 300 V s) of the 
calibration is obtained fiom this series of 
measurements. The systematic deviation as 
a function of laser energy is within the 2rms 
uncertainty. 

Photodiode Calibration vs Laser Enerqy 
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V Data and Results 
QE = 6.4eV k*Q / E 

Typical photodiode and charge collector 
waveforms are shown in (Fig.5). The 
photodiode signal is converted to MW 
where the cathode area illuminated by the 

Fig.5 

laser is 0.28 cmA2. The charge collector 
signal is presented in amperes and is 
obtained by dividing the voltage by the 
charge collector resistance of 3 . 8 - o h .  In 
order to account for the digitzer impedance 
of 50-ohms, the signal is corrected upward 
in the analysis by 7.6%. Some electrons 
are transported through the laser entrance 
aperture in the charge collector. This effect 
also reduces the measured current. 
Transport calculations for a space charge 
limited beam indicate this effect is between 
5-10% depending on beam energy. Finally, 
the grounded tungsten anode mesh is only 
92% transmitting, resulting in another 
correction to the charge collector. The net 
average correction (k) for the charge 
collector is 1.25. The quantum efficiency 
(QE) is calculated by integrating both 
waveforms to obtain the total charge (k*Q) 
in Coulombs and laser energy (E) in Joules 
and using the following equation 

where 6.4eV is the photon energy for 
193nm photon produced by the ArF laser. 
The quantum efficiency as a h c t i o n  of 
laser energy for aluminum is shown in 
(Fig.S).The QE can also be obtained using 
the charge collector current (ICC) in 
amperes and laser power (P) in watts with 
the following relationship 

QE = 6.4eV ICC / P 

This relationship can be used at a single point 
(Le., the peak) as shown in (Fig.6) or correlated 
at each time on a single pulse (Fig. 7). 

For accelerator photocathode injector design, 
the most useful display is a plot of peak 
electron beam current density. This is shown in 
(Fig. 8). for aluminum at various temperatures. 
A comparison of diamond with uniform boron 
doping is compared with aluminum. This is 
shown in (Fig. 9). 
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VI Conclusiou 

Aluminum as a photocathode material has 
been well characterized over the past 
several years at ambient temperature. Our 
experiments indicate that through thermal 
augmentation, the photoemission of pure 
aluminum may be stabilized and increased. 

The significant improvement in 
photoemission at moderate temperatures 
(150 C) suggest the possible application of 
a thermally augmented aluminum 
photocathode for use in the DARHT class 
high pressure electron beam injectors. Our 
results indicate the possibility of extracting 
a 4 kiloampere beam with less than 2 joules 
of incident ArF (1 93 nm) laser radiation. 

The enhanced photoemission process is 
most likely based on the Fowler-DuBridge 
theory and would not lead to degradation of 
beam quality. The first follow-on 
experiments will include emittance 
measurements of a space charge limited 
beam from a heated, pure aluminum 
cathode. 

Diamond film may be the ideal 
photocathode; it is robust, thermally 
conductive and chemically inert. The 
referenced literature indicates diamond film 
when MDD doped and with the proper 
surface termination can exhibit quantum 
efficiencies sigmficantly higher than those 
achieved in the investigations we report. 
The designed growth of diamond films will 
be the focus of further investigations. 
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As stated our investigations reported here 
do not show a high quantum yield for the 
diamond films tested. However the 
literature and outside sources suggest 
quantum efficiencies as high as 4% should 
be achievable. 

Industrial applications have demonstrated 
large area diamond film growth in areas 
uniformly covering several tens of square 
centimeters. 

Methods for diamond film growth other 
than the microwave assisted CVD process 
used for the samples tested are available. 
The most interesting alternative method 
considered at this point is an electron 
cyclotron resonance plasma (ECR) 
technique which is a relatively low 
temperature method that will allow film 
growth on ultraviolet transmissive 
substrates. This could lead to possible 
development of a semi-transparent or back 
illuminated photocathode. 

ECR plasma growth of diamond films also 
allows the growth process to be tailored to 
be able to obtain preferential crystal facet 
orientation. The 4 1 1 >  facet has been 
demonstrated to exhibit the highest 
quantum efficiency. 

This work was sponsored by the US Department of 
Energy under contract no. W-7405-ENG-36 
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