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OVERVIEW OF PULSE-HEIGHT ANALYSIS OF IMAGE INTENSIFIER TUBES

L. Introduction. This report deals with the pulse-height analysis (PHA) of an image
intensifier tube using a multiplechannel analyzer (MCA). The experimental setup,
the schematics of the tubes, statistics and mathematics for the analysis, and methods
for data acquisition and data reduction are included in the report.

This report is aimed primarily at those who do not have a background in PHA
and/or knowledge of the tubes. Many experimental results are included as reminders
that they have already been obtained. This is to prevent the re-invention of the
wheel. Description of the tubes should be regarded as general. However, the know-
ledge of the basic tube technology is helpful in performing the PHA.

The PHA is concerned with the scintillation (pulse height or pulse energy) distribu-
tion of a tube. The scintillations are generated by electrons of numerous origins.
Photoelectrons, thermal electrons, and photocathode electrons generated by ion
bombardment are some of the important kinds of electrons discussed here.

The PHA is intended to complement another experimental technique which
measures the noise figure (N;.) of a tube. N,. is defined as the ratio of the signal-to-
noise ratio (S/N) at the output of the photocathode to the signal-to-noise ratio at the
output of the phosphor screen. Nj. is an important parameter of a tube’s performance.
The detection range of a tube is inversely proportional to NF.

The PHA can provide some of the answers regarding the noise characteristics
of a tube. Study of a pulse-height distribution provides information as to the second-
ary emission process of a microchannel plate (MCP), the fabrication processes of the
tube components, and the assembly technique of the tube.

Even though an end item of PHA, the gain noise figure Ne; is proportional to

the noise figure N, by N.. = _L N...,where D is the detection probability. The
F F FG

VD
magnitude of N should not be confused with the magnitude of N because D is

a complicated variable.

The interpretation of the PHA must be judicious. The results of the PHA do
not mean much unless they are correlated with other physical parameters of the tube.

Two main references for this report are:




Photomultiplier Manual, by RCA, 1970.

"

“Photo-Electronic Image Devices,” 6th Symposium Proceedings held at
London Imperial College, London, 9-13 September 1974, Academic Press, London,
1976.

The manual explains the statistics behind PHA and is recommended for those
who have no previous experience in this field. The symposium proceedings are useful
for an understanding of the physics of PHA.

II. Setup. The experimental setup of PHA in pulse-height mode is shown in Figure 1.

|
LIGHT SOURCE | 12 TUBE | ———— [PMT| ——— [PREAMP|—

(28549) Pin-hole
filter wheel

AMP MCA

* ORTEC Model * Northern Tacor
450 Research Amp ECON II Series

Figure 1. Experimental set-up of PHA in pulse height mode.

Light from a lamp is focused onto a tube. The flux is controlled by a pin-hole
wheel (a wheel with various size holes) and a neutral-density filter wheel. A beam of
almost 2 mm in diameter is directed on the photocathode by means of a light pipe
and an optical system after the light flux is controlled. The input light level is required
to be low in some setups to maintain low probability of coincident events.

The photocathode (P.C.) of a tube converts photons into electrons. The electrons
are given high Kkinetic energy and/or multiplied and sent toward the phosphor screen
(screen).

The output of the tube (scintillations) is picked up by a photomultiplier tube
(PMT), amplified, and fed into a multichannel analyzer (MCA). Each scintillation
from the screen has a finite width and finite height, the value of which corresponds
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proportionally to the visual perception of a bright or a weak scintillation. The bright-
ness depends upon the number and energy of electrons arriving at a screen site simul-
taneously. The number of electrons is dependent on the multiplication mechanism
of the tube. If a single electron from the P.C. causes the scintillation at the screen,
the scintillation is referred to as a single-electron pulse scintillation. If multiple elec-
trons from P.C. cause the scintillation, it is referred to as a multiple-electron pulse
scintillation.

PHA can be obtained by two methods: the pulse-height mode and the pulse-
integration mode. The pulse-height mode assumes that the pulse energy is represented
by its height. The pulse-integration mode integrates the pulse for a given time period,
which is arbitrary but is designed so that most of the area of the large pulses is inte-
grated. This mode takes care of the variation in the pulse widths and is the most realis-
tic and accurate experiment if used judiciously. The mode requires careful calibration
procedures to insure its proper use. The discriminator (see Appendix A) determines
the low-energy electron population, which in turn affects the total population a great
deal because the low-energy electron population comprises most of the experimental
population.

The experimental results of this report are obtained by the pulse-height mode.
This mode is fairly accurate and is experimentally proved to be equivalent to the
pulse-integration mode for higher energy pulses. This is because the decay time con-
stant of the pulse is essentially determined by the phosphor decay time, and it is
independent of the pulse height. This means the area under the curve is proportional
to the height only.

An MCA linearly converts pulse heights into channel numbers and displays it
in the pulse-height mode.

The necessary data are collected in two sets: Set I and Set II. Set I is used as the
basis for the normalization and the data reduction of Set II. The data-reduction
method is such that the data of various I? tubes are directly compared even though
the experimental conditions and the gain are different from each other. This will
be explained more in a later section.

III. Image Intensifier Tube. Three technical development stages of the tube are
generally acknowledged. Only the important technical features of the first and second
generation tubes will be mentioned. A third generation tube (3rd gen tube) is the
most recent tube.




A. The Ist Gen Tube. The primary means of intensification of the incoming
signal is by supplying high kinetic energy to the photoelectrons. Since this gain is
on the order of 100, several tubes are coupled to obtain a high gain. An earlier version
of a 3-stage tube is illustrated in Figure 2.}
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Figure 2. First gen tube.

The first photocathode is designed to respond well to the infrared spectra, and the
subsequent photocathodes are matched to the P-11 phosphor. With the three stages,
the overall gain is as high as 10®. Note that this tube has black Al layers as AR coat-
ings for the light which passes through the photocathode. The black Al layer is formed
when Al is evaporated at poor vacuum (0.2 torr). The Al layer on the phosphor
screen prevents positive ions from travelling toward P.C.

Now, the phosphor screen is so well scrubbed that ion feedback is no longer a
problem. But instead it is mainly used as an anti-reflecting coating for the light which
passes through. A later version of a 1st gen, 3-stage tube is given in Figure 3.

*
F.O. F.O. =0k FoDs
P.c./ / /
hv
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Y ]
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electrostatic lj3/8"“1 3/8" 1 3
lens '1/'8" ) ‘i/é..
" 7. 1/8" i
| L}

* (F.0.: Fiber Optics )

Figure 3. First gen inverter tube.

1 J. D. McGee, R. W, Airey, and M. Aslam, “Adv. in E. E. P.” Vol. 22. p. 571 (1966).
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The white-light gain is 100 for the Ist stage and about 40 per stage in the sub-
sequent stages. Therefore, the total gain can be almost 1.6 x 10°. The curved photo-
cathode improves the edge resolution and prevents the image from being distorted.
The electrons land on the curved P-20 whose curvature follows the image plane of the
electron images arriving at the phosphor screen. The images are still inverted after
going through three stagés due to the image inversion by each stainless steel electro-
static lens but with the collecting-optics inversion the image is right-side up. The stain-
less steel cone acts as the ion deflector: due to the large mass of the ions, the path
of the off-axis ions cannot be bent enough for these ions to go through the hole
in the stainless steel except the axial ions. In this type of a tube, the maximum attain-
able gain is sacrificed in exchange for the simplification of production complexity
by making one type of stage only in comparison to the previous example.

The 1st gen tubes are bulky (=7 inches long) and require high voltages (= 45
kV for three stages), but they are quiet in comparison to the subsequent generation
tubes.

The concept of a cascade system like the lIst gen tube may come into vogue
again in conjunction with a search for low-cost tubes.

B. The 2nd Gen Tube. A 2nd gen tube intensifies the incoming signal by
use of an MCP. The electron gain is obtained by the secondary emission of electrons
inside the MCP. Because of the MCP, a compact-sized tube is obtained with a suitable
gain. Since the 3rd gen tube is very similar to the 2nd gen tube except for the photo-
cathode, it will be described in detail, and further description of a 2nd gen tube will
be omitted except as a schematic of a tube. Figure 4 illustrates a typical 2nd gen
electrostatic inverter I? tube. (There is also a 2nd gen wafer tube without an electro-
static lens, and it is different from a 3rd gen tube in the photocathode and the second-

ary emission material in MCP).
/.:r o

hy
/\/vw{25mm \h
l 1 |
Glass ¥ Electtostatic v
S-20 Lens MCP F.O.
TS A
3 8 13 8

Figure 4. Second gen tube.
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The curved photocathode and the electrostatic lens with its jon-trapping capability
are carried over from the Ist gen tube. But the MCP is used for the electron gain.
Approximate net voltage drop for the photoelectron to the MCP is about 3 kV, 600 V
across the MCP, and 6 kV across the screen and the end of the MCP. The MCP does
not have an A1,0; screen on the input side, and it is not coated with high secondary
emission gain material.

C. The 3rd Gen Tube. A 2nd gen tube uses a tri-alkali photocathode (S-20)
whereas a 3rd gen tube uses a cesiated GaAs photocathode. The quantum efficiency
is improved and the detection threshold of the tube is extended with good efficiency
(see Figure 5).
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Figure 5. Quantum efficiency of photocathodes.
(Transmission Mode) (From a Varian chart, 3773, 1/78.)

Figure 6 illustrates a typical 3rd gen tube.
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Figure 6. Third gen tube.

Three features are distinctive in comparison to the Ist gen tube:

(1) The system is smaller and lighter, enabling foot-soldier use applications.

(2) Only 7.5 kV is needed in comparison to 45 kV in the Ist gen tube.

(3) The system is noisier than the 1st gen tube (see Table 1).2

Table 1. Noise Characteristics of Current Image Intensifiers

Open*
Description Area Ratio D Neg** Ne
1. First Generation, 3-Stage 1.0 0.80 1.20 1.35
2. Second Generation, Inverter 0.6 0.55 1.50 2.00
3. Second Generation, Wafer
Uncoated MCP*** (i) 0.8 0.80 1.60 1.80
(ii) 0.6 0.75 1.60 1.80
Coated MCP*** High-Current Scrub 0.6 0.30 1.50 2.70
Coated MCP*** Low-Current Scrub (i) 0.8 0.70 1.50 1.80
(ii) 0.6 0.55 1.50 2.00

* Opei: 2+ea ratio is the ratio of the open pore of the MCP to the closed area (claddings).
% . .
Note that NPG is not synonymous with Np.

Coated or uncoated means A1,03 layer at the input of MCP.

(from H. Pollehn, et al., “Adv. in E.E.P.,” Vol. 40A, p. 24 (1976).)

%

2 H. Pollehn, et al., “Adv. in E.E.P..” Vol. 40A, p. 24 (1976).
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An I? wafer tube will be dealt with in detail in the following section to reveal the
possible and known sources of noise and how some of these sources have been elimi-
nated or dealt with effectively.

1. Photocathode.> A photocathode converts incoming photons into
electrons. Quantum efficiency (# of electrons/# of photons) is on the order to 20%
in the 700-nm range for a GaAs photocathode and 2.5% for an S-20 (see Figure 5).
A photon, if it has sufficient energy, generates an electron-hole pair or pairs (i.e.,

v

h
n= ___ where hv is the energy of the photon and Eg, the bandgap). The electron

E

g

is elevated from the valence band to the conduction band. This is termed photoconduc-
tion. Further, the conduction electron can escape from the photocathode into the vacu-
um if it can overcome the binding force called the electron affinity. This is called photo-
emission.

There are three mechanisms which will reduce the quantum efficiency
of a photocathode:

a. The input photons must be absorbed by the photocathode:
transmission and reflection reduce the quantum efficiency.

b. The conduction electrons must travel to the photocathode
surfaces: free electrons in the conduction band and the phonons (lattice vibration)
reduce the efficiency by inelastic scattering.

c. The electrons must overcome the potential barrier at the
vacuum interface, i.e., the electron affinity.

A cesiated GaAs photocathode has negative electron affinity:* the energy level of the
bottom of the conduction band is higher than that of the vacuum level. This will
be explained in detail in the following paragraphs.

This phenomenon is brought about by two factors:

a. GaAs is a doped P-type which has its Fermi level near the
valence hand. When the photocathode accepts electrons from cesium, the band bends
downward so that the filled acceptor level is below the Fermi level (the unfilled acceptor
level is above the Fermi level, and the electron emission is a surface phenomenon).

3 Photomultiplier Manual, RCA, 1970.
4 R. L. Bell, Negative Electron Affinity Devices, Clarendon Press, Oxford (1973).
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b. Cesium forms a dipole moment with the photocathode
when it loses an electron to the GaAs (see Figure 7). This further bends the band.

~———— 0 0 g

Conduction Band

Ep
Vacuum Level
Eg
Acceptor Level o o« sunfilled acceptor level
" FermI Level™ - ~77T~._  ,filled acceptor level
~{ @ Cs ion
Valence Band \

_

Figure 7. Negative electron affinity band diagram.

Another way of looking at the change of the electron affinity is that the potential
developed across the cesium and GaAs interface is the same as the change in electron
affinity. The negative electron affinity has a profound effect on the escape probability
of the conduction electrons. It explains the increased escape probability of a 3rd gen
tube over that of a 2nd gen tube. The decay time of a free electron from above the |
vacuum level (assuming a positive electron affinity) to the bottom of the conduction .
band which is below the vacuum level is about 1012 second (see Figure 8). The decay ‘
time of aconductionelectron from the bottom of the band to the valence band is
10710 second.

i Vacuum
1 g seci e ¢ 1 EA
10710 sec
% Fermi Level
(o]

h

Figure 8. Decay time of a conduction electron.




This implies that an electron of a photocathode with a positive elec-
tron affinity has 100 times less of a time period to escape into vacuum than that of a
photocathode with a negative electron affinity.

Figure 9 illustrates a typical GaAs photocathode.

S10)GaAlAs GaAs[Cs0

hv
= 18 = monolayer)

Glass

8-10um |1-3u

Figure 9. A schematic of a GaAs photocathode.

The glass window transmits only the spectrum with a wavelength longer than 300 nm.
SiO, and SiN are used to thermal-bond the photocathode to the glass window and as
AR coatings. GaAlAs is a passivation layer which prevents the conduction electrons
in GaAs from being trapped at the GaAs-glass interface if GaA1As did not exist (see
Figure 10).

G Vacuum G Vacuith
1 L
A
2 ---------- Fermi Level S Fermi Level
S S
a. Without Passivation Layer b. With Passivation Layer

Figure 10. Effect of the passivation layer GaA1As.

The electron confinement by the passivation is achieved due to the difference in the
bandgap. GaAlAs has a larger bandgap than GaAs and with their Fermi levels at
the same level, the interface of the conduction bands must be sloped upward as it
approaches from the GaAs side to the GaA1As side.

Figure 11 shows the manner in which a GaAs photocathode is grown
on a GaAs substrate.

10
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s TGaRTAS(eTCn STop T
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Figure 11. Growth sequence of a GaAs photocathode.

After the growth, GaAs substrate is etched away, stopping at the
GaAlAs etch-stop layer. Then, using a GaAlAs etch, the GaAlAs layer is etched
away, stopping at the GaAs photocathode layer (some chemicals etch GaAs fast and
some, GaAlAs fast. HF etches GaAlAs fast but etches GaAs only negligibly. NaOCl
etches GaAs faster than GaA1As by a factor of three).

After heat-cleaning of the photocathode in vacuum, Cs and O are
either alternately or simultaneously evaporated onto the GaAs photocathode until
the maximum sensitivity is achieved. In the alternating process, since the maximum
sensitivity is not known, the evaporation stops after the maximum sensitivity
is reached and starts to decline. Then the photocathode is heated until the peak
is reached again by evaporating Cs and 0.

Cs is a mysterious but essential element in the photocathode fabrica-
tion. However, there is a dearth of information on the behavior of Cs in the photo-
emission process or on its reactive processes in the tube. It was found that Cs over-
pressure after the maximum sensitivity is reached is very important to maintain the
long lifetime of a photocathode. The overpressure required depends upon whether the
photocathode is an S-20 or a GaAs. A GaAs photocathode needs about 1012 — 10714
torr (S-20 requires a slightly higher overpressure). The exact pressure is not known.
A monolayer of Cs on the cathode (18 mm diameter), if evaporated completely in the
tube (5 mm in length), will give a vapor pressure of 10! torr. Nominally Cs vapor
pressure at room temperature is about 10 torr. Since it is believed that at most a
monolayer of Cs exists on the photocathode, it can be argued that one out of 10!
Cs atoms participates in the sublimation and the condensation process to maintain
the sensitivity.

Cs is a highly reactive element. It can reduce gold oxide. It reacts
with glass — even a Pyrex. Cs is a source of ions for the field ion bombardment.

11
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The axial potential gradient in the I? tube has enough transverse component to dis-
tribute Cs ions and bombard the photocathode. The effect of Cs ion bombardment
can be correlated from the experiment where the bright scintillations decrease in
number when the tube is cooled down. In the pulse height distribution, it was ob-
served that a cooled wide-gap tube has fewer bright scintillations than a noncooled
tube, indicating that the scintillations are only partly due to the Cs ions.

Field emission of electrons from the photocathode is another impor-
tant source of scintillations. Some scintillations are identified as due to the field
emission electrons and some are thought to be due to them. This phenomenon arises
because of the surface nonuniformity such as the growth defects and etch defects.

The field strength at the protrusion (a whisker) in evaporated photo-
cathodes is multiplied by a factor shown in Table 2.5

Tabie 2. Experimentally Determined Values of the Field Intensification Factor

Sensitivity Electrode Gap
Photocathode (uA1m™) (mm) Multiplier
S-11 50 1:75 47
Ext. red S-20 195 1.61 40

(after J. A. Cochrane and R. F. Thurmond, “Adv. in E.E.P.,” Vol. 40A, p. 441 (1976)).

The scintillation due to field emission is identified as a bright spot on the phosphor
screen. It depends upon the potential gradient a photocathode sees regardless of the
input light level. This phenomenon is generally referred to as “field emission.”” The
bright spot is referred to as the ‘“‘emission point.”’ Indentations due to a growth defect
(void) or an etching process (usually localized, over-etched spots) can also cause mild
forms of field emission: they do not cause the “field emission” phenomenon, but
they do cause bright scintillations or the high noise figure.

Obviously this phenomenon or effect depends upon the voltage drop
across the photocathode and the subsequent stage: the entrance of an MCP or the
phosphor screen if there is no MCP in a tube like a wide-gap diode. In the normal
operating mode, an MCP I? tube has a voltage drop of 900 V between the photo-
cathode and the entrance of an MCP, a gap of 0.013 inch (0.33 mm). This corresponds
to a potential gradient of 2.73 kV/mm. It is observed that the level of bright scin-
tillations increases substantially if the voltage is increased to about 1.4 kV in a 3rd
gen tube: this corresponds to 4.24 kV/mm. It is also observed that the level of bright

5

J. A. Cochrane and R. F. Thurmond, “Adyv. in E.E.P.,”” Vol. 40A, p. 441 (1976).




scintillations in a 2nd gen tube increases suddenly if the voltage is increased to 1000 V
where the normal operating voltage is only 800 V. The phenomenon is reversible
in a sense that it does not cause a permanent damage to the photocathode. Figure 12
shows the increase in the dark current due to the high field. The sudden increase at

1076 L
10-7 k
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<
=
o
[
S
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_10
10 A . 4 g A e I . .

0 2 4 6 8 10 12 14 16
Anode Voltage (kV)

Figure 12. Dark current vs anode voltage. (Extended red multi-alkali
photocathode) (Sensitivity: 235 Ay Im-1;d = 2.1 mm) (After
J.A. Cochrane, et al, “Adv. in E. E. P., Vol 40A, P. 444).

5.5 kV/mm is believed to be due to the Schottky effect, which lowers the potential
barrier at the surface. The observation of the sharp increase in Equivalent Background
Input (EBI) is an indication of the surface nonuniformity, whose nature would be very
interesting to be looked into. The sharp knee occurs before the onset of a visible
emission point (bright spot). The dark current (see Figure 12) will vary according
to the following relationship: ¢

I = loeCV]B—E

where [ is the low field thermionic emission, C is a constant to take care of the
permittivity of the photocathode, and B is the multiplier. On the other hand, the
photocathode noise can be increased in the absence of an emission point due to the
field-enhanced thermionic emission over the whole surface. The field strength (Em)
which will give the equivalent background input (EBI) to a level of 0.2 u lux (about
10® ft-cd: in comparison, overcast night sky is about 10 ft-cd) is given as the
following:

il i s b T

6 J. A. Cochrane and R. F. Thurmond, “Adv. in E.E.P.,” Vol. 40A, p. 444 (1976).
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Em = [162 log
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]2 volt/cm

where S is the cathode sensitivity in A-ulm™ and J_ is the low-field thermionic emis-
sion current density in A-cm™?. Figure 13 shows a few hypothetical conditions of
various values of S and J . It can be argued correctly that a Cs-GaAs photocathode
has no potential barrier to be lowered, and any conduction band electrons regardless
of origins can escape into the vacuum. However, the above mentioned phenomenon
does exist. The EBI increases suddenly at 3.1 kV/mm or 3.5 kV/mm in most of the
wide-gap diodes.

1 = 1000uA Im~ L
= 1500ua 1m'l
10—15
B
=
.|
o
r=y
10716 ’
20

Em Kv/mm

Figure 13. Em dependence on thermionic current density of a Photocathode for
various sensitivities.

In some wide-gap diodes, the EBI curve (Figure 12) does not have a
sharp knee even up to 4 kV/mm. It is plausible that the growth technique and/or
the etching technique are such that a good surface was obtained. Note that the sharp
knee occurs at 5.5 kV/mm in an extended S-20 photocathode (Figure 12). The size
of a whisker which can cause the field enhancement can be as small as 1um in diameter
and 20um in length.
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It is interesting to know that loosened electrical contact metals and
sharp indium points, which are formed inadvertently when two sections of a tube
are pressure-sealed with In (Indium), cause a form of a field emission point — the
emission point moves around as the tube is shaken and/or the emission points form
a ring of bright glow arouind the edge of the tube.

2. Microchannel Plate (MCP). An MCP is made by various methods.
One of them is fusing and drawing a bundle of clad glass fibers which is then chemical-
ly etched to make the cores hollow. The center-to-center distance between the adja-
cent channels is about 12 to 15um, and the thickness of the wall is about 2 to 3um.
A smaller center-to-center distance in an MCP improves the resolution. (Sometimes
“persistence’ effect used to occur. “Persistence” is a phenomenon where an I? tube
has an unusually long decay time (order of minutes instead of less than a second)
after a pulse of high flux of light. This problem is eliminated after a refinement in
the chemical cleaning process is made.) During the “coring out” process (making
the MCP hollow), a flaring of the channel>can take place to increase the open-area
ratio. After the chemical cleaning, the MCP is “‘scrubbed” in high vacuum by electron
bombardment. ““Scrubbing” is a process where an MCP is bombarded by electrons,
either from an electron gun or an opaque photocathode which is illuminated with
light, while there is a potential drop across it. This process removes impurities from
the MCP glass and a!so lowers the secondary emission yield at the same time.

In a 3rd gen tube, ions are kept from reaching the photocathode by
means of an Al,04 layer at the input of the MCP. The MCP is slanted 5°, with respect
to the normal direction of the photocathode. *Slanting’ facilitates collision of elec-
trons with the MCP walls tor multiplication. The effect of an Al1,0; can be seen
in a pulse-height measurement as shown in Figure 147

Fo mmprove the tirst secondary emission yield, § (this will be covered
in detail latery of the MOCF  wanous secondary emission materials have been used.
Table 3% shows that the gan of vanous materials is 3 to 4.5 times better than an
uncoated and uncleaned MCP

7 M. Pollchn, etal. “Adv in b £ P." Vol 40A.p 21 (1976)

8 H.Pollehn.eral, “Adv mEEF." Vol 40A, p. 23.(1976)
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Figure 14. Pulse height distributions of wafer intensifiers: (i) Measured with an
ultraviolet sensitive cathode in a facuum system; (ii) Measured in
tube, input to MCP covered with A1,03 film; (iii) Measured in the
tube without A1,05. (From H. Pollehn, et al, “Adv. in E.E.P.,”
Vol 40A, P. 23 (1976))

The glass wall of the MCP which is made of silica is made conductive
by initially incorporating lead oxide and bismuth oxide and later partially reduced to
lead (Pb) and bismuth (Bi) by heating it in hydrogen.® Potassium and carbon are
concentrated on the surface. Potassium (K) has a great influence on the secondary
emission yield (8) of the glass.'® The higher the potassium concentration is, the
higher the secondary yield is. The § of the glass wall of the MCP is also dependent
upon the absorption or desorption of hydrogen, For example, exposure of the MCP
to I torr of hydrogen for | hour at room temperature increased the yield by 87.!!

9 G. E. Hill, “Adv. in E.E.P.." Vol. 40A, p. 153 (1976).
10 pia,
W rbia,
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Table 3. Gain Increase of MCP with Secondary Emission Materials

Gain
Material Npc* (%) Remarks

Csl 1S 400 Very reproducible. No bake over 300°C. Stable
under air bake at 250°C and light scrubbing.

KBr 1.15 450 No bake over 300°C.

MgF, 1.30 300 Very unreproducible. §, decreased by air bake.

Mg0 1.35 300 Very independent on evaporation parameters.
Stable for all tube processing and cleaning proce-
dures.

* s

Best NFG obtained.

Percentage increase compared to uncoated and uncleaned plate.
(after H. Pollehn, “Adv. in E.E.P.,”” Vol. 40A, p. 30 (1976).

Continuous electron bombardment of the glass wall depletes hydrogen
and potassium, causing the degradation of the yield.'> The secondary emission
yield is also a function of the input electron energy. The yield increases at first as the
primary energy does, but as the energy is increased more, the secondary electrons
are generated at a greater depth. There is a higher probability for them to lose energy
by inelastic scattering on the way to the surface and to fail to escape. The electrons
also may not have sufficient energy to overcome the potential barrier at the surface
even if they reach the surface.

The § is also a function of the incident angle.!3 As the incident angle
increases, the distance normal to the surface decreases, thus facilitating a higher yield
(shorter escape distance to the surface).

The MCP also traps various gas molecules which, on being ionized
by electrons, travel backward and hit the photocathode causing permanent damage
if the energy is high. As mentioned earlier, a layer of A1,0; is designed to stop the
ion bombardment. Other methods have been tried to stop the ions: angled electro-
static field,'* a photoetching technique,'S a chevron of two MCPs, and a curved-
channel technique.

12 A. Authinarayanan, et al., *‘Adv. in E.E.P.,” Vol. 40A, p. 170 (1976).

13 G. E. Hill, “Adv. in E.E.P.,” Vol. 40A, p. 153 (1976).
" J. G. Timothy, “Rev. Sci. Instrum.,”” 45, 6 (1974).
15 W. Baumgartner, et al., “Adv. in E.E.P.,” Vol. 33A, p. 125 (1972).
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Currently, 3rd gen tubes are made with a 5° slant and a layer of A1,0,
at the input of MCP using straight MCPs.

It is interesting to note that when an MCP is operated in the charge
saturation mode, where the number of electrons is so large that the space-charge
reduces the electrostatic field,'® the pulse-height distribution is peaked, and the
relative variance drops to 0.1. The lowest measured gain noise figure was 1.06.

Figure 15'7 shows that as the gain is increased, the pulse-height dis-
tribution narrows further.

1.5 [

&3
@ LN VoLT GAIN
5 1y e et ——= 1100 6 x 10
(&) =
= 12000 1.35 x 10°
° - 1350 2415 = 10°
o .
2
E s
z |-

0.5 ¢
g
0 0.5 15052

Normalized Energy, E/Ep

Figure 15. Pulse height distributions for MCP’s.
(After H. Pollehn, et al, “Adv. in E.E.P.,” Vol 40A, P. 25 (1976)).

Figure 16'® shows the decrease in the relative variance as the MCP
approaches saturation.

16 C. Loty, “Acta Electron.,”” 14, 107 (1971).
Y7 H. Pollehn, et al., “Adv. in E.E.P..” Vol. 40A, p. 21 (1976).
18 1. p. Boutot, et al,, “Adv. in E.E.P.,” Vol. 40A, p. 105 (1976).
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Figure 16. Gain and relative variance vs applied voltage.
{After J.P. Boutot, et al, *'Adv. in E.E.P.,” Vol. 40A, P. 105 (1976))

3. Phosphor Screen. A phosphor screen is made by various methods
such as: settling, electrostatic, evaporation, and spraying. The noise of the screen
depends upon the method used to make the screen. In a series of experiments, Bees-
ley! found that the settled screen is about 2.7 times “noisier” than the electro-
statically precipitated screen. The latter is found to be about 40% more efficient
than the former.

The size of the phosphor particle affects the resolution and efficiency.
The resolution is inversely proportional to the size. The smaller the particle size,
the better the resolution becomes for a given thickness of the phosphor layer. But
the efficiency goes down with particle size. A screen with larger size particles has
higher efficiency than that with smaller size particles. The size of the screen particle
used in an 1% tube is a few microns. The thickness of the screen also must be opti-
mized. A thick screen is desired to absorb all the electron energy and to maintain
the uniform thickness — the relative variation can be made small in a thick screen.

19 J. Beesley and D. J. Norman, “Adv. in E.E.P.,”” Vol. 22A, p. 551 (1966).
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However, a thin screen is desired to get better resolution. The wider the scattered
light path (from the phosphor particles) is, the worse the resolution becomes. This
problem can be solved by means of an intagliated phosphor screen, where the phos-
phor is packed into slots in the fiber optics.

Conversion efficiency depends on the kinetic energy of the electrons
when they land on the phosphor screen (P-20). In a 3rd gen wide-gap diode with
a landing voltage of 20 kV, the efficiency is about 40 lumens per watt. In a 3rd gen
MCP tube with a landing voltage of 6 kV, it is only 10 lumens per watt.

D. Widegap Diode. A 3rd gen tube with an MCP is expensive. To reduce the
price per unit tube, an old tube technique was given a serious look again. It is called
a wide-gap diode. It is a combination of the 1st gen tube technique and the 3rd gen
tube technique. Figure 17 shows the schematic of the tube.

5
e A
G G
L L
A aAs 20kV 200 A
S ‘ S
S [ L S
+ {
CailAs (l,s-O Al

Figure 17. A wide-gap diode (not to scale).

The photocathode is made of GaAs with negative electron affinity, but
the image intensification is obtained by bombarding the phosphor screen with high-
energy electrons. The total gain of the tube is only on the order of 1000. In compar-
ison, a typical 3rd gen tube has a gain of 10,000. A wide-gap diode should have a
lower noise figure simply because it does not have an MCP (see Table 1). The wide-gap
diode is being operated at a voltage of 20 kV. In some of the tubes measured, EBI
has a sharp increase point at around 15 kV. Field emission of electrons or ions can
increase the noise figure: however, it should not have an exponential distribution in
the pulse height. (This will be explained later.) High-voltage operation of an earlier
1?2 tube is known to increase the bright scintillations.

A 2nd gen tube has increased ~oncentration of bright scintillations when
the photocathode voltage is increased to av.ut 1000 volts (this corresponds to 4000-
5000 V/mm in a 2nd gen wafer tube). A similar phenomenon was observed in a
3rd gen MCP tube at about 1400 volts as discussed in the earlier section. (This corre-
sponds to about 4.2 kV/MM.) (The developmernt of a wide-gap diode was suspended
because it lacked sufficient gain to be useful.)
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IV. Statistics.

A. Noise Figure, N, and Gain Noise Figure, N.. N, is defined by the

F ’
following relationship:
Np = M
S/Nou!
where SN, = L 2ei Af
K
DC; -DC,

S/N_ =

out

V(AC,)? - (AC,)?

The terms will be explained in the following illustration of the experimental proce-
dure: Input light of 1 x 10% footcandle forms a spot size of 0.2 mm in diameter
on the photocathode and the photocathode current, i,, is measured. The bandwidth,
Af, of the system and the I? tube is assumed to be 10 Hz (the correction factor, K,
accounts for the deviation from it). The charge of an electron is e.

The DCg and ACg levels of the. signal are measured. DCy and ACy levels
of the background with no light input are also measured.

N, is a number which represents a level of noisiness of an 1?2 tube. N,
facilitates the ranking and the comparison among the 12 tubes as to their relative
performance, but N does not indicate why a tube has high or low performance.

The PHA attempts to explain the “whys” related to N;.. It complements
N, measurement by providing a detailed picture of the noise (scintillation or pulse
height) spectra. One of the possible outputs of PHA is Ngg -

It was mentioned previously that N, is proportional to N . .20 but by
no means should it be used in place of N . if the constant is not known:

P
Ny = ame N

¥G
Vb
D is the detection probability of the electrons. It is the ratio of the number
of scintillations out of the phosphor screen to the number of photoelectrons leaving
the photocathode. D is obviously a function of many factors: the secondary yield

20 H. Pollehn, “Analysis of Noise and Image Transfer Characteristics of Image Intensifier Tubes,” NVL Report (1972).
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§ of the MCP, the ¢pen-area ratio of the MCP input, the angle of the MCP with respect
to flight of the electrons, and the chemical cleaning process of the MCP, among others.
N is calculated from the following relationship:

i 0 2
Ne = W[2— }? +1
% <<E>)

where ¢ is the standard deviation of the distribution and <E> is the average of the
distribution.

The distribution oi the scintillations (pulse height) is sometimes inherent
to the multiplication system of an I? tube. An MCP normally has an exponential
distribution gain:?!
= GilG
n, e e
where n_ is the number of pulses with gain of Gi, and Go is the average gain. The
standard deviation is the same as the average, and Ny = 1.414. For a Poisson dis-
tribution where o =‘/<E>:

) 1

Ngg = + 1.

<E>

If the secondary emission yield per collision (bounce) is not constant, then the statis-
tics assume a different look.

The § of Mg0 is about 12 and the § of the glass wall of the MCP is about 3.
If the entrance of an MCP is coated with Mg0, the first bounce yields a much higher
number of electrons (12) than the bounce on theglass wall (3). If only two bounces
are allowed, where the subscript designates the bounce, then the average gain per
bounce and the variance of the gain are respectively §, and §, for the gain and ¢,2
and 0,® for the variance. The average gain for both is 8, = 8, 8,, and the variance

-of the system is:

o} = 80 + 8,0
2 2
85,26, 0, + 02 )
5,2 8, 6,7
By iteration, the following relation is obtained for the k-bouncing system:

2 2 (]
ok_52= (5] 62 ,..6k)2<al + ot 0 - 2).
: k

82 5.8 588

21 V. Chalmeton and P. Chevalier, “‘Acta Electron.,” 14, pp. 99 (1971).
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If 8, is much larger than 5, for i1 (12~13 for Mg0), then SNRk is simplified as:

6 8
SNR, = == ' =
2 Y Y2
o, gy 4 927 ... 0,
512 51522

For an exponential distribution,
6, = 9§
therefore, SNR, = 1.
For a Poisson distribution,
By o= \/-5_1
therefore, SNRk = /'8- 1

The signal-to-noise ratio of a Poisson distribution can be improved by having a larger
8,.

The noise figure of a tube with a high initial yield 8, is defined as: 22

2
Nig = |/i< g ) + 1.
1) <E>

B. Polya Distribution.?> For the PHA, the input light level must be so low that
there is virtually no probability of a coincident photoelectron event. The photoelec-
trons or thermal electrons are accelerated toward the MCP in an MCP tube with applied
voltage of 900 V.

So far, a real 1> tube has a distribution which falls between a Poisson?*
and an exponential distribution.?> A single equation called Polya?® (compound
Poisson) distribution is used to describe the process with an adjustment parameter b.

Polya distribution is:

+
n+l n

n

Pb) = K (+bw ® glmjb)

2 H. Pollehn, “Analysis of Noise and Image Transfer Characteristics of Image Intensifier Tubes,” NVL Report
(1972).

Photomultiplier Manual, RCA (1970).

4 G. A Morton, et al., “‘Applied Physics Letters,” Vol. 13, p. 356 (1968).
25 |, A. Dietz, et al., “Rev. Sci. Instrum.,” 38, p. 176 (1976).

261 . R. Prescott, “Nuclear Instrument Methods,” Vol. 39, p. 173 (1966).
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where P(n, b) is the probability of observing “n” secondary emissions for an arbitrary
| value of “‘b.”

| w is the average value of the distribution.
b is the shape parameter of the distribution. \
If b =0, this becomes a Poisson distribution:

n
P(n,0) = H¢
n!

If b =1, this becomes an exponential distribution:
P(n, 1) = “n( 1 +#)-(n+1)_

Figure 18 shows the shapes of various Polya distributions with different
values of “b.” Note that a Poisson distribution has a higher signal-to-noise ratio for
a given mean value than that of an exponential distribution.
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| Figure 18. Polya distribution.

a.  Various Values of “b.” b.  Signal-to-noise ratio. ‘
# (After RCA Photomultiplier Manual, p. 75 (1970), RCA, Solid State Division, Electro-Optics and Devices,
Lancaster, PA. 17604).
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C. The Average Pulse Height and Its Variance. The MCA plots the pulse-height
distribution as the number of pulses per channel vs the channel number. Since the
channel number is proportional to the pulse height (the number of photon contents
per scintillation), the following relationship can be established (see Figure 19):

NUMBER OF PULSES

PULSE HEIGHT( CHANNEL NUMBER)

Figure 19. Number of pulses as a function of pulse height. (Pulse height distribution)

g = J< ENE)JE
= N(E)dE
N, = J[INE)dE
| o = EE-EFNOE | s g

{ S N(E) dE
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V. Data Acquisition.

A. General. Two sets of data are collected for PHA: Set I and Set II. Set I
contains most of the output data for the experiment while neglecting a few higher
energy data points which have hardly any effect on the outcome of the average energy
evaluation and the total number of events. (The extrapolation method is used for
this and it will be explained further.)

A typical 1> tube with the MCP will have a pulse-height distribution similar
to the one shown in Figure 19.

Part A is due to the electronics noise, PMT noise, other thermal electrons
from the contacts, the MCP and the phosphor screen, and irregularly decaying portion
of a single photoelectron which is counted as a low-energy noise due to the gating
nature of the MCA. They come from the-area after the photocathode. Therefore,

they do not get the benefit of the total energy which is available to the cathode elec-
trons.

Part B is due to single photoelectrons and single electrons from the photo-
cathode. It describes the intensification process of a tube whether it is by multipli-
cation or by high kinetic energy.

Part C is due to multiple-electron events. These are caused by the field
emission — minor or major — and by positive ion bombardment. These are the bright
scintillations observable on the screen.

For the convenience of the data analysis, the plot on Figure 19 is divided
into two sets as mentioned earlier. Set [ consists of the curve to the left of the line
Y. Set Il looks like a curve from the right of the line x. but actually Set II consists
of the whole distribution. The scale ratio of Set I and Set 11 is 1:10 normally (this
will be shown more explicitly later).

The generation rate of the data for Part C is much lower. a few orders of
magnitude, than that of Part A and Part B. Three statistical parameters are desired
to be obtained from the experiments: the total number of the population N where
the subscript i is the experimental run number; the average of the populatlon <E>;
and the standard deviation of the population o.

The effect of few counts in Part C will be examined in detail. The pulse-
height distribution is assumed to be an exponetial function:
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n, = nge
where n, = number of counts in ith channel.
DA constant.
a =  slope of the function.
i = channel number.

Table 4 summarizes various hypothetical situations. Basically, the distribu-
tion function spans from the Oth channel to the 200th channel, and there are 10
counts in the 220th channel. First, various numbers are calculated without
the 220th channel counts. Then, the numbers are recalculated including the 220th
channel counts.

Table 4. Effect of a Few High-Energy Pulses on <E> and ¢*

Pulse Counts Including 10 Counts
Pulse Counts Up to Channel 200 at Channel 200

n, a N. <E> o <E'> ¢ AE Ao

1

10,000 0.046 216,920 21.7 21.5 21.7 21.6% 0.05% 0.3%
1,000 0.034 28985 290 28.2 29.1 284% 023% 1%

500 0.031 16,058 31.6 26.7 318 252% 0.44% 5.9%

* See text for explanation of terms.

It is obvious that few counts in the high-energy channels can be ignored
in calculating N.‘ and <E>, and, to a certain extent, the standard deviation, o, if the
total population is large. However, if the total population is small, the discrepancies
in N; and <E> are still negligible but not the discrepancy in a.

Set I is used to find the average <E> and the total number of the popula-
tion N, and o can be used to calculate NFG if it is useful. But it should not be used
out of context. <E> and N, are used to rescale Set I. Set II, therefore, is the re-
scaled version of the output so that all the high-energy pulses which were not included
in Set I are included while losing the low-energy resolution as mentioned above.
The low generation rate of Part C is made up by the increased input photon flux.
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B. Specific. The PMT voltage affects both the data collection rate and the
output pulse height, other experimental conditions being the same. Since it is desirable
to involve a fewer number of variables, NV&EOL attempts to use a constant PMT
voltage for both Set I and Set II. When an unknown tube is to be examined, a rather
high level of light, which insures a high rate of data generation, is used for the pur-
pose of quick scanning of the data output.

An approximate facsimile of Set 1 (Figure 19) is obtained initially with a
high amplifier gain. Without changing the PMT voltage, the amp gain is lowered and
the light level is increased in order to obtain a facsimile of Set II (Figure 19). The
amp gain and the PMT voltages are adjusted until no high energy pulse is lost in Set II
while maintaining the facsimiles of Set I and Set II in Figure 19. This is a trial and
error method in order to get two sets of workable output data with the variables con-
fined to the light level, the amp gain, and the scanning time while keeping the PMT
voltage constant. (This is not absolutely necessary if the discrepancy can be accounted
for.) Part A serves as a reference for Set I and Part B for Set II. Of course, it is not
absolutely necessary to have Part A as will be shown later, but its existence eliminates
the uncertainty as to whether Part B is the result of the extrapolation of B or A.

The following relative conditions are expressed for Set I and Set II. (The
actual conditions will be shown in a later section.) Assuming the PMT voltage is
constant:

Set | Light Level: low (L,)
Amplifier Gain: high (G,)

Accumulation Time: short (T,)

Set 11 Light Level: high (L;)
Amplifier Gain: low (G,)

Accumulation Time: long (T;)
VI. Data Analysis.

A. Theory. The actual pulse-height distribution is reproduced in Figure 20.
Note the absence of Part A on curve P from which the noise was subtracted. Curve
M is obtained at the aperture setting 5 (the relative value of 3000), the PMT voltage
1600 volts, and the amplifier gain 200. The tube has a gain of 10,000, and the power-
supply voltage was 2.7 volts. Curve N js obtained from curve M: after the curve is
obtained, the input light is turned off and the MCA is operated in the subtraction
mode for the same duration as that for curve M. Curves O and P have the same rela-
tionship as that between curves M and N. The only difference is that the light level
for the M is 91 times higher than that for the O.
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V-122 :3rd Gen MCP tube

PMT HV: 1600
AMP GAIN:200

M, N M,N : high light level (Relative mag. 3000)
0,P : low light level (Relative mag. 33)

loot
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PULSE HEIGHT ( CHANNEL NUMBER )

Figure 20. Effects of the noise subtraction at high and fow light fevel.

When the input light level is high, it does not make any difference whether
the noise is subtracted from the signal or not (see curve M and curve N in Figure 20).
However, if the light level is low, the noise subtraction (curve P) gives an insight as to
the justification of the extrapolation of Part B to get Part B’ in Figure 19.

Two things in Figure 20 are very important. First, the slopes of Part B of
the curves M, N, O, and P are the same. This is an implicit justification of using a
high light-level to obtain sufficient data rapidly. Second, the high-energy scintillations
are not obvious in the O and P while they are quite noticeable in the M and N. If the
slope of the high-energy scintillations is the same as that of the low-energy scintilla-
tions (Part B in Figure 19), then it is quite easy to create the data artificially. But if
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the slope and the generation rate are not known, then it is best that sufficient data
be obtained to begin with. This condition is stated as the following:

m n
E ni i E nj <€
i=0 =0 -

where m, n <N, m=n for arbitrary € and N, and n, is the number of counts in ith
channel. The total number of pulses in Set I is represented by:

i
N = Z i
i=0

The average of the pulse-height distribution is represented by:

i=0

It is noted that the summation is finite. However, as long as the sufficiency condition
is met, the calculation is valid.

In practice, the extrapolation of Part B (Figure 19) is very difficult. First
of all, one must identify and recognize where Part A ends and Part B starts. A com-
mon mistake is either to regard Part C as Part B or Part A as Part B. In the former
case, the average energy is higher than it should be, resulting in a smaller standard
deviation and a lower gain noise figure (NFG ). In the latter case, the average energy
is lower than it should be, resulting in a larger standard deviation and a larger gain
noise figure (NFG ).

Normally, one must go back and forth in the experimental setups between
Set I and Set Il in order to identify and optimize the test condition. If one misses
the high-energy scintillations because of their infrequent occurrences, then the mis-
take mentioned above occurs. Two remedial methods are recommended:

1. In Set I, use the noise subtraction method (Figure 2!) to identify
the junction of Part A and Part B.
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Figure 21. Set | from No. 40072.

2. In Set II, allow sufficient accumulation time with a low light
level to make sure that none of the high-energy scintillations are clipped away.

Another difficulty arises because Part B is not always straight. This mis-
take comes about because of the assumption that Part B must be straight (even if
one is forced to use the high amplifier gain) and must be extrapolated. The shape
of Part B is a reflection of the secondary emission processes. For example, a 2nd gen
tube will normally have a straight Part B (no Mg0), but a 3rd gen tube with irregular
MgO coating will have a zigzagged Part B. It definitely does not make sense to extrapo-
late the first zig out of a zigzag. If one remembers that the sole objective for the
extrapolation is to eliminate the unuseful noise from the useful signal, the solution
becomes clear. The noise-subtraction method (Figure 21) with a very low light level
clearly indicates how the extrapolation must be done. In other words, it is possible
to obtain the slope and the starting point of the extrapolation from a low light level
noise subtraction method (of course, there can be exceptions). These problems be-
come more confusing if one assumes that he must apply one method which worked
for one kind of a tube to another without realizing that the other tube has a different
kind of intensification process. Therefore, one should not take anything for granted.
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The average energy of the pulse distribution, if the experimental conditions
do not change, is the same regardless of whether it is represented in Set I or Set II.
However, the average energy is represented by the different channel numbers in Set I
and Set II. In the experiment to be described later, the difference in the channel
numbers comes about because of the difference in the amplifier gain. The higher
the gain is, the larger the channel number becomes: E; = «G, where E,
is the number in Set I, G, is the gain for Set I, and « is the proportionality constant.
Let <E,> and G, be the average energy channel number and the amplifier gain re-
spectively in Set I, and <E,> and G, the same in Set II. Then <E,> is related to
<E,> by:
<E1>G2

G,

In order to facilitate the comparison of the noise-scintillation spectra of

various tubes, the gain of the tubes must be equalized. This is done by dividing Set
11 by <E, > (X-axis normalization).

<E,> =

An arbitrary number (N ) is chosen so that N,aN  or

NA, = N, (1)
where A, is a multiplier and N, is the population of Set I. N, has to be constant
for the tubes to be compared with.

Next, it is desired to deduce which experimental parameters and measure-
ment conditions affect the number of pulses (Y-axis) and the conversion ratio of the
pulse energy into the channel number (X-axis) for each data set. The number of
pulses per channel width increases with the input light level (L, ) and the accumulation
time (T,). For a given voltage of the PMT, the pulse height is proportional to the
amplifier gain (G,) when it is displayed on the MCA. Let the subscripts 1 and 2
designate Set I and Set II in A, and N,. Then, N, is represented as (N, is the measured
number of population in Set I):

N] = DO LITI XGl (2)
where 3 constant D _ takes care of the relationship between the absolute input light
level and the relative light level (L,) used in the experiment and between the ampli-

fier gain and the MCA channel number.

First, the distribution in Set I is normalized with respect to <E,> by divid-
ing the X-axis value with <E,>. Therefore:

T aRiieciiitie Sioihinten Sitemomt
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The normalized population Nl “is scaled according to the following:

N, = AN, = A, N 4)
<E,>

Similarly, the normalized (X-axis only yet) Set 11 is described as:

N, = A,N,* = 2201, T, G, (5)
<E,>

. A, is the scaling number for Set II which must be found. Substituting D, from
Eqn. (2) into Eqn. (5) and rearranging:

A2 = NO = NO LlTl(;,

x <E,>.
N N, L,T,G,

Since  <E,> = <> 52

G,
N
Ay = o2 Nl s ()
Nl L2T2
T I S T (7)
2 S —
N, L,T,

The number of pulses per channel in Set II is multiplied by A,.

In summary:

(1) The pulse height is normalized with respect to the average energy:
the X-axis is divided by <E, >:




(2) The input light condition of Set 1 must be equalized to that of

Set I1:

N, LT,

= Nlll.
<E> LT

(3) The scaled population N,” must be normalized to a constant

N
number, N, for all the tubes to be compared: the Y-axis is scaled by g

NIII

As a result of the above argument and for an exponential distribution of
n, = neeE:

1

(1) AfterStep I,n, = noe'E,N,'Eno,and a=1.

(2) The scaling of the Y-axis corresponds to the scaling of the total

population.

(3) After normalization and scaling, all the tubes with exponential
distribution function will have the same function to describe Set I: n: = N o €XP
(-E).

B. Experimental Results. Two image intensifier tubes were tested. The exper-

imental conditions and the results are given and the analysis of the data is also followed
through:

1. Tube #40072 — 2nd gen type with MCP experminetal conditions
are:

Set [ Light Level (L, ): (Relative Unit 140)
Accumulation Time (T, ): 200 seconds
Amplifier Gain (G,): 100
PMT Voltage: 1620 HV

Set I1 Light Level (L, ): (Relative Unit 740)
Accumulation Time (T,): 2000 seconds
Amplifier Gain (G,): 10
PMT Voltage: 1620 HV
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The number of pulses under B’, B, and C was counted, and the average of the pulse
distribution is calculated in terms of the channel number in Set 1. They are:

N, = 653,906.
<E,> = 18.45.

Figure 21 shows the non-normalized Set I, and Figure 22 shows the non-normalized
Set II.

AMP GAIN: 10

NUMBER OF PULSES

38 76 114 152

PULSE HEIGHT (CHANNEL NUMBER)

Figure 22. Set Il from No. 40072.

The average in Set II is calculated in terms of the channel number:

<Ez> - <E|> x ———
G,

2 1845x09 = 1845
100

The average pulse height in Set II is the channel number 1.845. The pulse height
of Set Il is divided by 1.845 (X-axis normalization).

Next, the number of pulses of the distribution is normalized to the
total count of 107,
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Using Eqn. (6):

N LT ’
=% A g e MO 180K200 e gcasas,
N, L,T, 653,906 740 x 2,000

Therefore, the vertical axis of Set Il is scaled up by a factor of 5.34 (y-axis normali-
zation). The gain noise figures of the normalized Set I and Set II are:

Nipgay = 141

Ngg.2) = 1.67.

The aforementioned procedure will be explained in detail. After Figure 21
is obtained from the MCA, Part B is extrapolated, the function of the curve is calcu-
lated, the average pulse energy is calculated, and the total population is counted
(the upper and lower limit of the function is indicated):

<E,> = 1845

N, = 643,450 (Gl)

n; = 34875e-0.0542h' 173

(8]
Next, the x-axis scale is divided by 18.45. Then,

<E,> =1

N,’ = 34.875 (G2)

n,’ = 34875e’F | 1046
As expected, the exponential function behaves very nicely. Now, Set II is normaiized:

the x-axis scale is divided by 1.845. Two exponential functions are fitted and their
lower and upper limits are noted:

32 0.2511E | 261
n," = 187le 10.46
’ 0.0093E |71.3
ny 31.7e |26.1 cos)
! LsT
The number (N,’) and the equation (n,’) in (G2) are scaled by .Lsz -
1 =]
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L,T, _ 740 x 2000

= 52.86

L,T, 140x 200
N,” = N,’x52.86 = 1.843 x 10°

. (G4)
n " = 1.843 x 10¢¢E |L0.46 g

The equations (n,”, n;’, ny’) and the number (N,") are used to cal-
culate N1 of Set IL.

Npg.o = 1.67.
Use of the normalized function n,”” with the functions n,’ and n3’ was necessary
because the MCA used in the experiment showed unreliability in the lower channels:
the lower channel portion of Set Il is replaced with n,”. Finally, for the pictorial

representation, the Y-axis in (G3) and (G4) is scaled by A, (5.34).

Figure 23 shows the scintillation spectra of Tube #40072 rescaled
and normalized.

106

104 L

NUMBER OF PULSES

- ;- ol A 3

38 76 114 152 190

< E > (in the unit of the average
channel number)

Figure 23. Normalized Set |1 from No. 40072.
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2. Tube V-122 - 3rd gen type with MCP experimental conditions:

Set | Light Level: 3000 (relative unit)
Accumulation Time: 30 seconds
Amplifier Gain: 100
PMT Voltage: 1620 HV

Set 11 Light Level: 26000 (relative unit)
Accumulation Time: 200 seconds
Amplifier Gain: 10
PMT Voltage: 1620 HV

Figure 24 shows Set I, and Figure 25 shows Set II. Notice that in
Figure 24 there is no Part “A” as in Figure 26. (The only difference between the two
is the amplifier setting.) This becomes obvious when the amplifier gain is increased
from 100 to 200 (Figure 26). Now, one sees Parts A, B, and C.

104 AMP GAIN: 100
103 :
%) |
) i
: ‘i
£ 102 ,
B i
G |
4 |
= ]
=) 4
g 10 :
P |
L | = . 1 y
38 76 114 190 i

PULSE HEIGHT (CHANNEL NUMBER) ’

Figure 24. Set | from V-122, :
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NUMBER OF PULSES

NUMBER OF PULSES

101

AMP GAIN: 10

A ot A 'l A

38 76 114 152 190
PULSE HEIGHT (CHANNEL NUMBER)

Figure 25. Set Il from Tube V-122.

AMP GAIN: 200

A A ks A i

38 76 114 152 190

PULSE HEIGHT (CHANNEL NUMBER)
Figure 26. Set | from V-122 (3rd Gen Tube).
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Using the notation for Tube #40072:
N, = 1,358,721
<E,> = 21.4] (§))
n, = 63462900467
Neg., = 1.41

After normalizing with respect to <E,>:

<E;™> = |
N," = 63462 )
n,’ = 63462¢°E .

It should be noted now that both tubes show an identical slope, and the
only difference is the population (check n,* of Tube #40072 and Tube V-122).

In the normalized Set 11, two exponential functions are fitted:

n, 654¢0-0425E l.;?S

ﬂ3' = 2230¢0-0682E {98.4

56.5
s L, T, it : . ;
After n,’ is scaled by 22 (57.8), it is used with n,’ and n;3‘ to calculate NFG 2
T
131

In this instance, it is 2.05. For pictorial representation, n, ’, n," and ny’ are multiplied
by A, (2.73).

C. Comparisons. If Figure 23 and 27 are plotted together, Figure 28 is ob-
tained. It is obvious that Tube #40072 has fewer high-energy scintillations than

Tube V-122. It shows in the gain noise figure Nig- NFG_l of V-122 is 2.05 while
that of #40072 is 1.67.

A part of the answer may lie in the fact that Tube #40072 does not have
MgO while Tube V-122 does.

The results must be correlated with other parameters of the tube and the
fabrication technique.
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It is also noted that the first portions of the normalized curves must coin-
cide with éach other because the total population is determined by Set I, and after
the normalization the distribution has the slope of (-1). In this case, the population
normalization (A, ) corresponds to the normalization of the intercept of the distribu-
tion curve and the Y-axis: the same slope and the same intercept point. Of course,
this is true only for the tubes with exponential distribution function.

The ultimate objective of the PHA is to find causes for the undesirable
scintillations and to eliminate them.
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APPENDIX A

Schematic Diagram of Pulse Integration Mode
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APPENDIX B

Oscilloscope Traces for Different Experimental Conditions

and Tube Characteristics
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----- 800V

600V

Number of Pulses

Pulse Height

Figure B3. Variation on cathode voltages only.
(2nd Gen Tube: MCP without Mg0)
Note that the unform increase in parts “A”, “B” and “C” due to
the increased cathode voltage.




Number of Pulses

1000 T

100 |-

1 1

17K

- 16K

Figure B4.

Pulse Height Carb. Unit

“Field Emission” in a wide gap diode (CB-001) at 17 Kv.

It is not obvious at 16 Kv.
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i AMP GAIN: 100"
CATHODZ: -900V
SCREEN:  +5000V

1000 [
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L I 235 1 . A
40 80 120 160 200
Figure B7. Variation of MCP voltages of a good, low noise 3rd gen tube.

Note the appearance of a bulging hump, which reflects the
scintillations.
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AMP GAIN:

PHOSPHER:

100
+ 700 vV
+5kV

Figure B8. Variation of cathode voltages of low noise 3rd gen tube.
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