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PREFACE
OBJECTIVE

The objective of this program was the development of high-speed, all-
electrostatic photomultipliers for use in 400 megabit laser communication systems
operating at the 1,06 p wavelength, The most difficult requirements for this effort
were a quantum efficiency requirement for this vacuum PMT of 5% at 1.06 u and

an operating lifetime of 2,500 hours.

SCOPE OF WORK

The work on this program proceeded in two major segments. In the first
segment, the conventional cathode all-electrostatic, high-speed PMT developed
by Varian LSE on Contract No. NAS5-23110 was further modified to include pro-
visions for the incorporation of 1/4 in. diameter III-V photocathodes. At the same
time, a mirror structure InGaAsP photocathode was developed. Following this,

tube and cathode technology were combined to produce two deliverable items.

In the second segment, further devices with somewhat higher gain were

manufactured for actual communication system testing and also life testing,

CONCLUSIONS

As a direct result of this program, a high-performance, all-electrostatic,
ITT-V high-speed PMT was ‘shown in system tests to perform competitively with solid
state diodes and avalanche photodiodes, even though a feedback noise mechanism
was present, Major problem areas of the above-mentioned noise and quantum
efficiency stability (operating life) were identified. The feasibility of vacuum PMT
high-speed receivers operating at 1.06 u was therefore demonstrated, and the large
cathode area of these devices in comparison to solid state detectors make these PMT's

atfractive for use in high-data-rate laser communication systems.
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RECOMMENDA TIONS

Further work on both tube and cathode technology are recommended to
improve both noise and stability performance. An ion feedback baffled design
has received preliminary investigation and indications are that such baffles should
eliminate the present feedback noise problem. Stability can be improved through
use of better suited dynode materials and also the incorporation of improved
(more stable) cathode low work function coatings. Furthermore, Varian has recently
developed a hybrid, all-electrostatic PMT which uses an impact ionization dicde
(IID) in the anode assembly., This tu]ge employs an in-vacuum gain of only 100
and an operating current of less than 1 pA. An additional gain of 100 to 1000 is
achieved in the IID. Such a device is a giant step forward in high-speed PMT!s;
and not only offers much improved stability due to low in-vacuum operating current,
but also provides for gain control, without impairing other tube performance, by

variation of electron impact potential on the IID.
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I. INTRODUCTION

This report describes the development of high~speed photomultipliers
(PMT's) sensitive to 1,06 p illumination. The period of performance covered
the time span from March 1973 through October 1975. The program, as
described in the body of this report, is divided into two phases., Phase I covers
the necessary development efforts required to convert an all-electrostatic, high-
speed PMT sensitive to visible light (developed under NASA Contract NAS 5-23110)
to a 1.06 p sensitive device. This phase required laboratory research and device
development tasks to provide for the appropriate ITI-V photocathode material
development and the necessary tube modifications to incorporate this material,
Phase II describes efforts aimed at production of the Phase I designed devices

for actual communication system testing as well as life testing.



II. NARRATIVE

A, PHASE I — 1,06 yu SENSITIVE PMT DEVELOPMENT

Over a period of fifteen months, an 5-20 five-stage, all-electrostatic,
high-speed PMT was developed into a 1.06 y sensitive device, This was accomplished
by a simultaneous two-task effort that independently developed photocathode
structures "Laboratory Research" and the tube "Device Development, ' and then
combined the developed technologies to produce working PMTs., The basic S-20
cathode tube design was developed and reportecl1 under NASA contract. The
following efforts of Phase I were the next step in the long~term development of a
1,06 p sensitive optical receiver for a 400 megabit-per-second laser communication

system.

1. Laboratory Research

The purpose of this task was the development of a 1.08 3 sgnsitive
[T~V photocathode destined for use in the PMT structure. The prime cathode
material selected for this approach was indium gallium arsenide phosphide (I.ﬁGaAsP).
This cathode system is well described in the literatur32 and needs no description
here. The physical cathode size was selected at 1/4" diameter for electron optical
reasons. The InGaAsP layer was grown by liquid phase epitaxial techniques on
indiﬁm phosphide (InP) substrates, '

a. The Mirror Structure Photocathode. The quantum yield for a

thick negative electron affinity (NEA) photocathode is given by Y = (1 - R)P/(1 +
1/a 1) where P is the escape probability, R is the reflectivity, L is the minority
carrier diffusion length, and « is the optical absorption coefficient, For operation
at the 1.06 u wavelength, one is forced to make a tradeoff between P and o in
choosing the bandgap of the InGaAsP semiconductor material. For a low bandgap

(say 1.15 eV), « is sufficiently high that the (1 + 1/ L) term does not decrease the

1 Final Report NAS5-23110
2
See Appendix A — Central Research Publication Listing

2



quantum yield too much, but the escape probability P is quite low. For a high
bandgap (say 1.21 eV), P is fairly high, but o is so smali that ¢ L is less than 1.
The optimum compromise at a 1.18 eV bandgap has both o and P at lower than
desirable values, resulting in a maximum quantum efficiency of about 5% at the

state of technology for this device at the start of this program.

The fact that the InGaAsP quaternary grown by liquid-phase
epitaxy forms a good heterojunction with low interfacial recombination velocity
with InP allows the construction of a multiple light-pass photocathode structure
which can increase the amount of light absorbéd and, hence, the quantum efficiency,
for a given value of ». The structure of this cathode is shown at the top of
Figure 1. A lattice-matching 1.19 eV bandgap InGaAsP layer is grown on an InP
substrate. The heterojunction step in the conduction band confines the photo~
excited electrons to the active layer, A light-reflecting mirror is evaporated
on the polished back surface of the InP substrate. The cathode is then cleaned
and activated with Cs 2O by the normal procedures. The relative light intlensity
throughout the cathode is shown at the bottom of Figure 1. Of the light ineident (1)
on the photocathode, about one~third is reflected (first incidence reflected light)
and two-third enters the active layer, After the first pass through the active layer
(2), a significant intensity of light remains (3) which is reflected by the mirror 4)
and again passes through the active layer (5). After losing some intensity out of the
front surface of the photocathode, the process is again repeated (6, 7, 8 and 9).
While somewhat more light is reflected than with a conventional thick active layer
cathode (compare total reflected light with first incidence reflected light), the fact
that the absorption during step (5) occurs close to the emitting surface rather than

deep in a thick conventional layer gives a significant increase in quantum efficiency.

Figure 2 shows the calculated quantum efficiency for a flatband
cooled cathode of this type as a function of InGaAsP active layer thickness, A 409
increase in 1.06 p yield is expected with the InGaAsP thickness optimized with the

best values of escape probability.
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Figure 1. InGaAsP Photocathode Strucfure. The top figure shows the band diagram
for a heterojunction mirror structure photocathode. The horizontal scale represents
distance perpendicular to the emitting surface, but is not drawn to scale, The
bottom graph has the same distance calibration on the horizontal axis and shows on
the vertical axis the relative intensity of the 1,06~micron light on its multiple
passes through the photocathode, with the numbered arrows tracing the path.
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h. Research on Cathode Stability, Because of the sufficiently

high quantum _efficiencies obtained from the mirror-structure cathode, the emphasis
in the Corporate Research program was shifted slightly., A program to measure
the InGaAsP-—Cszo barrier height as a function of composition with a constant
bandgap was temporarily posiponed, and a program to measure the time evolution
of the Cs partial-pressure gauge was constructed which allowed us to plot independently
the Cs and oxygen partial pressures during activation, and to measure the Cs vapor
pressure required for stability of an activated cathode. The gauge has a sensgitivity
of 10 A/torr, allowing us to measure Cs pressures as low as 10 14 torr. The first
experl_ment indicated that the equlllbrlum vapor pressure of Cs over an optimized
InGaAsP photocathode is 1-5 x 10 torr. The results of this investigation will be
helpful in stabilizing the cathodes in PMTs at their initial high quanium efficiencies,
The Cs pressure required for equilibrium immediately following activation is higher
than that required after a few hours, Figure 3 shows a plot of the equilibrium vapor
pressure vs time for a 1,06 p InGaAsP cathode, The quantum efficiency increases
somewhat (~ 50%) during this 72-hour process. The equilibrium pressure was
measured by keeping the Cs pressure over ﬂ'1e cathode adjusted to maintain the
cathode at its peak yield point, while measuring that pressure with the Cs partial
pressure gauge. This process can be drastics.lly shortened in time by giving the
cathode a Cs dump upon the completion of the normal activation. It rapidly comes
out of the dump with higher quantum efficiency and the lower Cs over pressure
condition. Figure 4 shows the monitoring of an actual activation using the Cs dump
process. Apparently a cathode should be kept at its optimized sensitivity in the
processing station for the 2 to 3 hours in which the equilibrium Cs vapor pressure
is dropping before being transferred into the tube, which would be preactivated to

provide the proper final equilibrium vapor pressure.

The resultant Cs vapor pressure following either the dump or
the 72-hour wait is still high enough, when combined with the fact that 0.004 micro-
torr seconds of Cs overexposure will reduce the sensitivity by 20%, that a cathode
in a clean tube should die with a time constant of about 50 minutes, If a lifetime

(to 1/e) of 10 years is desired, then the initial Cs vapor pressure in the tube would



Having completed the theoretical optimization of the semi-
conductor portion of the cathode, effort was concentrated on designing the mirror
portion of the mirror-structure cathode, It was initially thought that o dielectric
mirror would cause the least interference with established processing procedures
and would insure high reflectivity at 1,06 p affer passing through all the processing
steps. The reflectivity of a simple, alternate, quarter-wave mirror of S:'LO2 and
Sl N 4 O InP is given approximately by R = (A-4)/(A+4) Where A=7x2" and m
is the mimber of pairs of Sioz, S1 N layers, For four pairs a reﬂect1v1ty of 93%,
is expected. A four-pair layer requires about 2 hours to deposit in the CVD reactor,
but many cathodes can be coated simultaneouély. Growth parameters for a 1,06 u
quarter-wave layer of both 5102 and 813N 4 were determined, and the structure
grown. The resulting structure was too thick, and cracked upon cooling fo room

temperature,

’

Thus, other material systems were examined which would

have high reflectivity and which would neither degrade the photocathode performance
nor be degraded itself by the substrate B-face preparation, the epitaxial'layer
growth, or the heat cleaning. A solution which satisfies all the necessary conditions
was finally r;aached. All InGaAsP active layers for the fubes on this contract were
grown on the following substrate formed by coating the A-fa:ce of InP to give the

desired mirror properties.

(1) Mechanically polished 1/4" diameter InP approximately
200 p thick

(2) Phosphosilicate glass apprommately 300 A thick
(3) Silicon nitride approzumately 600 A thick

(4) Quartz approximately 250 A thick

(5) Chrome approximately 2000 f& thick

(6) Quartz approximately 250 z; thick

(7) Silicon nitride approximately 600 }c\l thick

Following the adjustment of the melt composition in the mirror-
structure cathode growth system, consistently good cathodes were grown for tube

processing,



This flatband calculation is adequate to estimate the obtain-
able performance, but not to calculate the optimum parameters for the real situation
where the bandgap is graded, Phc;tocathode yield has, in general, been calculated
by solving the one-dimensional electron transport differential equation, given the
front and back surface boundary condition. Using a Green's function approach,
this was extended to the case of a linear gradient in bandgap. Any further general-
ization results in an equation for which no solution is readily apparent, The real
case required a further generalization, so a lumped eiement model of the photo-
cathode was devised and solved using circuit techniques. .The computer program
using this method of solution, while taking much more computer time than simpler
solutions, can properly handle any arbitrary variation of bandgap and diffusion

length as a function of epitaxial layer thickness.

The actual bandgap gradient profile as a function of thickness
was measured for the then current InGaAsP growth conditions. The optical trans-
mission of samples of several thicknesses was simultaneously measured, The
optical absorption coefficient as a function of bandgap and photon energy was
calculated from the measured optical transmission to be self-consistent with the
measured grading (which involves integrating o through the layer since o is a
function of position). Finally, these measured values of & and bandgap gradient
were used to calculate the quantum yield expected from the mirror structure
cathode as a function of epitaxial layer thickness for the current growth conditions
and for various mc;dified growih conditions, The results of this study showed that a
small change in current melt composition would give a 7% improvement in projected
mirror structure 1.06 p quantum yield, while a complete reviéion of the growth
parameters oriented towards reducing or eliminating tf1e bandgap gradient after
one or two microns of growth would produce a 229 improvement. These calculations
also gave us, of course, the desired epitaxial layer composition and thickness for
best mirror structure performance., The bandgap gradient present in the early
quuid»-bhase epitaxial (LPE) photocathode structure is clearly detrimental to per-
formance, with or without the mirror present. A new growth schedule involving
a slower cool-down cycle was introduced to reduce the gradient. This required re-

optimization of the Zn doping.
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have to be correct to 1 part in :l.O5 (assuming that the long-term behavior is the
same as that of the short term). It seems more likeiy that the cathode sensitivity
will Ievel off at some lower value where its Cs vapor pressure corresponds to that
of the tube, but the magnitude of the preprocess—stability problem is seen to be
enormous. Cooling, which experimentally lowers all of the vapor pressures
involved and, hence, extends the lifetime of an off-balance tube, may be the only
viable alternative fo an active system which, using feedback control circuitry,
adjusts the oxygen or CUs vapor pressure in the tube to keep the cathode at its

peak sensitivity.

Operation at Other than Room Temperature. Many of the

parameters of -V photocathode operation are affected by the cathode temperature,
Since heating or cooling by a moderate amount is easily implemented, temperature
should be considered a legitimate variable in optimizing performance. Heating
above room femperature by more than about 20°C produces such a rapid loss of

Cs from the cathode surface that operation with heating is rejected as undesirable,
Cooling has been shown to produce, both theoretically and experimentally, the
following effects:

(1 The bandgap of the ITI-V material increases.

(2) The optical phonon energy for ITI-Vs is near kT at room
temperature, Thus, cooling will reduce optical phonon
electron scattering, which will reduce scattering in the
band-bending region and will increase the minority carrier
diffusion length, L. *

(3) The photocathode dark current is decreased, as the electrons

causing the dark current are thermally excited,

Effect (1) is easily compensated for by growing the III-V material to
have the proper bandgap at the desired operating temperature. The shift of bandgap with

temperature is well known quantitatively for ITI-V semiconductors.

*
This is true for L only down {o a certain temperature, usually 100-150°K, due to
other factors affecting the diffusion length.

11



Effects (2) and (3) are both desirable effects in improving
the photocathode operation,

The effect of cooling on the interface heterojunction parameters

is not theoretically understood, Changes in Cs_O work function with temperature

would not appear to be a problem, as 8-1 photozathodes are successfully operated
in a cooled mode and the CSZO thickness is easily optimized for cooled operation
of g II-V photocathode. Thus, an increase in the heterojunction barrier height
upon cooling is the only possible adverse effect which could cancel out the other

gains obtained,

For InAsP, the barrier height has been measured to be independent

of temperature. The electron transmission probabilities T , and T

BS’ TA BS BV

are also temperature~independent. Thus, the only advantages obtained from cooling
InAsP are slightly longer diffusion length and a reduced dark current. Figure 5
shows the quantum yield curves at room temperature and with cooling for an ThAsP

sample (bandgap too high for 1.06 p operation),

Measurements of the barrier height variation with femperature
for InGaAsP show that the barrier behavior is more favorable for the quaternary
{shown in Figure 6), as cooling produces a reduction of about 70 mV in the barrier.
The threshold plots show that T B remain constant, buf T_ , is increased

ABS \% BS
dramatically, Shown in Figure 7 are the quantum yield curves for room temperature

and 'I‘B

and cooled operation of an InGaAsP sample, The 1.06 p yield at room temperature
was 4.2%, with the bandgap being too low for optimum 1.06 u yield. Upon cooling,
the 1,06 p quantum efficiency increased o 7.5%. This was the highest 1.06 p
quantum efficiency yet measured. The bandgap was probably a little high for
optimum cooled operation, so further improvements can be expected with further

work.,

12
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c. Surface Cleaning Experiments. The normal heat cleaning .

procedure leaves the surface in a certain configuration which is determined by
surface interactions at the highest heat cleaning temperature.. This may not be
the surface configuration which would give the lowest heterojunction barrier or
the highest quantum yvield. Heat cleaning does an adequate job of cleamng the
surface, but the surface can also be cleaned by usmg ion bombardment to sputter
away several monolayers of material. This leaves a clean but disordered surface
due to ion bombardment damage, In order to make this a useful technique, a
method must be found to anneal out the damage without reverting to the equivalent
of a heat cleaning process. Several experimenta were tried using {wo different
samples. Very low ion energies and nearly grazing incidence were used to keep
the damaged region as shallow as possible, Following the ion bombardment
treatment, the layer consists of single crystal with a very thin top layer of
amorphous material. In the case of ion implantation damage in other semi~
conductors, it is kmown that the amorphous material can regrow epitaxially on
the single crystal base at low annealing temperatures. However, this did not
oceur in our experiments. Even at temperaT_:ures 100°C below the normal heat
cleaning temperature, phospl;orous is lost from the amorphous layer, leaving

a layer more closely resembling the melt from which the original material was
grown than the original single crystal. There is no way to recover proper
stoichiometry once the P loss occurs. Needless to say, the photoemission per-
formance of the resulting surface is very poor, It is quite similar to the per-
formance from polyerystalline material deposited by vapor epitaxy on a foreign
substrate.

2. Device Development

a. Design Elemenis. This tube development effort was aimed at

incorporating a spring locking crystal holder into the previously designed all-
electrostatic fast PMT (NASA Contract No. NAS 5-23110). Figure 8 depicts this
previous design., This structure is a "cup and slat, " all-electrostatic device,
which was computer designed to enable an anode pulse rise time of less than 1

nanosecond. The five-dynode structure produces about 5 x 103 gain and had a
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planer cathode structure to simulate the upcoming incorporation of planar

IO-V photocathodes, The encapsulated dimensions for this tube are shown

in Figure 9, which shows the potted tube assembly, Figure 10 shows the

actual cathode structure layout which required redesign to ruggedly mount a
1/4" diameter IM-V cathode (as described above) without perturbing the electron
optics design of the remaining tube structure. The I~V cathode holder

design appears in Figure 11, The electron optics of this structure as mounted
in the tube "front" end were verified on Varian's digital computer electron
optics program (see Appendix B) and a Calcomp electron optics plot is shown

in Figure 12, Here, cathode electrons are injected with 1 eV of energy at
angles normal and both + and - 45° fo the surface o simulate worst case cathode
electron injection ct-mditions (actually, for InGaAsP, the eleciron injection energy
spectrum is only a small portion of an eleciron volt and emits within 5 to 109, of
the normal). This electron optics evaluation confirmed that the whole eathode
surface would be useful and produce an output pulse easily fast enough for

400 mb/s optical communication,

A complete IM-V, all-electrostatic, high-speed PMT was drawn
from this investigation, A cross section of the mechanical design is shown in
Figure 13, The completed structure is constructed using 'basically ceramic~{o~
metal brazed seals on heliarc welded flanges, which have been proven in the

vacuum devices to yield the ultimate in a reliable, rugged tube.

b, Processing. The assembled tube, ready for vacuum processing,
is depicted in Figure 14, Eere the basic fube has appended a silver leak tube
(acting as an oxygen source), a Cs generator, and a transfer tabulation terminated
with a Varian Conflat® flange, This exhaust agsembly is affixed to a I~V vacuum
processing system as shown in Figure 15. This vacuum station serves as the mechanism
enabling tube vacuum processing as well as III-V photocathode processing and sub-
sequent transfer into the tube. Afier the tube is bolted onto the vacuum system

"main chamber, "' the system is evacuated and both tube and system are baked overnight.
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On the next morning, the tube and system are cooled achieving 10“'11 torr
vacuum in the main chamber. The tube is then preprocessed to establish the
proper partial pressure of Cs within the device for good cathode stability., Then,
using ultraviolet (UV) illumination to excite photocathode current, the tube is
tested for gain and dark current. The test is followed by an operational scrub

to reduce outgassing during the tube's operating life. This process is essential,
since such outgassing will rapidly kill ITII-V photocathodes.

Upon completion of scrubbing, gain and dark current are
remeasured and, if these values are acceptai)le, the tube is designated as ready
for cathode insertion. At this point, a chemically cleaned and polished 1/4"
diameter cathode (InGaAsP) is placed into the prechamber (see Figure 15). The
prechamber is pumped to high vacuum until its valve can be opened to the main
chamber. An 8¢ per second Vacion® pump is used for this purpose, while rough
pumping is done through the manifold system using Vacsorb® (cryogenic) pumps.
After opening the prechamber to the main chamber, the cathode is transferred,
using a magnetic fork assembly, to the main chamber where it is heat cleaned
just to the point of decomposition and then activated with Cs 20. If acceptable
quantum efficiency is achieved by this process, the cathode is then transferred
into the awaiting tube assembly. If poor cathode yield results, the cathode is
brought back to the prechamber and removed to allow for placement of a new
cathode. After transferring a good cathode into the tube, the tube is pinched off
the vacuum system using a copper cold-weld technique. This pinch-off assembly
is shown in Figure 16, Note at this point that the Cs and oxygen generators are
still in place to allow for cathode "tweeking" should degradation occur.

The tube assembly is monitored next by routine measurements
of its general infrared sensitivity (7000 j& and up) by reading cathode current in
response to illumination through a Corning No. 2540 filter. The result is a reading
of tube sensitivity expressed in microamps per hollow lumen (;JA/hlu). This measure-

ment technique has been accepted rather than using quantum efficiency at 1.06 u
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Figure 16. III-V AEFP Pinchoff Assembly
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because it utilizes higher cathode current levels and is, therefore, an easier
and more accurate monitoring measurement. If the sensitivity is stable over
a period of a few days, then an operational scrub at 50 uA of collector current
is performed to ascertain the operating stability of the tube. After this, the
assembly is ready for Cs and oxygen generator pinch off, followed by vacuum

potting, final test and delivery. The final tube assembly is pictured in Figure 17.

3. Individual Device Performance. A total of eleven tube starts

were made under this phase. A start is defined as the placement of a tube
assembly on the exhaust system for bakeout. Each start is individually addressed

below.

S/N 003. This tube was started on 7/26/73 and removed from
station on 8/9/73 with a 3% at 1.06 u cathode, DC gain performance was excel-
lent, with 7 x 103 gain and about 60% collector efficiency. Cathode stability was
very poor for this tube due to an excessive partial pressure of Cs within the tube
(nonoptimal preprocess). Over one weekend, response degraded to oniy 0.04%
at 1.06 p and about 9% QE at 0.53 p from an original 149,

In late September, McDonnell-Douglas tested the tube. Pulse
response is shown in Figure 18. The long pulse tail resulted from the presence of
high secondary emission surfaces within the collector structure. Gold plating
of this area was therefore planned. Figures 19 and 20 show cathode and gain scans,
respectively. The mountainous 1.06 pu cathode scan was probably the result
of severe cathode degradation. However, the duplication of this mountainous
format in the gain scan indicated excellent gain uniformity across the entire

1/4" diameter cathode surface.

S/N 005. This tube was started on 8/23/73, but was scrapped
due to a copper tubulation fracture which occurred after bakeout.
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Figure 17. Potted III-V AEFP Assembly
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Figure 18. S/N 003 Pulse Response

Vertical Scale: 5 mv/div.
Horizontal Scale: 500 ps/div,

15 na Peak Cathode Current
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1.06 p

0.63 p

Figure 19. S/N 003 Cathode Scan at 1.06 p and (0.63 ) Laser Wavelengths




Figure 20, S/N 003 Gain Scan
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S/N 006. This tube was started on 9/4/73 and received a 2%
cathode, Ca.thode stability for this tube was very poor due to excessive Cs,
even though the amount of Cs was reduced from that of S/N 003, It was surmized
that the presence of the Cs generator was affecting stability. The Cs generator
was therefore pinched off, but the tube went to air at this point and was scrapped.

S/N 007. Start date for this tube was 9/10/73. It received only
a 1% QE cathode, but tube stability was significantly improved and this time the
tube suffered from a shortage of Cs. Additions of Cs indicated stability over a period
of one week at 0.7% QE, but a high voltage arc during testing and subsequent
scrubbing reduced this yield to only 0.25%; however, stability looked good over a
2 week period at this level. In preparation for tube potting, this tube also went
down to air upon Cs generator pinchoff. It was decided that the above failure was
due to the fact that the copper was not cold welding during pinchoff due to a buildup
of 0s20 on the internal copper surface. Further pinchoffs of Cs generators were

therefore curtailed until a solution could be developed.

S/N 008. This tube was started on 9/17/73. It received a
preprocess that further reduced the Cs pressure level, since it appeared from
S/N 007 that it is best to be Cs-lean. S/N 008 received a 49 cathode in October
and clearly required additions of Cs to achieve stability. However, dumping the
cathode response severely with Cs produced a significant improvement in stability
at high QE. While having degraded a full 50% in infrared yield after 3 days follow-
ing pinchoff, the tube was stable at 3% QE at 1.06 u for three weeks following
a Cs treatment and lost little response as a result of 50 yu operational scrubbing.
To prevent the possibility of loosing this tube on Cs generator pinchoff, it was
potte:d this time, leaving the generator in place physically sticking out beyond the
tube housing. In this condition, the tube was tested at MDAC but unfortunately a
high voltage arc that occurred during the testing setup drastically reduced the QE
to only 0.1%. Figure 21 shows a 1.06 u cathode scan with the uneven appearance
of 8/N 003. The cause of this is again explained by the serious cathode degradation.
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Figure 21,

S/N 008 1,06 p Cathode Scan
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Figure 22 shows the output pulse which is again characterized by a secondary tail

pulse. Gold plating of the anode structure to improve this had not yet been tried.

S/N 009 . This tube, started 10/8/73, was processed identically
to S/N 008 except that the CsCu feedthru was heated during tube processing in an
effort to prevent a C820 buildup there. In this case, 5.5% QE at 1.06 u was
achieved in the pinched-off device and, after one Cs dump, stability looked good
at 4% QE and 3% QE after scrubbing. This tube was the last device in this phase
on which a Cs generator pinchoff was attempfed prior to potting (this tube was
potted before S/N 008) and again the tube was lost due to a pinchoff leak even
though the pinchoff area had been heated. At this point, further pinchoff of Cs

generators was halted until a clear solution could be achieved.

S/N 010, S/N 010 was started on 10/16/73 and received a 5%
at 1.06 u cathode, After a Cs treatment, it showed good stability at 37, QE. QE
fell to 2.87% after scrubbing, but after a second Cs treatment prior to potting the
QE failed to recover past 0.6% — apparently due to too much Cs. In this condition,
it was tested at MDAC. Figure 23 shows the pulse response, which was slightly
better than 0.008, but much worse than expected since this tube had a gold-plated
collector structure. A 1,06 u cathode scan is shown in Figure 24, Peak QE is
0.6%at 1,06 u and 0,5% average over 0.1" diameter. This response slowly degraded
to 0.4% over the next six weeks and another Cs dump was performed. Four months

later, the cathode had improved back to 0.5%.

S/N 011. This tube was started at Central Research on
11/1/73 to increase the tube start rate. It received a 4% cathode that degraded

seriously and did not respond to a Cs treatment. The tube was subsequently scrapped.

S/N 012. S/N 012 was started on 10/29/73 and incorporated
two changes. First, the collector structure position was changed about 0.30"
towards the cathode in an effort to improve pulse response on the theory that

signal current was missing the collector plate. Also, the preprocess was modified
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Figure 22, S/N 008 Pulse Response

Vertical Scale: 5 mv/div.
Horizontal Scale: 500 ps/div.
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Figure 23. S/N 010 Pulse Response

Vertical Scale: 5 mv/div.
Horizontal Scale: 500 ps/div.
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Figure 24, S/N 010 1,06 pu Cathode Scan
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slightly to increase the Cs pressure to determine if the requirement for later

Cs treatments would be reduced. The tube received a 5.5% QE cathode that
required oxygen treatment this time. Stability was good at 2.5% after scrubbing
and the tube was tested at MDAC with 2% QE at 1.06 u. A cathode scan at

1. 06 is shown in Figure 25. The poor uniformity is probably the result of cathode
growth nonuniformity, although this could not be seen optically. Pulse response
is shown in Figure 26; no improvement was indicated here, and a collector redesign
was decided upon. The cathode sensitivity of this tube was not at all affected by
testing at MDAC and remained stable at 1% 6% QE for 1-1/2 months. At this
point, degradation began. A Cs treatment then produced a stable yield at 0. 8%.
This tube was the first deliverable item for this phase.

S/N 013. This was the second tube to be processed at Central
Research. It was started on 12/2/73 and received a 3% at 1. 06 y cathode. Cathode
stability for this tube was much better than the last Central Research tube
(S/N 011), but not as good as earlier tuBes. Excessive Cs was the case for this
device and it was clear at this point that the optimum preprocess for the Central
Research vacuum system was considerably different than that for LSE Division's
systems, possibly because of either a lower pumping speed or difference in bake-
out oven design and use. Oxygen treatments stabilized cathode yield at 1%, while
scrubbing reduced this to 0.8%. Further oxygen showed promising results, with
a return to a stable 1%. However, the tube was lost this time on the oxygen pinch-

off, again due to excessive C320 on the copper surfaces.

S/N 014, S/N 014 was started on 11/5/73 and had the same
preprocess as S/N 012. Apparently, this preprocess is very close to the correct
one, since the initial 3% cathode was quite stable and slight oxygen treatment
resulted in a constant 2-1/2% over a 3-week period. Scrubbing drastically
reduced this yield to only 0.8%. These data indicated the need for further improve-

ments in the UV scrubbing procedure that occurs during vacuum processing.

39




(13474 ey ‘_i""fl‘ -
 EPRODUCIBILITY OF THI
ORIGINAL PAGE IS POOR

Figure 25, S/N 012 1.06 p Cathode Scan



Figure 26. S/N 012 Pulse Response

Vertical Scale: 5 mv/div,
Horizontal Scale: 500 ps/div.
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After the degradation resulting from scrubbing, the tube quiékly degraded
furth_er without operation, apparently from a lack of Cs, six{ce addition of Cs
followed by'a Cs dump resulted in a slow 9-week recovery to 1% QE The
sensitivity remained at that level for 3 months. S/N 014 became the second

deliverable unit under this phase.

The eleven tube starts addressed above are summarized
below in Table 1. This work effort successiully demonstrated that greater than
5% QE at 1.06 p is achievable in an electrostatic PMT design that can easily
handle 400 mb/s communication rates. Majbr problems are cathode shelf life,
operating life and pulse response. Shelf life times of many months were indi-
cated if the prgﬁro‘cess*atn:-tospflere was such that Cs treatments could later be
applied. Long-term operating life data were not taken, but stable operation
over a few hours was sometimes a problem with significant degradation occurrfng
in some tubes, while some were stable. Pulse response was deteriorated in all
cases by afterpulsing from secondary emission effects; a design modification

is required before the problem could be eliminated.

B. PHASE II — TUBE PRODUCTION FOR SYSTEM AND LIFE TESTS

The work on this phase covered a 12-month period. The objective here
was to deliver two all-electrostatic, high-speed detectors with an improved collector
design for system testing at McDonnell-Douglas, followed by the delivery of two
of the same type units after life testing. To accomplish this, the tube design of
Phase I was modified to include a "honeycomb! collector design to eliminate
afterpulsing that was noted earlier. This design was cémstructed and confirmed,
and then further tubes were made for system and life testing.- While no photo-
cathode development was called for in this phase, significant further cathode
studies were performed because of serious QE difficulties incurred during tube

production.
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PHASE I TUBE SUMMARY CHART

TABLE 1

Tube Start Initial Serub Final Initial | QE After Final .

S/N Date Gain Current Gain QE 50uA Serub QE Comments

003 7/26/73 7 xlv:)3 500 pA at 6 x 103 3% 1.5% 0.04% | Poor preprocess atmosphere
Collector

005 8/23/173 - - - - - - Scrapped - fubulation fracture

006 9/4/73 - 5}{103 600 nA at 3 x 108 249, N.A. - Scrapped - down to air on Cs pinchoff
D5

3

007 9/10/73 | 3.4x10% (750 A at | 1x 10 1% 0.25% - Serapped - down to air on Cs pinchoff
D5

008 9/17/73 3. 5x103 200 pA at 2 x 103 4, 2.8% 0.01% | Good stability - arced during testing
Collector at MDAC

009 10/8/73 200 pA at 5.5% | 3% - Serapped - down to air on (s pinchoff
Collector '

010 10/16/73 | 1x10* |200 pA at | 6 x 103 5% 2.5% 0.6% | Good initial stability - poor response to
Collector later cesiation

011 11/1/73 1x104 200 pA at - 49, - - | Processed at Central Research, poor
Collector preprocess, scrapped

012 10/29/73 | 8x10° |200pAat | 3x108 5.5% | 2.5% 0.8% | Good stability
Collector )

013 12/2/73. 200 pA at 3%, 0.8% - Processed at Central Research, down to
Collector air on Og pinchoff

014 11/5/73 2x10% | 200 pA at 3%, 0.8% 1%, Best long-term stability

Collector




1. Device Development

.The Phase I collector design is shown in Figure 27. The resultant
collector response to a 300 ps laser pulse input appears in Figure 28, The positive
pulse appearing immediately after the negative primary puise is caused by
secondary electrons generated on the collector plate leaving the collector structure
and traveling to the ground mesh or beyond. To eliminate this problem, the flat
collector plate was replaced with a honeycomb structure as shown in Figure 29.

In this structure, the collector is made of a plurality of 0.005" holes about 0.050"
deep. Ele;ctrons which enter these holes generate secondaries where they collide.
Bince the secondaries are generated in a hole, it is difficult for them to leave the
structure, and by far the majority of secondaries simply hit the walls of the hole
in which they are generated and are thereby captured, This new design success-

fully eliminated afterpulsing, as will be shown later.

Two other significant design changes occurred in Phase II. The first
of these was the incorporation of an internal Cs generator within each tube instead of
employing outside Cs generators (see Figure 14) which had to be pinched off before
potting. The driving force that necessitated the change was the fact that a high
percentage of Phase I tubes went down to air when the Cs generator was pinched off.
This happened due to a buildup of Cszo on the 1/4" diameter copper walls of the
tubulation between the generator and the tube, which prevented cold welding of the
copper during pinchoff. Since it was not well understood how to prevent this situation
without seriously affecting the delicate tube preprocess, it was decided in this
phase fo simply place the Cs channel within the tube enclosure. This immediately
eliminated pinchoff problems, but introduced new difficulties. The presence of the
Cs channel within the tube exposes it directly to oxygen treatments. It was dis-
covered that use of the Cs channel ‘after placement of the III-V cathode within the
tube caused permanent cathode degradation, Although it was first thought that the
channel was evaporating the Cs-chromate powder directly on the cathode, it was
later proven that oxygen desorption from the channel was occurring. Pre-ouigassing

of this oxygen prior to crystal transfer was the ultimate solution.
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The final significant design change which occurred during Phase II
was a switch from five BeCu dynode stages to six dynode stages. The reason for
this was to possibly improve tube performance in system testing, since 104 gain
was desired by MDAC, while five-stage tubes produced only ~ 2 x 103 gain, The
change proceeded smoothly and had little effect on the pulse performance of the
tube,

During this phase, severe cathode quality problems existed which
greatly perturbed the flow of {ube production. At the start of the work effort for
Phase I, the LSE Division begain InGaAsP gfowth at its own facility in contrast
to the prior technique of material growth at Central Research and subsequent
transport of cleaned cathodes to LSE. The LSE growth system is shown in Figure 30.
The first cathodes grown 1n this system achieved 3-1/2% QE at 1.06 p, and yields
greater than 5% were expected in a short time. However, subsequent yields
were much poorer; and despite careful reoptimization of Zn"dopin'g levels and even
a return to cathode growth at Central Research, over six months passed before
5% QE was again demonstrated. It was apparent that the QE difficulties experienced
were caused by a multitude of problems, although vacuum system contamination
appeared to be the most significant one since it resulted in a loss of accurate crystal
quality feedback to our growth facilities, This resulted in a loss of optimum melt
and doping composition so that poor results became progressively worse, Cathode
vields improved again as a result of vacuum system cleaning along with a re-
optimization of growth and handling procedures, The evaluation efforts of Central
Research were crucial to this solution process, since their evaluation of LSE
crystals allowed for reoptimization of the LSE material independent of LSE vacuum

systems,

2, Individual Device Performance

Eight tube starts proceeded during Phase II, These starts vielded tubes
for system testing at MDAC as well as life test samples. Each tube is described

Thalnxr.
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S/N 027. This tube had five beryllium-copper dynodes and a
"honeycomb" collector. It was started on 5/31/74 and received bakeout and pre-
process procedures identical to those developed on Phase I, However, an internal
Cs generator was used in this and subsequent tubes and, therefore, further
preprocessing refinements would probably be required. A 2.87% cathode was placed
in this tube and good stability was achieved at 1,5%, but scrubbing reduced this
yield to only 0.02% and there was no recovery, It was felt that this degradation
was the result of insufficient scrubbing during tube processing, and increased
scrubbing currents were planned. Pulse response for this tube is shown in Figure 31.
This MDAC data confirmed that the honeycomb collector was the answer to past
problems with pulse performance. The speed of this tube was sufficient for 1 GB

communication.

S/N 028. This tube was started on 7/2/74. It was the first
tube to have six stages for high (104) gain and improved scrubbing flexibility.
Initial gain was only 7 x 103 for this .device so that increased scrubbing current
(500 pnA) could not be used without sacrificing final gains. 5. 3% QE at 1.06
was achieved in this tube. However, preprocessing difficulties arose with this
tube, as witnessed by the presence of excessive Cs and the subsequent need for
oxygen treatments to stabilize the tube, S/N 028 was the first deliverable item
for system testing of this phase and was shipped to MDAC with 1.5% QE at 1.06 u
and 4 x 103 gain, It subsequently arced, and QE degraded to 0.1% as a result.

S/N 028 caused significant dynode string optimization work
to be performed. It was initially delivered to MDAC with an internal divider
chain employing 2 megohms/stage with a 600 V Zener—'cont.rolled voltage on the last
dynode. This circuit was established to provide a minimum amount of power
dissipation in the divider chain to minimize tube heating effects, while still allow-
ing for continuous tube collector currents of 50 pA. At MDAC, this circuit allowed
only 15 to 20 uA of collector current, To alleviaté this current-limiting condition,

S/N 028 (along with S/N 029) was returned to Varian and the 2 megohm resistors were
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Figure 31. S/N 027 Output Pulse Response

Vertical Scale: 5 mv/div.
Horizontal Scale: 500 ps/div.
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replaced with 1 megohm resistors. Saturation current levels were still unaccept-
able due to current limiting occurring in the next—to-last dynode, This condition
was corrected by applying Zener bias on'this dynode as well. So, the final wiring
configuration which provided the proper operating current levels became an
Jntegral divider chain employing 1 megohm per stage with 600 V Zener bias voltages
on the last and next-to-last dynodes. Under this condition, total bieeder string

current was 600 pA and total power dissipation was ~ 2,5 W.-

S/N 029. This tube was started on 7/19/74 and was pre-
processed the same as S/N 028 (sufficient S)N 028 stability data were not yet
available}). Initial gain for this tube was 6 x 104, high enough for a 500 uA collector
current scrub. This was performed, and gain after scrubbing fell to 1.5 x 104,
which was considered at the time to be an ideal gain for system testing. A 5% at
1.06 p cathode was placed in this tube, but the preprocess aimosphere exhibited

excessive Cs as well and cathode stability was poor.

-

S/N 029 became the second deliverable tube in this phase
and was subsequently shipped to MDAC. The same wiring difficulties that were

experienced with S/N 028 occurred on this tube and the same solution was implemented,

S/N 030, S/N 030 was started on 8/12/74 and was preprocessed
with less Cs to improve cathode stability over that of S/N 028 and 029. This tube
was the first to be scrubbed at 500 yA of collector current, but with no limiting
cathode aperture (0.5" compared fo 0. 1" in the past). The theory here was that
the 0.100" scrub might miss some dynode areas and subsequent use of the tube
under different conditions would result in electron bombardment of unscrubbed
‘surfaces and, there, redliced operating life, An overnight scrub under this new
condition reduced gain from 7 x 103 toonly 1x 103. Only a 2% at 1.06 u cathode
was injected into the tube. Six cathodes were tried but initial yields of the first five
were all very poor, The best one was the sixth at 2%, so the cathode was used

at this point to preclude further, possibly futile, eﬁ‘ox:ts. Room temperature stability
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of this tube was better than tubes of the recent past and indicated that S/N 030

would be a good life test candidate. In late September, stable shelf-performance

at 1% QE was achieved, In late October S/N 030 was wired in the final configuration
of S/N 028 and 029, At rated output current (50 pA), the QE degraded from 1%

QE at 1.06 p to only 0.1% in just 30 minutes. The reason for this degradation was
not the output current level, but the divider chain potted within the tube housing,

While the use of a 1 M ohm resistor and Zener diode bias on the last two dynodes

had previously eliminated collector current saturation problems, after 1/2 hour of
operation the power dissipated by this divider caused the tube tempei-ature to increase
to 70°C. Such an increase in temperature has rapidly degraded InGaAsP cathodes in
past experiments, and clearly did so here. It was then decided to provide future tubes
with flying leads to bias the dynodes from an external divider (which is commonly done
at McDonnell-Douglas with crossed field PMT's). This new configuration is also
important from the standpoint of noise performance, since it was discovered that the
ariplieation of Zener diodes for biasing such tubes introduces system noise due to the

high noise level of the high-voltage Zener diodes used in this application.

S/N 0381, This tube, which was originally started on 8/ 15/74,
was baked a fotal of five times as a result of two vacuum system failures and extreme
difficulties in achieving acceptable QEs, The first cathodes were tried after the third
bake in September, but it took 21 attempts and two more bakes to achieve 2% QE
at 1,06 4. This occurred in mid-November. Concurrently, §/N 031 became an
experimental vehicle for studying_ yet another problem, that of infernal Cs contamination
of good cathodes. This tube and the following unit, S/N 032, hoth experienced severe
cathode degradation after crystal transfer when the internal Cs generator was activated.
The need for Cs additions is established by the preprocess sequence, since long
room-temperature cathode life can be achieved in this way, However, when the
proper preprocess sequence was finally achieved, additions of Cs for cathode
rejuvenation immediately and permanently degraded cathodes even before Cs was
liberated. It was first thought that something was evaporating from the Cs channel

direcily onto the cathode, since it was in full view of the Cs channel. So, on the last
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bake of §/N 031, the channel was routed behind the cathode holder and therefore
not in view of the cathode. The contamination condition continued with no change,
however, thus proving that the contamination is a gaseous one that occurs whe_n the
Cs channel is heated, It was further shown on S/N 031 that preflashing (or pre-

firing) the Cs channel prior to cathode transfer eliminates this problem,

S/N 031 was finally pinched off in late November with a 2% cathode,
which was the best that could be achieved. Although the Cs channel was working
properly for this tube, within only 3 days the cathode response fell a factor of 10
and did not respond to any treatment, This condition must have been the result of
the presence of a contaminant gas and not a leak in the tube, since the cathode

slowly recovered to 0.3% by March 1975,

S/N 032. This tube was started on 10/10/74 and, after six
cathode attempts, only 2% QE at 1.06 y was achieved. The continued problems with
cathode yields prompted a cessation of tube starts (two remained) until cathode
yields of 5% at 1.06 p could again be achieved. S/N 632 responded poorly to Cs
treatment due to the aforementioned Cs generator outgassing problem that was
diagnosed by experiments with S/N 031, In the case of §/N 032, the Cs treatment
attempt 3 days following pinchoff drastically reduced cathode yield to 0,1%, and
no recovery followed. The occurrence of this type of cathode degradation led to
a new vacuum processing procedure. It was decided that when a high-yield cathode
is transierred into each tube, it would not be locked into place, but instead would be
seated lightly into the fube crystal holder. After its stability was ascertained the
cathode would be locked into place and subsequently the tube would be pinched off
the vacuum system. Although this procedure was difficult and time-consuming, it
would significantly increase the likelihood of achieving a stable device after pinch-
off,

To improve cathode yields, a dual approach was undertaken,
First, any InGaAsP material grown at LSE received evaluation at Central Research,

and would continue to do so until the proper optimization could be achieved. This
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procedure eliminated possible LSE vacuum system problems from interfering with
the optimization process. By the end of December, better than 3%,QE was achieved
and data indicated that better than 5% would be achieved soon thereafter,

The second solution approach was based on the assumption
that the two LSE II-V vacuum processing systems might have been contaminated
to the point where they had been limiting the achieved QE from good cathode material.

Therefore, both vacuum systems were disassembled, cleaned and reassembled.

In late February, 5% Qﬁ material was finally demonstrated at
LSE and the remaining two starts were begun. It was apparent that the QE dif-
ficulties experienced over these past few months were caused by a multitude of
problems, although vacuum system contamination appeared to be the most significant
one since it resulted in a loss of accurate crystal quality feedback to our crystal
growth facilily. This resulted in a loss of optimum melt and doping composition,
as described earlier. By February, both available vacuum systems were in
excellent condition and all crystal growth and handling procedures had been re-

optimized back to a controlled operation so that tube starts could be resumed.

S/N 0385. 8/N 035 was started on 5/2/75. (S/N 035 and 036
starts were delayed because it was decided to wait for an indication from MDAC
that they were ready for final system tests.) Go-ahead was received in early
April (S/N 036 was started first), S/N 035 was scrubbed at 1 mA of collector
current to reduce tube gain to about 3 x 103, since it was felt that this gain was
more appropriate than 104 gain for optical communication system performance
(this decision was the result of the preliminary system testing performed earlier

~at MDAC), In mid-May, a.5% QE at 1.06 yu cathode was transferred into this tube
and after pinchoff and scrubbing, 3.5% was achieved. The tube was subsequently
provided for system tests as the final deliverable item under this program. If was
delivered in a thermoelectric cooler which operated the tube at -20° C for reduced

dark current and better cathode stability (cathode shelf life is improved X 1000 by
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cooling to -20°C). In addition, individual dynode leads were provided to prevent
tube heating from divider power dissipation and also to remove Zener diodes from
the biasing eircuit due to their noisy operating characteristics which impair
system BER performance. Systerh testing of S/N 085, which had the highest
delivered QE;_indicated that the tube performance is limited by an ion feedback
noise condition. After the tube was returned to Varian following testing, QE had
degraded below 2% at 1.06 p (this tube had excess Cs in the atmosphere due to Cs
generator preflashing which altered the preprocess fr01.n its optimum condition).
The cathode continued to degrade to 0.65% in September 1975 since rejuvenation
could not be pursued because the oxygen source had been pinched off prior to tube
potting in May. However, it was felt that a ~20°C life test could be performed at
this point to assess operating stability at 50 pA of output current. Figure 32 gshows
the result of a 38-day (~ 900 hrs) life test. Here, operation reduced sensitivity
to only 0.035%. These data indicate that even 1 mA scrubbing appears to be in-
sufficient for stable operation at high 1.06 p sensitivity, or possibly that the ‘

presence of ion feedback to the photocathode disrupts the Cs_O coating,, thereby

2
reducing cathode QE,

S/N 036. This tube was started on 4/8/74 and had an excellent
initial gain of 2 x 10° (the highest of this series). It was Scrubbed at 500 pA of
collector current overnight and gain stabilized at 2 x 104 (indications that lower
tube gain might improve system performance had not yet been received from MDA.C).
A 3.5% QE cathode was placed in this tube, S/N 036 responded well with Cs after
pinchoff and appeared to be an excellent candidate for system and life testing,
However, due to a wiring error during setup for scrubbing, the focus slot for the

sixth dynode arced to the sixth dynode and degraded the cathode to << 0. 1% at 1,06 u.

The eight tube starts of this phase are summarized in Table 2.
The most significant result of this effort was the demonstration of competitive
system BER performance with a high speed 1.06 p PMT, even in the presence of

a signal induced noise mechanism. The major problems which were identified

o6



50

40

30

20

40

I

I

l

24 L A/hiu Q.

J

i

-

U1;H

I

Enq (38 days) 0.5 uAlhlu 30 u_Anu 0. 035% at 1. 06 M

W

BTE7 I8 ?? T 2367 8 13

fl

{2

SEPT 75 . ' 0cT 75

Figure 32, S/N 035 50 pA Output Current Life Test

57



8¢

PHASE I TUBE SUMMARY CHART

TABLE 2

Tube Start Initial Scrub Final Initial | QE After Finpal

5/N Date Gain Current Gain QE 50 pA Serub QE Comments

027 5/31/74 8 x 103 250 pA at Ix 103 2.8% | 0.07% 0.01% | Poor preprocess
Collector

028 7/2/74 7x 103 250 A at | 4 x 103 5.3% | 1.5% 0.1% | Poor preprocess; arced during MDAC
Collector testing

029 7/19/74 6 x 104 500 pA at TX 1()3 5% 0.4%
Collector . ’

030 8/12/74 7x 103 500 uAat | 1x 103 2%, | 1% 0.1% | Good preprocess. Got to 70°C during
Collector Tife test '
{no aper-~
ture)

031 8/15/74 1x 105 500 A at 9x 103 2% 0.1% 0.3% Possible vacuum contamination -
Collector - | preflashed Cs

032 10/10/74 1. 5x104 500 yAat | 6 x 1{)3 2%, 0.1% 0.19 | Cathode contaminated by use of Cs
Collector generator

035 5/2/75 6.5x104 1 mA at 3x 103 5% 3.5% 3.5%* | Used for system test af -20°C
Collector

036 4/8/75 2x 105 500 uAat | 2x 104 3.5% | Not <0.1% | Arced during setup for scrubbing

' Collector ) Performed

LK
QE at delivery to MDAC in 5/75

QE was 0,65% at Varianin 9/75 and
0 N2RI. aftor WR_Aarwr 1ifa toct




through this effort were operating stability as well as signal-induced noise
(ion feedback), Further engineering efforts are indicated in these two areas.
Also, problems in achieving high cathode yields and in the use of-integral Cs
chammels were addressed, with significant progress being achieved in both

areas; but follow-up efforts are still required,
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VARIAN ELECTRON OPTICS
COMPUTER PROGRAM

The electron tube computer program that is utilized has successfully
aided in the design of a wide variety of devices. It was designed to handle
complex problems in electron optics and has provision for modeling systems

with arbitrary spatial and energy distributions as initial conditions.

The program is of the analysis type; that is, given the elecirode shapes,
electrode potentials, and the emitting surface together with the appropriate
initial conditions, the resultant beam (consisting of 2 number of representative
trajectories) is traced through the electrode system. The program can handle
electrodes having arbitrary potentials and arbitrary shapes in eylindrical

geomeiry,

The general design of the program is shown in the flow chart in Figure B-1.
The first user ‘input to the program consists of a mesh size and a set of closed

boundaries defined by data points at which potentials are specified.

The program overlays the region of concern with a rectangular mesh.
The quantities of interest are assumed to vary in a relatively simple fashion
between mesh points (stepwise or 1inear5. A second user input consists of a
number of representative trajectory origins chosen on the emitting surface,
simulating electron emission. From each origin, a group of trajectories is
specified that have a set of directed velocities chosen to best approximate an

actual continuous distribution,

Next, Laplace's equation is solved for the potentials of each mesh point.
A system of finite difference equations is constructed for the interior points of
the mesh, and these are solved using successive over~relaxation techniques.
Using this process, a highly accurate potential matrix is obtained from which the

equipotentials can be computed.



START
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DESCRIBING THE BOUNDARY

Y

SET UP DATA FOR BEAM INJEC-
TION

Y
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TECHNIQUES

Y

COMPUTE EQUIPOTENTIAL
CURVES

Y

LAUNCH AND INTEGRATE
ELECTRON TRAJECTORIES

Y

PERFORM IMAGE ANALYSIS

Figure B-1. Computor Program Flow Chart
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The trajectories are then launched and fraced through the electrode
system using the differential equations that describe electron {or ion) flow in
electric fields, The {rajectory integration uses sophistica:ted namerical
procedures, which provide s three-dimensional description of the heam behavior
as a funetion of time, The approach is quite general; paraxial ray approximations
are not assumed. 'The output of the program consists of a Caleomp plot of the
preseribed boundary, the electron irajectories, and a2 sef of eguipotential lines,



