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ABSTRACT

Electrons generated in photocathodes have a radngeeogies and may exit the outer layer of the ptathode with a
certain distribution (possibly isotropic). In a ghmity-focussed image intensifier where there istng electric field
between the photocathode and the micro-channe¢ gMCP) electrons ejected at an angle will followrajectory
defined by the exit velocity of the electron an@ tsirength of the field. A small spot of light projed onto the
photocathode will result in a point spread functitatermined by the size of the gap, the field agphcross it and the
magnitude of the radial energy component of thetedas. By using photon counting and centroidinchigques, the
events occurring on the screen of an image intendifave been integrated and used to measure dimetir of the
projected spot (~ 5 micron diameter) thus givingeasure of the resolution of the tube. At short Yuvelengths the
spread of electron energies is larger and the geeradial energy component is larger than at longesible)
wavelengths. Hence the resolution is better invibible.

Resolution measurements as a function of wavelesigsblar blind and S20 intensifiers show a diphi@ measured spot
size and hence a localised peak in the resoluti@nshort range of wavelengths in the UV. Combinél data obtained

from measuring the electron energy distributiorn #ews a narrowing of the distribution in the saegion, this shows

evidence of multiple photoelectrons being generatiédin the photocathode. Such electrons would Hawer energies

resulting in higher measured resolution and a meerelectron energy distribution profile.
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INTRODUCTION

Photek is currently participating in a contracthoild UV imaging detectors for the UVIT (Ultra-Viel Imaging
Telescope) package on the Indian Space Agency’sREEFAT space telescope mission. The UVIT detecte@photon
counting camera systems, consisting of multi-chbplete image intensifiers, with a phosphor scridlere optic output
window bonded to a Fill-Factory Star250 CMOS sens$bree detectors will be flown aboard the missigth different
photocathodes to give sensitivity at deep-UV andwhAtelengths (130 to 350 nm). Three detectorsheillised on the
system. One has a Caesium-lodide photocathodeMgFawindow to give Far-UV (FUV) sensitivity, one hassmlar-
blind” telluride cathode for Near-UV (NUV) and otieat operates in the visible with a low-noise SB0tpcathode.

There is a requirement to be able to resolve twjeatd in the sky to better <1.8 arc-seconds. Takiogpount of the
telescope optical system one arcsecond in the Blgs 5 microns across the detector. The requiremseto build
detectors with resolutions better than 30 micrdnsavelengths of 185nm to 400nm.



The main factors affecting the resolving powertaf intensifier are

1) The distance between the photocathode and the MCP
2) The electric field applied between the photocatharmt® the MCP
3) The energy of photoelectrons as they exit the gladtmde.

Consider a situation with monochromatic light iremitl on photocathode. A photon first of all needédee an energy
greater than the band gap @&d to be absorbed by the layer. It needs to pi@@o electron from the valence band into
the conduction band and this electron needs tortegee its way to the vacuum interface. Energy bélllost on the way
to the surface mainly by phonon scattering frontidatinteractions. In order to be released from sheface to the
vacuum the electron must have sufficient energpuercome the surface barrier, so its residual snesgds to be
greater than the electron affinity E

In an idealised case with no scattering the mininan@rgy required for a photon to produce photoeariss:
hn=(E,+E) (1)

Variation in the amount of energy lost due to phorszattering causes a spread of electron energasn the

photocathode. Electrons generated in the layerotioecessarily travel in the same direction asrthial photon, in fact

there is no reason to consider why they shouldbeoteleased isotropically. Since the scatteringjtterof electrons

within the thin layer is very short, maybe a fewraic layers, it is safe to say that the point efcélon release from the
photocathode surface is close to the point at witiehphoton was absorbed. The result is that a lwFgrhotons tightly

focussed to a tiny point on the photocathode shgeltkerate the release of electrons from the sufface a point of

similar size. The electrons will exit the photoaadk into the vacuum with a spread of velocitiesarms of both

magnitude and direction.

With a large gap between the photocathode and tG® Mnd zero applied field, the electrons will daftross to the
microchannel plate where they will impact on th€Ncoated microchannel plate. The spread of thereles will result
in a huge “footprint” of electrons on the MCP, hangethe MCP has a work function that the electnong’t be able to
overcome without some excess energy.

By applying a strong electric field ~ 1000 Vrimthe electrons will be deflected such that evesséhthat exit the
photocathode at shallow angles to the surfacebeiltirawn across to form a much tighter footpritit@lgh one that is
still significantly larger than that the initialglt spot. Smaller gaps and stronger electric fislsuld help reduce the
size of the footprint and the energy distributisralso affected by energy of the photons. More gsir photons will
result in more energetic photoelectrons, hencespinead across the MCP will be greater. The shirewavelength of
the light, the more energetic the photons and h#re&arger the footprint.

More spreading will occur between the channel plated the screen to create a large charge footgriffite phosphor
screen. With a camera imaging the events on theescand by running photon counting software witteatroiding

algorithm an image with sub-pixel resolution candiained. Centre of gravity detection algorithmssoftware allow
the spatial position of the event to be referenoack to the impact point on the front of the finsicrochannel plate.
Measurements of the diameter of the spot in they@rtaen enable us to measure the resolution ofiekector. Some
authors [2,3] have described theoretically the agirey of electrons released from photocathodes arel [4] has
produced a diagram showing the effect of cathodshémnel plate gap size and applied electric fieldhe resolution of
a typical proximity focussed image intensifier.



EXPERIMENTAL

A light source consisting of a collimated whitehigtungsten) or UV (deuterium lamp) is incidentmthe entrance slit
of a Czerny-Turner type F/4.2 Specs monochroméiguré 1). Varying the lamp current for the whitght or slit width
for the UV lamp controls light intensity. The sdkst wavelength of light from the monochromator paghrough a 10
micron diameter pinhole (laser cut into a thin rd8s steel disc) mounted at the exit slit positibhe light passes
through a short tube into the dark box and usitema doublet is demagnified and brought to focukatront end of the
tube. The lens doublet consists of two plano-conemses, positioned with convex sides facing togetfihe fused
silica lenses have 150mm focal length and are df7in diameter. Focussing is achieved by movingléhs doublet
on a motorised linear positioning stage with exaérontrols that can be operated from outside Hr& Box. A digital
vernier with external readout gives the positiontled lens to enable focus points to be found maiekty. All the
equipment described is mounted on an optical tatbgve good stability. The tube and camera aré bmunted on an
optical rail.

Although the flight model UVIT detectors use thbré coupled Star 250 camera, for experimental mapa@ Basler
CCD camera was lens coupled to the fibre opticrthphind the screen of the image intensifiers.
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Figure (1) Diagram of resolution measurement egeipm

The Photek IFS32 software allowed control of theneg its centroiding algorithm splitting each pixefo 32 bins
enabled integration of an image over about halhamr with good enough statistics to measure thé& pead FWHM
values of the spot. From the number of pixels messithe resolution of the tulb® at the wavelength in dimensions
of length (ie microns) can then be found by:

) _R,(/)d ,
Ry ( )_N—b (2)

WhereRy(/)is the resolution in pixels at wavelength
dis the diameter of the tube

N is the number of pixels across the tube

b is the centroid binning factor

The normal method of quantifying the spread ofgtheton counts is Full Width at Half Maximum (FWHMjhere a
line is drawn through the peak in the middle angpbed as shown in the figure below. A horizontaé livas drawn



through the pixel with the most counts (6599), fa@umns in from the left and six rows up from thettom. The
problem with this method is ensuring that the lisedrawn through the centre of the image and alsstmof the
information contained in the pixels of the spot #mown away as only those lying on the line cdntté to the line
profile. This means the line profile method is aotery accurate way of measuring the FWHM.

Figure (2) Centroided image of projected spot atpi&2I binning. The hexagonal structure of the MQ@¥Peg can clearly be seen. In
this example the pores are 12 microns in diameterld microns from centre to centre.

Another issue when making measurements of tubdshigh resolution is an image that looks like fig(). The bright
spots are actually the pores of the front microcleaplate. Note the hexagonal close packed streictithough this
gives a useful check on the scaling of the spotse@anent, it also makes the FWHM measurement fréimegorofile

through the centre of the image more difficult.

Our solution for interpreting these images and iobtg more accurate measurements is to use a rkagalprofile
method. First of all it is necessary to find thand y coordinates of the centre of the image. md fhe meax position,
counts that occur in the same column are addedhegehen multiplied by the number of counts inteaolumn by the
column number. Adding all these values together lapdlividing by the total number of counts give® tlmeanx
position. A similar process for the vertical scgiges the meany position. This is not necessarily the pixel witte t
highest number of counts.To find the FWHM, the eslare taken of pixels radially from the centre,dvgraging
intensity values of pixels that are the same radigthnce from the centre. The resulting plot ohmantensity vs radial
distance allows the FWHM to be measured (figure 3).
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Figure (3) Centroided image of projected spot amglgishowing line profile through the centre ofithage



If the resolution of the detector is high enought tthe MCP pores are resolved then this can stilse some difficulties
in measuring the FWHM. It is then best to use deseof equal size pinholes located at the monochtomexit slit
position to obtain a set of images. These can lieeoverlayed to average out the contributions fileenMCP pores.
Rotating and summing the images is another waynafoshing out the pore sampling although such sniogthan
artificially increase the measured FWHM of the ima@nd we decided that the envelope of the sigratis the best
representation of the spot size.

The images tend to have a halo around the mainpgpticularly in low resolution cases. Electronsident on the MCP
will either land in a MCP pore or on the webbingoietween. Electrons landing on the webbing wilheitbe absorbed
or may bounce off the surface and get drawn baskaitds the MCP by the electric field. Depending beirt velocity
when they leave the surface they could land inighteuring or nearby MCP pore or even one thabmes distance
away. It is possible they may then bounce agaihd$ do not enter a pore. Electrons are more likelgounce if they
impact at non-normal incidence, so the larger thatfgap and the weaker the electric field, thgdaithe halo will be.
Large halos can distort the image significantly.

2V 4V 8Vv 6\ 32V 64V 125V 250V 500V
Figure (4) Solar blind image intensifier tube rurgat 185 nm, 0.21 mm cathode-MCP gap
(note the grid pattern superimposed on the imagas artefact of the centroiding algorithm)

Varying the cathode-MCP voltage and hence the raefield at a fixed wavelength and acquiring imader each
voltage enables the effect of the electric fieldresolution to be monitored (figure 4). Alternatiyethe voltage can be
fixed and the wavelength of light varied using thenochromator.

The point spread function of the first stage of@xpmity focus tube is given by Eberhardt [1]
P(r) = P(0)exp( r’V /4L2V,) ®3)
which can be solved as

FWHM = 333L(V, /V)y2 (4)

where P(0) is the peak value of the point spreadtfon, r is the radial distance from the locatafrthe maximum, V is
the gap voltage, L is the gap length,i&/the mean radial emission energy of the photbelas.



RESOLUTION MEASUREMENTS

The measurements and image analysis were carrteat 8notek Ltd. Hertzberg Institute of
Astrophysics also made their own analysis of theges, which show close agreement.
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Figure 5 Resolution measuements as a function o¥/(@Xage — S20 detector (B) Square Root Electritdri€s20 Detector (C)
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Resolution vs Wavelength
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Figure 6 Resolution measurements as a function eéleagthfor different tubes.

The graphs in figure 5 show the effect of varyihg front gap voltage, plotted either as a voltagequare root of the
electric field. A simplistic model of resolution asfunction of square root electric field shouldegia straight line fit,
however at there are other effects to considertdeathode surfaces are not perfectly smooth ane tmaybe micron
scale distortions in the surface. Studies by [Fjvslthat combining these distortions with electigds in proximity

tubes distorts the field near the cathode from twhie electrons can gain additional transverseggnéihis effect can
dominate the resolution at low energies and isngisodependent on initial electron energy. As tieédfincreases this
initial energy and the topography of the surfaceobee less significant in comparison to the enehgydlectron gains
from the field. In these devices the pore spacinth® microchannel plate (15 micron) will limit thétimate resolution
that can be achieved.

The effect of constant field and varying wavelenigtshown (figure 6) and generally resolution dases steadily with
wavelength as would be expected as the higher gipdrgtoelectrons impact over a larger area on iagicel plate than
the lower energy ones.

On some of the solar blind tubes and our S20 theeetare sharp peaks in resolution at around 38@rm. This effect
could be due to the effect of generating multiglecteons per photon in the photocathode. The S2fiqghthode for
example, has an activation energy of around 1.1&kh increasing photon energy more electrons aitexk into the

conduction band with greater energies. Electromwiag at the conduction band with sufficient energp generate
additional hole-electron pairs from inelastic ciins with the lattice might generate two low egephyotoelectrons.
Theoretically, an incident photon with 3.3eV mighten kick out 3 photoelectrons, obviously thouglhwhe extra
energy losses in the processes, the actual eneegjesed would be expected to be significantlyhieig

These electrons will have much less energy thangdesUV photoelectron and will therefore impaceowa tighter area,
hence giving an improvement in resolution. Thisldaxplain the peak dip at 240 nm. 300nm is propdiglyond the
threshold for the effect to start and at 185 nmetfiect of decreasing wavelength is dominant.

This process have been seen recently by [6] andhalie made seen evidence of this effect in pulighhdistribution

measurements of photo-multiplier tubes with S20tptathodes. The effect was only seen by [6] in stubes. At

565nm the photon energy is 2.2 eV, which is twhe activation energy and would be the minimum pusghreshold
for two electrons to be released, however [6] savevidence that this was enough and believe tleeteftarted below
340nm (3.7 eV), peaked at 280 nm (4.4eV) and eathede 250nm (5eV).



Various possibilities exist for electron excitatiand their motion to the cathode surface and adtessacuum gap to
the MCP.

1) Asingle electron is generated and proceeds te|&®P

2) Asingle electron is generated and is absorbetidphotocathode

3) Two lower electrons are generated and both follesvsdame trajectory to the MCP

4) Two lower electrons are generated and follow déffepaths to the MCP

5) Two lower electrons a generated and one is absavtibih the photocathode (the other proceeds as43 o
6) Two lower electrons a generated and both are abdorithin the photocathode

Possibilities 2 and 5 clearly do not matter asheeitwill result in a detected photon. 3 and 5 wabult in better
resolution than the conventional case 1. 4 willduce a little improvement depending on the trajéesoof the

electrons.

Other tubes including solar blinds C and D (UVIDtatype detectors) and a bialkali tube do not femathis resolution
dip. This is difficult to explain why this would kbe case, but we do know that [6] only see thecefbn pulse height
distribution. The photocathode process is slighifferent between detectors A and B and detectoesx@D detectors
and/or the activation energy is different. Since Halkali photocathode does not have a Cs suléaes to lower its

workfunction unlike the S20, it has a higher adiva energy than the S20. Further studies by [6]nofmerous

photomultipliers have shown there is considerahlation in activation energy between S20 tubes.

ELECTRON ENERGY DISTRIBUTION MEASUREMENTS

A study by [7] investigated the electron energytriisitions of S20 photodiodes and saw a broadeninthe mean
photo-electron energy with decreasing wavelengtmfiaround 300 nm to around 270 nm. Below 270 nmmélas
narrowing effect was seen. They combined this whbtometry data that showed maxima and minima oicgum the
UV at integral multiples of constant photon enerjie maxima correspond to energy thresholds whageetis
sufficient energy to release 2 or 3 or 4 etc. loergy electrons per incident high energy photore atthors imply these
effects are not seen in all the tubes they measure.

We have made our own retarding potential measurisrefa solar-blind tube, operated in diode modenbegatively
biasing the photocathode and using the front MCBnaanode to collect photocurrent measured witit@ammeter. A
deuterium lamp and monochromator were used to itlate the photocathode and at wavelengths betwgéma and
350 nm. The bias voltage was adjusted graduallynfeoreversed biased state (with zero photocurtend) forward
biased state and the photocurrent recorded at ealtége interval. The absolute value of the photut drops as
would be expected with increasing wavelength dubéadecrease in sensitivity of the photocathadegddition to other
factors such as lamp output. The drop from 300mB860 nm is most dramatic, as this is a solar-fpihdtocathode with
a sharp drop in sensitivity in this region.

The interesting information is found by examinitge tvoltage range over which the device switchesTaking the

dl
derivative W of the data, plotting this also against appliedtage and measuring the FWHM (in Volts) of the

derivative gives a measure of the distributionhaf &lectron energies (in electron-volts) as theyrateased from the
photocathode. The smaller the value, the tightesread of electron energi&ee figure 7
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Figure 7: Electron Energy Distribution plots a1ad\7 plots for 3 MCP Solar Blind Tube at different wavedéhs

The spread of electron energies at a given wavtiestpuld directly affect the resolution of theadstor. The tighter the
spread, the higher the measured resolution shaylthkrefore one would expect the distribution édtighter at longer

wavelengths than at short wavelengths. Figure 8shihe measured mean photoelectron energy distibats a
function of wavelength.
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Figure 9 Electron energy FWHM plotted as a functibmavelength — Solar Blind Tube

The distribution is tighter between 215 and 350amone would expect, but there is a sharp dip twdxmn. The position
of the valley in the graph lies between 260 and 860 This is at a slightly longer wavelength thap seen in the
resolution spot size data.

CONCLUSIONS

Measurements have been made of the resolutionagérintensifier tubes. The data shows in some ¢hses are peaks
in resolution performance in the UV. There is saneelation between these results and those olotdioen electron
energy distribution measurements on a solar blimahee intensifier tube where a dip is evident inlcd f energy spread
vs. wavelength in a similar region of the UV tottiadnere the dip is seen. A possible explanatiorttiese anomalies is
that excitation process within the photocathode geryerate two low energy, rather than one highggnelectrons and
if one or both of these electrons reach the vaclewel of the photocathode, they will lower the age radial spread of
electrons reaching the anode and also reduce théNF@f the electron energy distribution. This hypesks is supported
by data acquired by [6] who have detected theseerdognergy electrons in the UV in pulse height dhistion
measurements of some S20 photomultiplier tubes.
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