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Abstract 
A measurement of the angular and polarisation dependence of the reflectance of an EM1 9124B KaCsSb bialkali 

photocathode, with the photomultiplier immersed in water, has allowed an unambiguous determination of the KzCsSb 
complex refractive index (2.7 f 0.1 + i( 1.5 f 0.1) at 442 nm wavelength) and thickness (23 f 2 nm) The wavelength 
dependence of the refractive index has been obtained from a m-analysis of “three intensities” data from Timan [H. Timan, 
Optical characteristics and constants of high efficiency photoemitters, Revue Technique Thomson-CSF 8 ( 1976) 491. A 
detailed study of KlCsSb optical properties (absorptance, reflectance and transmittance) has been performed using the 
above results as reference points. 

1. Introduction 

The bialkali photocathode, KzCsSb, is practically the uni- 
versal choice for photomultipliers used for detecting scin- 
tillation and Cherenkov light. Its spectral sensitivity [ 1 ] is 
shown in Fig. 1. Most scintillators radiate in the region of 
400 nm and Cherenkov light has a 1 /A2 spectrum. For many 
purposes the quantum efficiency, i.e. the fraction of the in- 
cident photons which release electrons from the cathode to 
the vacuum is the only cathode characteristic of interest. 
However, for nuclear, and in particular neutrino counters of 
large sensitive volume viewed by many photomultipliers, the 
dependence of the quantum efficiency on the angle of inci- 
dence and polarisation of the light, and the reflections from 
the photocathode, are matters of considerable importance. 

The specific case which has stimulated the work described 
in this paper is the development of the solar neutrino detec- 
tor for the Sudbury Neutrino Observatory [ 21. It consists of 
1000 m3 of heavy water DsO contained in a spherical acrylic 
vessel submerged in Hz0 and viewed by 10000 photomul- 
tipliers. Each of these photomultipliers is equipped with a 
light reflecting concentrator [ 31. The whole array of 10 CKKI 
photomultipliers is supported by a spherical geodesic struc- 
ture surrounding the D20 and immersed in the H20. A neu- 
trino interaction in the D20 produces a relativistic electron 
whose Cherenkov radiation is detected by the array of pho- 
tomultipliers. The energy, location, and direction of the elec- 
tron is determined by the number, spatial distribution and 
time of artival of the detected photons. The reconstruction 

l Corresponding author. Present address: Lawrence Berkeley Laboratory, 1 
Cyclotron Road, Berkeley. CA 94720, USA. Tel. + I 5 10 4867845. e-mail 
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of a neutrino event is complicated both by the angular de- 
pendence of the photomultiplier sensitivity and the detection 
of reflected photons. 

The KaCsSb bialkali photocathode has been known for 
forty years but there are no easily available published mea- 
surements of the angular dependence of reflections, nor of 
the angular dependence of the quantum efficiency. Timan 
[ 41 made measurements of reflections and transmission near 
normal incidence, over a range of wavelengths, for a vari- 
ety of alkali antimonide photocathodes including KzCsSb. 
Angular measurements have also been made for CssSb by 
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Fig. 1. Typical wavelength dependence of the quantum efficiency for a 
K2CsSb bialkali photocathode on an EMI 9351B photomultiplier. The 
data were measured by Boardman [ 1] with equipment provided by the 
manufacturer. The cut-off at 300 nm is imposed by the glass envelopes; 

better glass which pushes the cut-off down to 280 nm is now available. 
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Greschat et al. [5] and NazKSb:Cs by Chyba and Mandel 
[ 61 which might be expected to serve as a guide to the likely 
behaviour of KzCsSb. These measurements, Refs. [ 4-6 1, 
have ail been made on photodiodes constructed solely for 
the purpose of studying the photocathode, whereas we are 
concerned with the photocathodes of production photomul- 
tipliers. In this case there is a multiplicity of stray reflections 
from the internal dynode structure and the aluminised sur- 
faces, and light transmitted by the cathode is not accessible 
for measurement. 

Since 1991 several authors have investigated bialkali 
photocathodes using production photomultipliers. Moor- 
head and Tanner [7] measured the angular dependence 
of the front reflectance of a bialkali photocathode using 
an EM1 9124B photomultiplier immersed in water and in- 
ferred from this measurement the complex refractive index 
and thickness of the photocathode. This method was then 
pursued by Lang [ 81 and by Lay [9] who made separate 
measurements on a pair of EMI 9125B photomultipliers. 
The results of all three authors are shown in Table 1 where 
there is good agreement in the real part of the measured 
complex refractive indices and reasonable agreement in the 
imaginary part. There is also good agreement in the deduced 
photocathode thicknesses for the two cases where differ- 
ent authors measured the same photomultiplier. However, 
as expected, different photomultipliers can have different 
K2CsSb photocathode thicknesses. 

Lay [ 91 has gone even further and demonstrated that the 
absorptivity of a bialkali photocathode, as calculated from 
its complex refractive index and thickness, has the same 
angular dependence as that of its quantum efficiency. The 
precision to which this agreement can be verified is limited to 
the few percent level by the difficulty in accounting for stray 
reflections inside the photomultiplier, but for most purposes, 
such as the characterization of photomultiplier responses in 
neutrino detectors, this precision is quite acceptable. 

All of the above recent investigations [7-91 of bialkali 
photocathodes have been limited to the 442 nm wavelength 
of He-Cd lasers. The only published data at other wave- 
lengths am those of Timan [ 41 which have been re-analysed 
in Section 4 of this paper to provide the wavelength depen- 
dence of the complex refractive index. 

2. Reflections from a photocathode 

For a KzCsSb photocathode the most useful laser wave- 
length that falls in the sensitive range, see Fig. 1, is the He- 
Cd line at 442 nm, which is also a good match to the com- 
mon scintillator wavelengths. All of the measurements have 
been made at 442 nm using a 10 mW Liconix He-Cd laser 
suitably attenuated to avoid damage to the photocathode. 

The pattern of reflections from the neighborhood of the 
cathode of a photomultiplier are illustrated in Fig. 2 for the 
case of the glass window immersed in water. In air the maxi- 
mum angle of incidence at the photocatbode itself is 02 (c) = 

sin-’ ( 1 /nz) = 42.2’ which is also the critical value of 192 for 
total internal reflection at the cathode/vacuum interface. For 
the photocathode properties the informative measurements 
are those for the reflected intensities at & > 42.2’. Reflec- 
tion measurements in air are of little value either for the 
practical properties of neutrino detectors or the parametriza- 
tion of the properties of photocathodes. 

The laser beam had a diameter of about 1. I mm and a 
divergence of 0.5 mr which allowed the separation of mul- 
tiple reflections related to the 2 mm thickness of the glass, 
see Fig. 2. Multiple reflections within the thickness of the 
photocathode, - 20 nm, completely overlapped and added 
coherently. Many other reflections, not shown in Fig. 2, from 
internal surfaces of the photomultiplier were observed but 
did not cause difficulty with the measurements of cathode 
reflections. 

The intensity of the reflections from a KzCsSb photocath- 
ode were measured as a function of the angle of incidence 
and polarization using a 30 mm EMI 9124B photomulti- 
plier. A schematic plan view of the apparatus is shown in 
Fig. 3. The polarization of the laser beam is normally verti- 
cal, which is the TE mode or transverse electric (relative to 
the plane of reflection) ; it was rotated into the TM (trans- 
verse magnetic) mode by physically rotating the laser ’ . The 
beam intensity was continuously monitored with the beam- 
splitter (microscope slide) and photodiode arrangement. A 
Perspex 2 cylinder, of diameter 150 mm was located on a 
rotating table and centred on the vertical axis of rotation of 
the table. The photomultiplier tube was mounted through the 
side of the Perspex cylinder with the centre of its front win- 

’ This is not a recommended procedure for He-Cd lasers. 

2Perspex is the trade name for ICI acrylic which has a sharp optical 
cot-off at 370 nm imposed by the UV stabilizer. 

Primary Secondary 
Glass photocathode photocathode 

Incident reflection, reflection, reflection, 
beam RI2 R, CT,,)’ (R,) ‘R,, CT,,)’ 

Primary Secondary 
photocathode photocathode 
transmission, transmission. 
T,, T, T,, R, R,, T, 

Fig. 2. The multiple reflections of a laser beam of diameter 1 .I nm which 

occur inside the glass window of the photomultiplier emerge parallel, 
separated by a distance of order 2 mm. By contrast the multiple refktions 
which occur inside the thin (N 20 nm) photocathode overlap each other 

aad interfevz coherently with each other. Their amplitudes must be summed, 
taking into account their relative phases, in order to calculate the total 

amplitudes of the reflected and transmitted waves. 
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Table I 
Measured biakali photocathode refractive indices rq + ik3 and thicknesses d at 442 nm wavelength 

PMT type 

EMI 91248 
EM1 9125B 
EM1 9125B 
EMI 9125B 
EMI 9125B 

Serial no. 

6605 
6605 
6515 
6515 

Ref. “3 k3 d [ml 

[71 2.7 f 0.1 1.5 f 0.1 23 f 2 
[Sl 2.67 f 0.07 1.69 f 0.04 25.5 f 1.0 
[91 2.66 f 0.04 1.74 f 0.02 24.4 f 0.6 
[81 2.64 f 0.06 1.57 f 0.04 16.8 f 0.7 
[91 2.63 f 0.02 1.59 f 0.02 16.7 f 0.3 

R0tatiag 
- 

Heliumcadmium Thin slit 

Rotating 
table 

EMI 9124- 
photodetector Perrpex cylinder photomultiplier 

Fig. 3. Schematic representation of the apparatus used for photocatbode 
reflection measurements. 

dow at the axis of rotation of the table. The horizontal laser 
beam was aligned to be incident at the centre of the pho- 
tomultipher window. The Perspex cylinder was filled with 
deionized water, completely immersing the photomultiplier. 

The photodiode on an independently rotating arm (with 
the same axis of rotation as the table) measured the in- 
tensity of the reflections from the photomultiplier. All the 
reflectance measurements were normalised to the beam in- 
tensity which was measured with the same rotating photo- 
diode by withdrawing the photomultiplier from the centre 
and allowing the beam to pass straight through the Perspex 
cylinder. Both the straight-through beam and the photomul- 
tiplier reflections suffer the same losses from reflection at 
the Perspex cylinder. Hence these losses factor out upon 
normalization. However, a variable percentage of the beam 
was scattered by small defects on the Perspex cylinder. The 
r.m.s. fluctuation in the reflectance measurements caused by 
the passage mice through the walls of the scattering Per- 
spex cylinder was measured from the r.m.s. fluctuation of 
the straight through beam which also passes twice through 
the Perspex. This r.m.s. fluctuation of f 1.5% was the limit- 
ing random error of the reflectance measurements. The non- 
linearity of the photodiodes and any sensitivity to polariza- 
tion was very much less than the fluctuation uncertainty. 

The multiple reflections emerged parallel from the pho- 
tomultiplier window, separated from one another by a dis- 
tance of order 2 mm (the thickness of the window, see 
Fig. 2). Since the laser beam was 1.1 mm wide it was pos- 

sible to resolve the multiple reflections into individual com- 
ponents: glass reflection, primary photocathode reflection, 
secondary photocathode reflection, etc. Moreover, the abil- 

ity to resolve the multiple reflections was greatly enhanced 
by the focussing effect of the water-filled Perspex cylinder 
which acted as a thick cylindrical lens. This lens focussed 
the parallel laser beam into a vertical line at a distance 
nlr/2( nt - 1) N 2r from the centre of the lens where nr 
is the refractive index of water ( 1.34 at 442 nm) and r is 
the radius of the lens, i.e. the radius of the Perspex cylin- 
der. Hence at a distance r from the Perspex cylinder the 
straight-through beam appeared as a vertical line and the 
multiple reflections as a series of parallel vertical lines. The 
focussing also caused the multiple reflections to converge 
together, but with only ha&the focussing power of the lens, 
since the multiple reflections were produced parallel to each 
other inside the lens. They were brought together at a dis- 
tance nt r/( nl - I ) 5x 4r from the centre of the lens. There- 
fore at a distance r from the Perspex cylinder their sepa- 
ration had only decreased by a third from the initial N 2 
mm whereas each individual reflection was focussed into a 
N 0.1 mm wide line and hence could easily be resolved by 
placing a 0.15 mm wide vertical slit in front of the rotating 
photodiode, as in Fig. 3. 

Measurements were made of both the glass reflectance R, 
and the primary photocathode reflectance R, as a function of 
the angle of incidence 81 at the photomultiplier window (see 
Fig. 2), for both polarizations independently, i.e. electric 
field vector perpendicular or parallel to the plane defined by 
the incident and the reflected beams, (respectively TE and 
TM waves). The measured primary photocathode reflection 
R, is plotted in Fig. 4 where there is a marked and sensitive 
structure above the angle 01 = 48.3’ which corresponds to 
the onset of total internal reflection at the cathode/vacuum 
boundary. 

3. Analysis of reflectance 

At a specific wavelength one may be able to parametrize 
the reflections and transmissions of a photocathode, Fig. 2, 
in terms of three parameters for the cathode, viz the real and 
imaginary parts of the refractive index, As = nj + iks , and the 
thickness d; the refractive indices of the glass window 112 and 
the external medium nl being given. Such a three parameter 
description is appropriate for a homogeneous cathode layer 
without any peculiar surface properties. 

The reflected and transmitted intensities of Fig. 2 are ex- 
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Fig. 4. Measured intensity of the primary photocathode reflection Rp as a 

function of angle of incidence Bt and polarization, TE and TM. The curves 
are the best fit of R3Tf2 to the data for free adjustment of the parameters 
“2, “3, k3 and d. The geometry of the reflections is indicated in Fig. 2. 

pressed in terms of four quantities Rlz, TQ, Rs and T3 which 
can be calculated as a function of angle for each polariza- 
tion using the well known Fresnel formulae, e.g. see Ref. 
[ lo]. Essentially there are three unknowns n3, ks and d to 
be determined by making a least squares fit of the calculated 
primary photocathode reflection R3Tf2 to the measured pri- 
mary photocathode reflection R, as a function of angle, see 
Figs. 2 and 4. The refractive index of the glass nz can be de- 
termined by fitting the calculated glass reflectance Rt2 to the 
measured glass reflectance R,, but a consistent and more ac- 
curate value for n2 was obtained by fitting the primary pho- 
tocathode reflectance Rp with four variables, n2, ns, k,, d. 

The value of R3Tf2 was computed for both polarizations, 
TE and TM, and all experimental values of 81 (see Fig. 4) 
within the volume of the four dimensional parameter space 
defined by Table 2. The best fit of R3Tf2 to R, occurred 
at n2 = 1.49, n3 = 2.7, k3 = 1.5, d = 23 nm with an 

Table 2 
Four dimensional parameter space investigated in the least squares fit of 
the primary photocathode reflectance Rp 

Parameter Minimum Maximum Step size 

“2 1.475 1.495 0.005 
“3 1.0 6.0 0.05 
k3 0.0 5.0 0.05 
d [ml 5.0 50.0 0.5 

801 , , , , , , , , 

- . Fit: n, = 2.85 

i 
i .‘\, 01 ’ ’ ’ ’ ’ ’ ’ ’ 

0 10 20 30 40 50 60 70 80 90 

Angle of incidence on photomultiplier window, e, (degrees) 

Fig. 5. Two fits to the primary photocathode data from the line in the 
4D parameter space (n2,n3, k3.d) along which hs increases the least 
quickly from its minimum as the normal incidence reflectance along this 
line is more or less constant. The parameter values of these fits have been 
obtained by minimizing Arms for a fixed value of n2 ( 1.49) and two fixed 
values of d (20 and 26 nm). The respective Arms values are 5.5% and 5.9%. 

RMS deviation from the 52 measured points of 3.6%. This 
is larger than the 1.5% quasi-statistical fluctuations imposed 
by the imperfections of the Perspex cylinder, Fig. 3, but not 
so large that one would reject the simple description of a 
photocathode in terms of a complex refractive index: uni- 
formity of the cathode at the per cent level is not guaranteed 
and the area investigated changes with 91 by a few mm and 
a slightly different area may have been used for TE! and TM 
polarizations. 

The four parameters, nz, n3, k3 and d, are separately 
strongly constrained by the RMS error of the fit, the error 
increasing steeply for a change in one of these variables. 
However there is a line in this four dimensional space char- 
acterized by approximately constant values of n2, nj/k3, and 
]?1s]2d along which the RMS error rises least steeply from 
the minimum, the calculated reflection R3Tf2 near normal 
incidence remaining constant. Fixing n2 = 1.49 and d = 20 
and 26 nm, either side of the best four parameter fit d = 23 
nm (Fig. 4), provided the two parameter, ng and Q, fits of 
Fig. 5. The RMS errors are respectively 5.5% and 5.9%, cf. 
3.6% of Fig. 4, and in particular these fits do not reproduce 
the measured height of the peak in the TM polarized reflec- 
tion. 

From the photocathode’s complex refractive index and 
thickness one can calculate the transmittance Ts and re- 
flectance Rs as well as the absorptance As using the relation 
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Table 3 

Timan’s measurements (41, at near normal incidence, of the transmittance. T. front reflectance (from the glass side), Rf, and back reflectance (from the 

vacuum side), Rv, of two K2CsSb bialkali photocathodes Iabclled BI and 83. The measurements are corrected for reflectance losses at all air/g& interfaces 

Wavelength [ nm] T(Bl) Rf(BI) &WI) T(B3) Rf(B3) Rv(B3) 

390 0.145 0.23 0.44 0.135 0.25 0.435 
453.5 0.19 0.275 0.455 0.155 0.315 0.46 
505 0.30 0.29 0.41 0.26 0.30 0.41 
601.5 0.465 0.235 0.295 0.445 0.27 0.33 
798 0.715 0.185 0.195 0.695 0.22 0.23 
897.5 0.80 0.15 0.775 0.19 

1070 0.85 0.125 0.84 0.145 
1153 0.87 0.115 0.115 0.865 0.125 0.125 

R3 + T3 + A3 = 1. Fig. 6 shows A3 and 7’3 for the EM1 9124B 
photomultiplier for both the TE and TM polarizations as a 
function of the angle of incidence at the glass/cathode in- 
terface. 

4. Refractive index versus wavelength 

Timan [ 41 has published measurements of reflection and 
transmission of unpolarized light at near normal incidence 
for a variety of photocathodes over a range of wavelengths. 
Two of the cathodes were bialkali KzCsSb and the exper- 
imental data for these, labelled Bl and B3 by Timan, are 

80 
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e, (degrees) 

Fig. 6. Calculated angular and polarization dependences of the absorptance, 

A3, and transmittance. T3, of a K&Sb photocathode assuming the EM1 

91248 pammetrisation: nz = 1.49. n3 = 2.7, k3 = 1.5. d = 23 am and 

&=442nm. 

reproduced in Table 3 (Ref. [ 41 is not now readily acces- 
sible). The measurements are the so-called “three intensi- 
ties”: i) Rf the front face reflection from the cathode = Rs 
in the notation of Fig. 2, ii) R, the vacuum face reflection 
from the cathode which in Fig. 2 = Rs with n2 and n4 in- 
terchanged, and iii) T the transmission through the cathode 
= 7’s of Fig. 2. 

As presented in Table 3 the three intensities have been 
corrected for reflection losses at all air/glass boundaries. For 
a given wavelength the three intensities, fitted with the same 
Fresnel formulae [ lo] as used in Section 3, can in principle 
determine ns, k3 and d. In practice there are a large number 
of equally good fits and the ambiguity is not resolved by 
analysing all wavelengths measured and requiring the same 
thickness d for the same photocathode. The RMS errors of 
the fit of 2 to 4% allow too much freedom. 

The ambiguity problem can be resolved by requiring the 
complex refractive index of Timan’s B 1 and B3 photocath- 
odes to be as close as possible, at Aa = 442 nm, to the EMI 
9124B parametrisation obtained in Section 3. There is sub- 
stantial evidence [ 111 that different manufacturers obtain 
similar refractive indices for alkali antimonides, and Timan 
refers to a QE of 27% for a KzCsSb cathode which would 
not shame EMI with a contemporary photomultiplier. 

With some hesitation and reservations the ambiguity has 
been resolved by choosing the fit to Timan’s measurement 
at 453 nm for the B 1 and B3 to be as close as possible to the 
measured refractive index of EMI 9124B, which effectively 
fixes the thickness of the Bl and B3 cathodes and permits 
the evaluation of the refractive indices at other wavelengths. 
The parameters at 453 nm were as follows: ii3 = 3.2 + il.5 
andd=24nmforBl,and&=3.25+i1.5andd=29nm 
for B3. 

The variation of real and imaginary parts of the refractive 
index with wavelength is shown in Fig. 7, where the size of 
the error bars have been chosen to reflect the uncertainty in 
the above “thickness fixing” procedure and also to show that 
at 390 nm there is still a considerable range of acceptable 
fits even after fixing the photocathode thickness. 
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Fig. 7. Wavelength dependence of the K+Sb complex refractive index from the EMI 9124B parametrisation obtained in Section 3 and the re-analysis of 

liman’s measurements 141: (a) real part (ng), and (b) imaginary part (k3). 

5. Optical behaviour of photomultipliers with K$sSb 
photocathodes 

The optical properties that shall be discussed are the pho- 
tocathode’s reflectance, transmittance and absorptance as a 
function of angle of incidence at the photomultiplier win- 
dow (@I), refractive index of the medium in contact with 
the photomultiplier window (ni ), refractive index (ii,) and 
thickness (d) of the photocathode, and vacuum wavelength 
( Aa). To simplify the discussion, polarization dependence 
has been ignored and all intensities in this section are the 
average of the calculated TE and TM intensities, i.e. unpo- 
larized light is assumed. 

In order to calculate the total reflectance, transmittance 
and absorptance of the front window of a photomultiplier 
one must sum (incoherently) the geometrical series of the 
multiple reflections inside the window (see Fig. 2). The 
resulting intensities (respectively Rw, TW and Am) are 
given by 

RFW = RIZ + 
R3(Td2 

1 - RizR3’ 

Tpw = 
TIzT~ 

1 - RI& 

Am= 
&TIZ 

1 - RIzR~’ 

where Riz, Ti2, Rs, T3 and A3 are the same quantities as in 
Section 3. 

5.1. Influence of surrounding medium on angular 
behuviour 

The medium which surrounds the photomultiplier in- 
fluences the angular behaviour through refraction at the 
boundary between this medium (ni ) and the photomul- 
tiplier’s glass window (nz), see Fig. 2. This refraction 

determines the accessible range of angles at the photocath- 
ode (02). As we have already seen in Fig. 6, the behaviour 
of the photocathode changes dramatically once BZ exceeds 
the angle for total internal reflection at a cathode/vacuum 
boundary, 02(c) = sin-‘( l/nz) = 42.2”. 

If ni = 1.0 (e.g. a photomultiplier in air) then the re- 
fraction at the nt/n2 boundary is such that & never exceeds 
@z(c) and so the resultant angular behaviour is flat. This is 
shown in Fig. 8a where we have assumed the EMI 9124B 
photocathode parametisation obtained in Section 3, i.e. the 
values n2 = 1.49, n3 = 2.7, k3 = 1 S, d = 23 nm. The cut-off 
in AN and TW at large angles is due to reflectivity at the 
nl /nZ boundary. 

If ni > 1 .O then 02 can exceed @Z(C) and the angular be- 
haviour is more complicated. A common case for neutrino 
detectors is immersion in water (nl = 1.34). This case is 
shown in Fig. 8b, again assuming the EMI 9124B photo- 
cathode parametrisation obtained in Section 3. The angular 
behaviour is clearly divided into two regions separated by 
the angle for total internal reflection at the cathode/vacuum 
boundary, 01(c) = sin-‘( l/n,) = 48.3’. Another frequent 
case is that of a photomultiplier in contact with a liquid or 
plastic scintillator of refractive index n1 N 1.49. In this case, 
the angular behaviour is practically identical to that shown 
in Fig. 8b except that the critical angle 81 (c) is 42.2’ in- 
stead of 48.3’. 

One final case has to be considered: a photomultiplier in 
contact with a medium of higher refractive index than the 
glass. In this case there are two critical angles. The first is the 
angle 81 (c) which has been discussed above, and the other 
is the critical angle for total internal reflection at the nl/nz 
boundary, 0{(c) = sin-’ (nz/nl). Clearly, at angles 8, 2 
S{ (c) no tight is able to reach the photocathode and RN = 
1.0. Thus the behaviour shown in Fig. 8b is compressed 
within the angle 0; (c). 

In many photomultipliers, particularly the larger hemi- 
spherical photomultipliers of neutrino detectors, a significant 
fraction of the light transmitted by the photocathode (Tm) 
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Fig. 8. Calculated polarization averaged front window absorptance, Am, reflectance, Rm, and transmittance, Tm, as a function of the angle of incidence 
at the photomultiplier. assuming that the photomultiplier window is in contact with: (a) air (nl = 1.0). and (b) water (nt = 1.34). In both cases the EM1 

9124B pammetzisation is assumed: n2 = 1.49, q = 2.7, k) = 1.5, d = 23 nm and A0 = 442 nm. 

is reflected back onto the photocathode by aluminised inter- 
nal surfaces. Ray-tracing simulations of the complicated in- 
ternal geometry of EMI and Hamamatsu 20 cm photomulti- 
pliers indicate that N 50% of the Tm intensity is eventually 
absorbed by the photocathode. These estimates have been 
corroborated by tests at EMI [ 121 using 20 cm photomulti- 
pliers with and without the internal aluminisation. Thus, by 
adding half of Ti to AW one can estimate the total photo- 
cathode absorptance for the photomultiplier as a whole. It is 
clear from Fig. 8b that by following this recipe one obtains 
a more uniform angular response. 

5.2. Variation of photocathode thickness and wavelength 

So far, we have only considered one possible parametriza- 
tion of the photocathode. There is substantial evidence [ II] 
that alkali-antimonide photocathodes have, in general, well 
defined stoichiometries which are reproducible in photomul- 
tiplier production. Thus one expects that the tube-to-tube 
variation in photocathode refractive index is not so great and 
certainly less than the expected variation in photocathode 
thickness which is much more difficult to control in pro- 
duction. This is precisely what Lang [ 81 and Lay [ 91 have 
found in their investigations of two EM1 9124 photomulti- 
pliers at 442 nm, (see Section I, Table 1) . 

Let us, then, consider the variation of photocathode thick- 
ness first (keeping the wavelength fixed at 442 nm) and 
return later to the wavelength dependence of the refractive 

index. To simplify the presentation, we will restrict the dis- 
cussion to the case ni = 1.49 (photomultiplier immersed in 
liquid scintillator) and to only two angles of incidence. The 
first angle, IO’, indicates the behaviour at near normal in- 
cidence, 81 < 81 (c), and the second angle, 65”. indicates 
the behaviour in the region of total internal reflection, 81 > 
e,(c). Fig. 9 shows the quantities Rw( IO*), Tw( lo”), 
Am( lo”), R~(65’) and Am(65”) as a function of pho- 
tocathode thickness for the EM1 9 124B parametrisation ob- 
tained in Section 3. At near normal incidence, the absorp- 
tance exhibits a plateau from about 1.5 nm to 30 nm thick- 
ness, whereas at 65” incidence there is a broad asymmetric 
peak at about 13 nm. 

As discussed at the end of Section 5.1, many photomulti- 
pliers have aluminised internal surfaces which reflect most 
of the transmitted light back onto the photocathode. The 
net effect is that the total absorptance is roughly equal to 
Aw + i7’~. If the near normal absorptance, AFW( IO”), 
shown in Fig. 9 is corrected for this effect, it resembles quite 
closely the absorptance at large angles, AFW (65”)) and even 
displays an absorptance peak at about 15 nm. 

The optimum thickness for maximum quantum efficiency 
is, of course, not just determined by the thickness depen- 
dence of absorptance but also by the thickness dependence 
of the probability of photo-electrons escaping into the vac- 
uum. Nevertheless, there is some indication from Fig. 9 that 
the optimum photocathode thickness is about 15 nm. This 
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Fig. 9. Calculated thickness dependence of the polarization averaged front 
(water) window absorptance, Aw, reflectance, Rw, and tmnsmittance. 
Tw. at two angles of incidence ( 10’ and 65’) for a photomultiplier in 
liquid scintillator (nt = I .49) assuming tbe EM1 9124B parametrisation: 
“2 = 1.49, “3 = 2.1. k3 = 1.5 and h = 442 nm. 

is slightly less than the average thickness of the three well- 
characterized photomultipliers shown in Table 1. 

In the thickness range lo-30 nm where the near normal 
absorptance is more-or-less constant, the transmittance and 
the near normal reflectance are quite strongly dependent on 
thickness. It is conceivable that either of these latter quan- 
tities could be used as on-line monitors for measuring pho- 
tocathode thickness during production, e.g. a transmittance 
measurement of 33 f 3% at 442 nm implies a photocath- 
ode thickness of 15 f 1.8 nm, assuming the EMI 9124B 
parametrization. Obviously, this method will be susceptible 
to tube-to-tube variations in photocathode refractive index. 
However, if this variation is of the order of that found by 
Lang [ 81 and Lay [ 93 ( 5 f5% variation in either ns or 
ks) then the inferred thickness in the above example will 
have a systematic error of f5%. This should be tolerable 
for the purposes of quality control during photomultiplier 
production, as current methods are based on the subjective 
determination of a trained operator. 

Another interesting variation to consider is the wave- 
length dependence of the refractive index, as given by the re- 
analysis in Section 4 of Timan’s data [4], (see Fig. 7). Sev- 
eral parametrizations, consistent with this re-analysis, were 
investigated at both AO = 390 and 500 nm, either side of 
the much-studied 442 nm wavelength. It turns out that all of 
these investigated parametrizations have angular behaviours 
and thickness dependences which are very similar to those of 

the EMI 9 124B parametrisation at 442 nm. The only signifi- 
cant differences are in the relative amounts of transmittance, 
reflectance and absorptance, as shown in Table 4, where at 
Aa = 500 nm there is somewhat more reflectance and trans- 
mittance and less absorptance that at either 442 or 390 nm. 

6. Summary 

The detailed measurement presented in Sections 2 and 3 
of the angular and polarization dependenceof the reflectance 
in water of a KzCsSb photocathode allows an unambigu- 
ous determination of the photocathode’s optical parameters. 
This reliable method of determining photocathode param- 
eters is dependent on an accurate measurement of the re- 
flectance peak which occurs for TM waves at the onset of 
total internal reflection, (see Figs. 4 and 5). For the particu- 
lar photomultiplier investigated, EM1 9124B, the following 
values were obtained: thickness = 23 f 2 nm and refractive 
index = 2.7 f 0.1 + i( 1.5 f 0.1) at 442 nm wavelength. 
These results are consistent with those of Refs. [ 81 and [ 91 
(see Table 1) where the same method was used to measure 
a pair of EM1 9 125B photomultipliers. 

The wavelength dependences of the real and imaginary 
parts of the KzCsSb refractive index have been obtained by 
re-interpreting in Section 4 the “three intensities” data of 
Timan [ 41. The inherent ambiguity from interpreting these 
data has been removed by assuming that the photocathodes 
measured by Timan have similar refractive indices to those 
of the EM1 9124B photomultiplier. 

Using the EM1 9124B parametrisation and the wave- 
length dependence of the bialkali refractive index obtained 
in Section 4, the optical properties of photomultipliers with 
KsCsSb photocathodes have been calculated as a function 
of: i) angle of incidence at the photomultiplier window, ii) 
refractive index of the medium in contact with the pho- 
tomultiplier window, iii) photocathode thickness and iv) 
wavelength. The angular behaviour can be divided into two 
regions which are separated by the critical angle for total 
internal reflection at the cathode/vacuum boundary. In the 
region of total internal reflection the absorptance is slightly 
greater than at near normal incidence. Moreover, the op- 
timum photocathode thickness for maximum absorptance 
is slightly smaller in the region of total internal reflection 
(- 15 nm) than at near normal incidence (- 20 nm). 
These small differences between the two angular regions 
are reduced in the case of photomultipliers with aluminized 
internal surfaces which reflect the transmitted light at near 
normal incidence back onto the photocathode. 

It would be very valuable to obtain more parametriza- 
tions of KzCsSb photocathodes across the wavelength range 
of reasonable quantum efficiency (300-550 nm) and with 
many tubes so as to determine more precisely the tube-to- 
tube variation in photocathode parameters. The method of 
determining photocathode parameters developed in this pa- 
per is ideal for this purpose. 
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Table 4 
Calculated wavelength dependence of the polarization averaged front window absorptance, Am. reflectaace. Rw, and transmittance, Tnu, at two angles of 
incidence (loo and 65’) for a photomultiplier immersed in liquid scintillator (at = 1.49) and with a bialkali photocathode of 20 nm thickness and the 
following refractive indices: i) n3 = 2.1, k3 = 2.0 at A0 = 390 nm. ii) n3 = 2.7, kj = 1.5 at h = 442 nm. and iii) “3 = 3.2, k3 = 0.9 at A0 = 500 am 

Wavelength [ nm] %v(lOO) &w(lO”) A&10’) RFW(65? AFW(6S0) 

390 0.21 0.18 0.6 I 0.22 0.78 

442 0.26 0.17 0.57 0.18 0.82 

500 0.34 0.23 0.43 0.30 0.70 
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