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DETECTOR EVALUATION FOR OPTICAL SIGNALS

This- report covers activities authorized under US Navy Contract Number N66001-85-D-
0203 related to Task One, performed by the Optical Sciences Center from August 26, 1986, to
September 30, 1986

Central to our work was the analysis of an RCA 8852 photomultiplier tube (PMT),
received from Dr. Sam Green of the McDonnell-Douglas Corporation. We also worked on
an image intensifier, supplied by Bill Flynt of the Varo Corporation.

For the RCA 8852, the emphasis was on:

-  Quantum efficiency as a function of wavelength

- Relative responsivity as a function of position over the useful area of the
photocathode

- Anode current as a function of temperature

- Dark electron pulse-height distribution

In particular, it was important to evaluate the dark current of the RCA 8852 PMT as a
function of temperature. Because of its high dark current at room temperature, it is
impossible to obtain single electron pulse-height dis’ ibutions with our system, which is
designed for a maximum event rate of rg, = 3.3x10* events per second. The event rate of
the 8852 at room temperature and -1600 V bias is around 3x10° events per second.

With respect to the Varo intensifier. the emphasis was on light output (or quantum gain)
as a function of the applied voltage. To better characterize this device, it was necessary to
get a feel for its "dead" voltage V, and its "linearity" expressed by the parameter n. We
approached this by determining the light output as a function of the applied voltage, both
when the photocathode is in the dark and when it is illuminated by our light-emitting-diode
(LED) light source.

These tests are detailed in the following paragraphs.

A. Quantum Efficiency and Absolute Sensitivity
of the RCA 8852 Photomultiplier Tube

To use the RCA 8852 PMT as a reference tube, the calibration procedure had to
determine its absolute spectral response. which necessitated a thorough re-examinaiion of the
calibration facility. This facility, under the direction of Dr. Richard Cromwell of Steward

Observatory. consists of a light source of known output, a very stable power suppiy for the



lamp, a filter wheel, a set of calibrated interference filters, a set of calibrated reference
photocathodes, and a data-recording system consisting of an electrometer and a HP-41
caiculator to control the electrometer and gather data. The center wavelength of the filters
(and hence the wavelength regions of measurement) are as follows: 298.9 nm, 313.0 nm,
350.0 nm, 380.8 nm. 406.4 nm, 425.0 nm. 497.4 nm. 550.0 nm., 650.0 nm. 750.9 nm,
795.0 nm, 853.0 nm and 901.9 nm.

From records of the calibrated photocathodes kept since 1980, we could track their
degradation znd select the best photocathodes to use as reference standards. The four
reference photocathodes came from Hamamatsu, RCA, ITT, and Varo. In the wavelength
region between 350 nm and 500 nm, we found that the photocathodes were stable to *1%.
In the ultraviolet, the Varo tube has no appreciable response, the Hamamatsu and the ITT
are stable to within 2%, and the RCA seems to have increased its response by about 8%.
For wavelengths longer than 500 nm we found that all of the photocathodes except the
Hamamatsu had decayed somewhat. The Varo tube had decayed substantially, the RCA
tube somewhat less, and the ITT tube still less, but all three were unstable enough at the
long wavelengths of interest to preclude their being considered reference standards.

The Hamamatsu was chosen as the reference photocathode; its uncertainties at the
longer wavelength filters are as follows:

+0%, -10% at 901.9 nm and 853 nm
+0%. -5% at 750.9 nm and 795 nm
+0%. -3% at 650 nm

*1% at S50 nm.

Interesting to note is that in Dr. Cromwell’s collection of photocathodes, every tube
measured thus far over a 6.5-yr period has decayed somewhat in the longer wavelength
region (with the exception of the Hamamatsu) including the most stable (a Proxitronic 3861).
The worst tube (Varo #28687) has decayed 77% in 4.75 years (or 16% per year) at 901.9 am.

We next measured the response of the RCA 8852 photocathode alone to get the absolute
sensitivity. This measurement was performed both at room temperature and cooled to -50°C
(this temperature is nominal, with no real way to measure it accurately; we merely wanted
to compare the two modes of operation). The PMT response is shown in Fig. 1. The graph
reveals two interesting facts: |[) poor response at long wavelengths and 2) a response at
longer wavelengths which worsens somewhat with cooling. After correcting the measured
quantum efficiency for the non-uniform response of the photocathode (averaging over the
whoie photocathode as discussed in Section B) the quantum efficiency at 853 nm is 1.02%

uncooled and 0.54% cooled. The uncooled measurement compares favorably with that made
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Fig. 1. Absolute sensitivity of RCA 8852 PMT measured both at room
temperature and cooled.

by Dr. Sam Green in July, 1985, when he measured a quantum efficiency of 0.94%." A:
902 nm we measured a quantum efficiency of 0.082%. Dr. Green measured a quantum
efficiency of 0.12% at a wavelength of 84 nm. Since we did not measure the photocathode
uniformity at 894 nm, direct comparison of the quantum efficiency at longer wavelengths is
not possible; but we feel that the rapidly decreasing tube response at longer wavelengths
indicates that given Dr. Green's measurement at 894 nm, ours at 902 nm is not
unreasonable.

The decreasing quantum efficiency at lower temperatures is most likely because at the
longer wavelengths, photons may just have enough energy to create a photoelectron (possibly
with the assistance of a phonon), and therefore lowering the device temperature will reduce

the amount of phonons present, making fewer phonon-assisted transitions possible.

B. Spatial Uniformity of the Photocathode Sensitivity

When measurements of the absoiute speciral response of the photomultipiier were made,

we also made a one-dimensional scan through the center of the photomultipiier's



photocathode and measured the photocathode current for various wavelengths of light. The
results of this test are shown in Fig. 2. Notice that the response at 4250 1& is still quite
good. but as we move out toward longer waveiengths, the relative response is very non-
uniform. Interesting to note is that the measurements of the tube response were made
approximately across the center of the photocathode. which is also the region of least
sensitivity at the longer wavelengths. This would seem to indicate that the response as
given by Fig. | would not convey an accurate indication of the overall photocathode
sepsitivity, and that the overall sensitivity would be somewhat larger. To take this into
account in our measurements of the quantum efficiency at longer wavelengths we assumed
that the response was radially symmetric. (It is not, bul this probably is not too bad an
assumption.) We then averaged the response over the entire scan and also over just the
region of irradiation for the quantum efficiency measurements; then we ratioed these two
averages as a correction factor for the measured quantum efficiency to extrapolate the
quantum efficiency as would be measured over the entire photocathode for the two
wavelengths 853 and 902 nm.

a=9019 Angstroms
o=8530 Angstrorns

o=4250 Angstroms

PMT S/N:
69939

Megsured:
8/12/86

Relative Signal Current (microamps)

00 0.3 05 0.8 1.0 1.3 1.5 1.8 2.0 2.3 2.5
Scan Distance (inches)

Fig. 2. Uniformity scan across the photocathode of an RCA 8852 PMT. A
0.24-in. scanning spot size was usec.



Curious about the rather large variations in photocathode response as a function of
position. we discussed our data with Dr. Green. [t was his opinion that large variations in
photocathode response are typical and are especially prevalent at longer wavelengths. where
the lower energy of the photon and thus of its created photoelectron means that even the
smallest defect in the photocathode will have an effect on conversion efficiency by reducing
the energy of the less energetic photoelectrons so that they can no longer escape the

photocathode material and become free photoelectrons.

C. PMT Anode Dark Current vs Temperature

Testing the RCA 8852 revealed that the dark current is much higher at room
temperature than the dark current of the RCA 8850 (6x10~* A compared to 2x10-!' A) at the
same bias voltage of -1600 V and after both tubes had been conditioned in the dark with
bias voltage on for at least 48 hr. Because of the high dark current. the 8852 was often
operated at reduced temperatures by installing it in a Products for Research model TE-
234-TS-RE-ND refrigerated photomultiplier housing. This housing consists of a
pump/refrigeration unit and a housing unit/heat exchanger. connected by a flexible hose
which carries the Freon coolant. The unit has a dial which nominally selects the
temperature at the photocathode and is calibrated in six steps: 0°C, -10°C. -20°C, -30°C,
-205C, and -50°C. We were interested in measuring the reduction in dark current for a
given decrease in operating temperature. The tube was biased to -1600 V and the dark
current was measured at the anode using a Keithley Model 602 Electrometer. The results of
this experiment are shown in Fig. 3.

As expected, there is a strong dependence of the dark current on the absolute
temperature. For the specific example of -1600 V bias voltage, the anode current reduces
from 4.2x10~* A to about 1.5x10-'® A, which is more than 2 orders of magnitude. This is
both expected and predictable from the Richardson equation, which gives the dependence of
the electron emission of a surface on temperature (making the appropriate assumptions for
the bandgap of the material).?

i - ﬂﬁm}%(_z_ﬁe((Ea—.Eg)/z)/kT

=

()

where:
j = thermionic current density e = electron charge
m = electron mass k = Boltzmann’s constan'
h = Planck’s constant E, = electron affinity

E.g - bandgap
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Fig. 3. Anode dark curremt of RCA 8852 measured as a function of
temperature.

or. if the constants are given in mks urnits, (I) becomes
210672 (EaEg)/2/KT 2)

This decrease in dark current with decreasing temperature also agrees with the findings of

j =

other researchers (Dr. Richard Cromwell) and with the literature.® An example for the
latter is Fig. 16 of the RCA Photomultiplier Handbook* which is reproduced in this report
as Fig. 4. Our curve appears to bottom out because the temperature feedback mechanism in
the cooler is not extremely reliable for the following reascons: 1) the temperature sensor
makes no contact with the photomultiplier photocathode and. 2) the only indication that the
cooler has actually "cooled down to temperature” is a cycling of the refrigeration unit. which
could also be attributable to mechanical considerations alone (i.e., a finite on/off time to

prevent frosting of the input window).

D. Single Dark Electron Pulse-Height Distributions

Single dark electron pulse-height distributions can only be made if the emission rate of

dark electronc (thermionic elecirons; re; at the PMTs photocathode 15 at least an order of

6
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Fig. 4. Variation of thermionic-emission current density from various
photocathodes used in photomultiplier tubes as a function of reciprocal
temperature. T hermionic emission multiplied by the gain of the photomultiplier
is a principal source of anode dark current. (Ref. 2)

magnitude (if not two orders) lower than the highest event rate ro, the instrumentation can
handle:

Te] << Tay - (3)

We commonly use an integrator described in detail in the final report for Contract
N66001-85-C-0118.5 Its shortest integration time is t; = 30us and, consequently. its highest
event rate rey IS fay = I/tj = 1/(30 us) = 3.3x10* events per second.

The condition of Eq. (3) can be achieved for the RCA 8852 PMT by cooling to -30°C
(nominal). At this temperature. the anode dark current is about 2x107'° A. Assuming a

gain of 9x10° for -1600 V. (a value which can be found from the RCA data sheets on the




RCA 8852).° the dark electron rate at the cathode is re| = | 4x10* eiectrons/second. This

value is easily matched by the event rate rg, = 3.4x10* events per second.

Figure 5 shows a single dark electron pulse-height distribution
RCA 8852 at a temperature of about -50° C.

taken with the
[t was obtained using a PMT wvoltage of
-1600 V., a ioad resistor of 21.4 kQ, an integrator gain of 98647 sec™!. a preamp gain setting
of 300. and an MCA sensitivity of Spca =256 channels/volt.
n the internally triggered mode.

The integrator was operated

Notice that the distribution peak is at channel number 80.
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Fig. 5. Pulse-height dis.ribution for an RCA 8852 PMT ar -1600 V bias and
cooled to -50°C (nominal).

The experimental setup is similar to that shown schematically in Figs. 6 and 7. Notice

that the setup includes a light source (LED) which of course is not used for measuring single

dark electron pulse-height distributions. Rather, it is only used if measurement of single

signal electron pulse-height distributions (which incidentally should not be different from

the single dark electron distributions) is desired. Figure 7 describes the operation of the

integrator and provides a formula by which the photomultiplier's gain can be calculated
from ihe characteristics of the distribution displayed by the muitichanne! analyzer (MCA).

This equation is repeated here in a slightiy modified form:




Nen R1-Cy
SMcaA Ga Rpe

where:
L/(Ry - Cy) = "gain of the integrator” (s7}]
Ga = voltage gain of the preamplifier
R| = load resistor [Q]
e = electronic charge [coulombs]
SMCA = sensitivity of the MCA [channels/V]
Ncp = channel number of particular characteristic of distribution.
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The measurement of a photomultiplier’'s gain G from the
integrator’s voltage V for a PMT charge pulse attributable to
one phntoelectron (single electron pulse).

etc.; this subject has not been specifically addressed yet. and we are open for suggestions;.

:he gain of the PMT is estimated to be 1.85x108.

This gain value compares favorably with

the value of 9x10% which is quoted as being typical by the RCA data sheet for the 8852.°

Of particular interest to this program is the determinatior. of the noise facior. a

characteristic which determines the amount of noise added by the detector (excess noises to

the noise inherent in the photor flux from the scene.

As was outlined 1n the Final Report

for Project Noh0OO!-85-C-Gil1%." the nose factor k 1s found {rom ihe mean ug and the




standard deviation ¢g of the single electron distribution according to:

2 2
Hs™ + 0s
Hg*

k -

Using the values found in the above distribution. we find a value of 2.29 for the noise
factor which seems to be reasonabie.

It is interesting to relate the number of counts N., (total integrated counts = 139261)
recorded during the duratiovn Te of the experiment (which was 2000 s) to the observed
anode dark current is. Assuming that every dark electron emitted by the cathode leads tc
a recordable event (has enough amplitude to exceed the integrator’s internal trigger threshold
and therefore increment a channel in the multichannel analyzer) then the count rate T™MCA
at the MCA should be matched by the dark electron rate ro) at the PMT's cathode or the
dark electron rate rg| 5 at the PMT's anode divided by the PMT's gain GpmpMT-

IMCA = Neo o TelA 1A _— )
Te  Gpwmr GpMT ¢ €

For this experiment. rpqca = 68.8 counts/s while re; = 69.3 counts/s, an error of only
0.7% !

Finally. an attempt was made to estimate the energy resolution,: which is conventionally
the ratio’ of the FWHM to the peflk channel. We found a value of 70%. which is close to
the value of 60% found in the RCA 8852 data sheet.®

Table | is a listing of some pertinent performance data on the RCA 88352 as measured

by us and compared with data from the data sheets or other sources.

E. Varo Intensifier Light Output and Gain vs Bias Voltage

Image intensifiers of the Generation | type operate on the principle of cathode
luminescence for the generation of gain. Here electrons emitted by the cathode are
accelerated to a high kinetic energy Ey;, = 1/2 mv? = eV. where V equals the applied
voltage. A maj.or portion of this kinetic energy is used for excitation of electrons from the
valence band 1o the conduction band of the phosphor material. Most of these excited
electrons then give up their energy by returning to the valence band by means of energy
levels 1n the forbidden band invoiving radiative transitions as shown schematically in Fig. 8.
Unfortunately. however, not all the kinetic energy is used for the generation of lhight. It

turns out that the electrons lose some energy in penetrating "dead” lavers like the typical

1




Table !. Pertinemt performance data on the RCA 8852.

Quantity

Measured

From PMT
Data Sheets

PMT voltage
Dark current @ -1600V

Count rate from
dark current

No. of counts from
weighted integral

Acquisition time

Observed count rate

Peak Channel No.

Mean Channel No.

Standard Deviation

Current Gain @ -1600 V
Noise Factor (k) ’

FWHM

Energy Resolution

Quantum Efficiency @ 852 nm
Quantum Efficiency @ 894 nm

Quantum Efficiency @ 901 nm

-1600 V

2.05x10"!! amps

69.3 counts/s

139261

2,000 s

68.8 counts/s
80

82.66

93.734

1.85x10¢

0.082%

* From measurements made by Dr. Sam Green.'

2.0x10~% amps @ 22°C

8.5x10°

1.87 - 1.94%

60%
0.94%*

0.12%

]




aluminum backing of the phosphor. This energy is characterized by the so-called dead

voitage V,. Other losses are accounted for by the energy conversion efficiency MEn-
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Fig. 8. Representation of radiative and nonradiative recombinations.
The number np of light photons emitted per photoelectron can be estimated from the

effective kinetic energy Eyin off = Ekip - €Vo. the energy Ep of the emitted light photon.

and the energy conversion efficiency ngy:

Exin.eff Exin- eV
np-nEn'_lEn;e—--nEn.-_ﬂE—pT—g. (7)

Of particular interest is the dependence of ng, or np on the applied voltage. This can
be estimated from the light output as a function of the accelerating voltage. The literature

~

on cathode luminescence reports a general dependence as described in Eq. (8).

L=k (V-V)" 8)

Here k is a constant of proportionality
V is the applied voltage
Vo, is the dead voltage

n is a constant which can take on values of from 1| to 3.

13

e




Figure 9 is a linear representation of Eq. (8) for V, = 2 kV and n = [. Figure 10 15 a
double logarithmic representation of Eq. (8) for V, = 3 kV, 5 kV. and 7 kV, and for n = 1.
Of particular importance were the particular values of Vo and n for the phosphor in

the Varo tube.
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Fig. 9. Linear plot of phosphor light output as a function of applied voltage
for Vo = -2kV and n = |.

The experimental setup is shown schematically in Fig. 11. Notice that this is the setup
which we normally use for measurements of the pulse-height distributions of image
intensifiers which are basically AC type measurements. However, the system is easily
modified by insertion of an electrometer into the anode circuit of the PMT to measure its
DC anode current which then is a measure of the intensifier’s light output.

Figure 12 shows on a log-log plot the output of the Varo image intensifier versus bias
voltage, both in the dark and while irradiated. The output of the image intensifier was
measured with an RCA 8850 photomultiplier tube coupied optically to the image intensifier
using a high numerical aperture (NA = 0.95 in air) 100X microscope objective. The dark
current for the photomultiplier was 2.Ix10~!'" A_ and this value was subtracted from the
anode current values while measuring the image intensifier. A more familiar plot may be

the linear piot of the image-intensifier output vs bias voltages. which is shown in Fig. 13.
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Figure 12 is not exactly what one would expect from an image intensifier tube.
particularly the measurements made at -1] and -12 kV bias voltages with the LED off.

From talking with Bill Flynt of Varo and from our own observations, we have come
to the conclusion that this jump in output brightness at -i1 and -12kV is most probably
attributabie to a field~-emission point in the diode. We have observed. and Bill Flynt has
confirmed for us, that field emission points may not be stable with respect to time or
position, which could be why we did not observe the field emission during the time we had
the LED on.

We also observed a sort of "hysteresis” effect with the field emission point, in that it
came on above a certain bias voltage but turned off at a much lower bias voltage. It is
plausible that during the LED "on" experiment, this "threshold" was never exceeded but
during the LED "off" experiment, it inadvertently was, and when the bias voltage was
reduced. the field emission point was still glowing. The data sheets included with this
image intensifier tube indicate that the tube was damaged during testing and on observing

the tube at high bias voltages, bright emission points could be seen.
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Extrapolating.from the "LED on" curve in Fig. 12 down to the x-axis suggests a dead
voltage of around -2kV (rather than the -4kV quoted by Varo). Furthermore, the portion of
the curve which is emphasized by dashes suggests a value of 2.18 for n however the curve
for "LED off" is completely different. On the other hand, the linear plot in Fig. 13a gives a
dead voltage of -4.4kV. However, it is not clear whether a linear fit (Fig. 13a) or a power
fit (Fig. 13b) should be used to best fit the data above -6kV. Therefore, it is not clear at
this time what the correct dead voltage of the Varo image intensifier is.

Furthermore, it is not easy to understand why the curves in Fig. 12 for "LED on"
and "LED off" are not "parallel.” As is known from our own experience with PMTs,? dark
and signal anode currents have practically the same dependence on the applied voltage.
Both represent the voltage dependence of the gain and we would have expected no different
for the intensifier’s gain.

Leoking at Fig. 13, we see a more traditional graph of output current (proportional to
the number of photons leaving the phosphor) to bias voltage on a linear plot. From zero to
-3 kV, we see no output from the tube and, by drawing a straight line through the
remainder of the graph, we can estimate a dead voltage of about -4.4 kV. This value is a
little high compared to information supplied by Varo, which claims a dead voltage of -4 kV.

As explained above. until this bias voltage is reached. photoelectrons leaving the

17



photocathode do not have sufficient energy to traverse the aluminized screen and excite the
phosphor. From -6 to -10 kV bias, the response follows a straight line, as one would expect
if n=1, and above -10 kV, we see that the tube output is increasing in a slightly nonlinear

manner which could indicate the field emission point described above.
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Introduction. We have carried out an investigation into the
cauge of why most phosphor screens fail to release a detectable
burst of light in nearly half of the occasions wvhere they are
struck by a single photoelectron (reference 1). The present wvork
differs from all of our earlier wvork, wvhere previously we have
directly measured the &single electron counting efficiency in
operating image intensifiere (reference 2). In this nev study ve
have examined the very fine-scale cathodoluminescent properties
cf 1individual grains of P-20 phosphor povder using a scanning
electron microscope (SEM). This technique allowve observation for
the very first time of the casthodoluminescent response of an ares
within a single phosphor grain thast is at least one hundred times
finer than an area resolvable by purely optical techniques. we
have consequently been able to test many hypotheses concerning
the cause o0f the disappointingly low counting efficiency of
phosphor screens used in diode type image intensifiers.

Method. The electron microscope vas ingtrumented so that
three distinctly different types of i1mages could be studied: 1)
A standard "secondary electron®” wmode (SE), vhere images of the

speciman are formed via collecting the 8Becondary electrons
emitted by the point being struck by a scanning electron beam; 2)
A "cathodoluminescent” mode (ClL¢fo), vwhere light emitted vhile one
pcint 1is being 8truck by the electron beam ig collected by a
fiberoptic butted up against the output faceplate of the screen,
and the resultant brightness of the image displayed on a CRT at
that point is proportional tc the amount of light emitted from
the speciman; and 3) A second "cathodoluminescent" mode (CLeo ),
identical to the CLfo mode, ornly the light collected is that
wvhich 1s emitted tovard the electron beam side of the screen,
rather than that emitted through the output faceplate of the
screen. The 1image displayed on the CRT of the SEM may be
recordec¢ on polaroid film. A second CRT dispiays the video
vaveform of the raster line curr2ntly being written on the farst
CRT. We have made viaeo tapes using a standard video camera of
both CRTs gimultaneously. Slov-motion playback of the tapes
later allovw us to obtain photometric measurements of images shown
on the first CRT through analysis of the waveform displayed on
the second CRT. The figures accompanying this report are xerox
cop:es of polaroid prints taken with the electron microscope.
They are labeled according to which mode was used, namely SE,
Clro, or Cle.. In these pictures the black and shiny aluminum
layer has been peeled avay from the phosphor layer in order to
see the grains.

Samples tegted. SEM data have been recorded for many
eamples of P-20 phosphor screene that have been manufactured by
Proxitronic using various modifications to their proceegsing steps
in an attempt to understand and improve the counting efficiency.
The sample screens are described as follows:

1) all normal steps carried out,

z) settled phosphor only, no further steps,

3 settled phosphor, aluminized, lacquer bsked out,

4, gcreen frowm prevaiouslv operating tube, cocarsge grained,
measured C.E. of operating tube = 42%,
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S) screen from previously operating tube, 2x thickness, no
electron scrubbing, measured C.E. of operating tube = 50%.
6) screen from previously operating tube, 4x thickness,
measured C.E. of operating tube = 70%.

Following a preliminary SEM analyeis of the above screens,
Proxitronic then prepared a second set of samples as follows:

- 1) settled phosphor, 1.5x thickness, standard lacquer
thickness, standard aluminum layer, 420°C lacquer burnout;
nothing more (i.e., no black layer, no electron scrub, no
other bake).

2} like (1), only without lacquer burnout step.

3) like (1), only with twice lacquer thickness.

4) like (1), only with half lacquer thickness.

S like (1), only with double thickness of aluminum.

(=9 like (1), only with black layer and with half of screen

electron scrubbed and other half not.

Results from preliminary SEM analysis.

1) In the standard thickness screena (0.7 mg/cm®), the SEM
images taken in the tvwo cathodoluminescent modes (CL¢. and Cl¢fo)
show that voids, or holes, in the screens constitute roughly 10%
cf the total projected area of a screen. This directly accounts
for a 10% 1loss in counting efficiency for such screens. In
earlier optical microscope examinations of screens, ve vere
unatle to accurately determine the size of these holes, but
geuspected they could be large enough tc explain the nearly 50%
loss 1in counting efficiency that is typical of screens. The
eiectron microscope images conclusively refute this large of an
effect. The electron microscope also clearly shovs that 2x and
4x pnosphor thickness screens are too thick, and that a 1.5x
thicknese 1is8 optimum for reducing the area of holes to a
negiigible level (1.e., lesg than 1% of the ecreen surface).
Faking s8creens thicker than 1.5x creates the undesirable effect
cf reduced gain via absorption of light by wunderlying grains.
Ttis is8 dramatically revealed in ClL¢o pictures of the 1x, 1. 5x,
2x and 4x screens.

2) The cathodoluminescent images have revealed that there
exi18t a fev grains that are virtually dead and that other grains
are of very reduced efficiency. This ie in marked contrast to

our findings using the industry-accepted technique of examining
screens by s8hining UV light on them and by inspecting the

luminescing grains wvith an optical wmicroscope. Using this
optical wmethod ve have never detected even one deaa grain.
Nonetheless, the number of totally dead grains revealed by the

SEM is in fact quite negligible (less than 1%).

3) Some intensifier manufacturers have cautioned against
the usBe o0f the very tiniest grains, reportedly observing that
such grains are dead. Irn. all our SEM teets, there is no evidence

t*at the gmallest grainsg (0.5 micron diameter) have a different
cathodoluminescert efficiency than the largest grains (4 microns
diameter ).
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4) At least 80% of all grains of a screen thet wmay be
directly viewed by the electror microscop= miv be clasged a3

having a "typical cathodoluminegcent gtructure®. The typical
graing are described as tfollovs:
a) They appear to cathodoluminesce over 1004 of their

surface exposed to electrone, shown in both CiLso and ClL¢., modes.

b They appear uniformly sensitive (to better than +10%)
over their entire surface, an contain no apparent guper-
85n51tive, or insensitive, spoits or shells or cores shovwn in both
Cleo and ClLg. modes.

c) The peak-to-peak variation in response from one ©of these
"typical” grains to another "typical”®” grain on _the game gcreen is
less than +15%.

S Besides these typical grains, every ecreen containg a
small percentage of grains (1-10%) that are dead, or have gmall
dead areas, or have small high-sensitivity areas, etc. Although
interesting, these grains appear to have very little effect on
the cverall performance characteristics of a screen.

&) In the early phases of our study, it apgeared aa though
st of the grains in the top layer (i.e., the grains nearest the
uminum) were o0f reduced cathodoluminescent efficiency, even in
he Cie. 4images. However, further analyeis reveals this is a
e a1mpression and is simply due to an optical effect between
top grains and the CLg. sBensor. Note: In the Clfo mode, the
grains are alwvays darker because their light is absorbed by

grains situated betvween them and the ClL,o sensor.
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7 Another property discovered i1n the early phaseg of our
study 1s that grains that are excavated from the screen surface
are roughly 50C% brighter than the remaining undisturbed grains,

vhen observed in the ClL,. mode. This property, along with the
earlier suspected lov-efficiency cf top grains mentioned in ditem
(6 above, led us to suspect that the excavated graine were

predominantly from the bottom layer of screen and that this
Eocttom layer had been protected from a marufacturing process that
had selectively reduced the sensitivity of the top layer grains,
but not the bottom grains.

Results from gecond set of screen sgamples. The second set
cf samples .manufactured by Proxitronic (see 1list given in
gection, "Samples tested") were prepared in oraer to allow us to
test gpecific processing steps suspected of destroying the top
layer of grains more than the bottom layer. Any step that
selectively destroys the top grainge would normally go undetected
in screen quality-contral test procedures performed during normal
manufacture because the top layer iege hidden from viev via the

aluminum layer of the screen. Recognizing this, ve were very
encouraged by our initial SEM results that the second test
samples could 1dentify the cause of lov counting efficiency. In

the summary of resulte that followvs, ve discover that the earlier
interpretation of e&creensg containing a8 partially deetroyed top
layer of grains 1is wvwrong and, indeed, that no screen
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manufacturing process thus far examined appears to damage the
grains.

1 In our preliminary SEM analysis wve had fzund what
appeared to be a general progression in the number of damaged
grains with each successive screen processing step. Howvever,

results from the additional samples and repeated and improved
tests o0f the earlier samples have revealed that the earlier
suspicians are unfounded, and that the proper explanation lieg in
certain optical effects of the ClL¢. sensor, as already mentioned
in i1tems (6) and (7) of the section "Reesults from preliminary SENM
analysis.” The important newv results follow.

2) The ratio of CLe. signal from the average gray level of
a s8creen to the signal from the very few brightegt grains is
found to be virtually a constant for all screens examined, and 1is

0.68 +0.02. This includes screens ranging from a settled-
phosphor-only through a 4x-thickness-screen removed from a
previously operating tube. Thus, no processing step was found to
influence %this ratio. (Earlier, we had thought a steady
progressior 1in this ratio existed, but now we realize such

evidence wasg incorrectly influenced by extraneous optical effects
cf particular samples.)

3 The number of dead and partially destroyed grains in
bcth  the top and bottom layers of a screen seems to be rather
siTiiar among all samples of screens examined, including even the
sample without lacquer burnout and the settled phosphor only
sarg.ie. (Again, earlier we had been misled in this conclusion by
various optical effects and by the effects of variable electron
voc_.tages applied in some of the early tests.)

4) In repeated attempts, ve finally were successful in
gcraping avay with a razor blade only the top layer of grains
from a screen. In the resulting exposed bottom layer of grains,

there was no detectable difference in the CL,. signal s8trength
from these grains or the surrounding undisturbed top-layer grains.

5) By studying CLg. images of many different screen samples
vhere graine had been purposely excavated from the screen lavyer,
we discovered that the reason such grains appeared 50% brighter
than all others vas due to an optical effect with the ClL¢.

sensor, and not to an inherent high eificiency of the excavated
grains. Thig discovery wvas ultimately responsible for our
determining that the dark-core/bright-halo appearance of the
topmost grains was also due to an optical effect. Earlier, ve

had misinterpreted this appearance as due to partial damage of
top grains.

6) In the s8sample vhere half of the screen wvas electron
scrubbed and the other half waeg not, there wag absolutely no
detectable difference in the cathodoluminescent efficiency or
gtructure betveen the two halves.




Conclugions and recommendations. The most clearcut result
of this SEM investigation is that phosphor screene manufacatured
by Proxitronic are slightly too thin for optimum counting
efficiency (and we suspect this is likely to be true for screens
manufactured by others as well). There ig no SEM evidence that
grain esize, within the size range of the Riedel de Haen powvder
examined here, influences the counting efficiency of a screen.
(Hovever, we should note that there is a modest suggestion in our
c6unting efficiency measurements in operating intensifiers that,
if indeed there is a measurable difference, small grains may

perform better than larger ones.) A finite number of dead or
reduced-gensitivity grains are present in all screens, but the
percentage is negligible. Finally, there is no evidence that any

of the screen processing steps carried out at Proxitronic damage
or otherwise alter the cathodoluminescent properties of the
original phosphor powder.

Therefore, although we undertook this SEM project with
considerable enthusiasm that we would be able to identify one or
more phosphor screen processing steps that were damaging the
cathodoluminescence of the original phosphor powder, it nowv seems
clear that none of the earlier plausible candidates are at fault.
Having eliminated a number of likely explanations, of course,
means that we simply must Bearch elsevhere for the true cause.
At this moment, the most likely explanation would seem to be that
there exist one or more steps employed by the manufacturer of the
phocsphor powder proper (e.g. at Riedel de Haen) that is at fault.
We earlier had dismissed this possibility on the basis that
nearly all intensifiers we have analysed, from a variety of tube
and phosphor manufacturers, have a similar, low counting
efficiency. Moreover, the one intensifier manufacturer that has
producec phosphore of high counting efficiency at least some of
the time (although not all of the time), is Varo, and Varo claims
to have used the same supplier of phosphor as the present
Proxitronic powder, Riedel de Haen.

Toward learning what creates a high counting efficiency
phosphor, we plan to carry out the folloving steps in the future:
1) Examine with the SEM a phosphor screen that has been
dismantled from a previousely operating intensifier that we have
measured to have a high counting efficiency (selected from

various reject Varo tubes we presently have). To date, wve have
examined with the SEM only one Varo screen, and it was from a
tube of unknown counting efficiency.

2) Measure the counting efficiency of a Proxitronic
intensifier having a brushed-on P-20 phosphor screen, instead of
their standard settled phosphor screen.

3) Measure the counting efficiency of ITT intensifiers
having P-47 fast-response phosphors.

4) Measure the counting efficiency of Proxitronic
intensifiers having X-3 fast-response phosphors.

S) Discuss our results with producers of raw phosphor

povder and collaborate with same in producing a high counting
efficiency phosphor.

AS
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Figure 1. SE 4image ©0f 2x thickness screen from a previously
operating intensifier.
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Figure 4. CLe. image of 1.5x thickness screen prepared vithout
the lscquer burncout step that normally followe the esluminizing
process. The grains of this screen are found to have virtually
identical cathodoluminescent propertiee tc the grainse of fully
procegged e@creens that have been dismantled Zfrom previously

operating intensifiers. The exceptionally bright clumps of
graing 4in this photograph are grains that have been excavated
from the screen. Their extra brightness arises from optical

effects of the CL:. sensor, and is not sn inherent property of
the araine.




figure S. Cle. image of screen that has had half of its surface
electron scrubbed (that half above the three scratch msarke devoid
of phosphor) and the other half not electron scrubbed. There 1is
no detectable difference in the csthodolumionescent properties
betveen the tvo halves. :
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