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Voltage Divider Design

1. Introduction

In common with most electronic devices, the photomultiplier must
be correctly biased. This can be achieved by using an independent
voltage supply for each stage but it is more convenient to use a
voltage divider network consisting of a series of resistors between
earth and high potential. The current flow in this divider network
establishes a series of potentials which is applied to the dynodes
and focusing elements of the photomultiplier. These potentials
create the electrostatic fields required to focus the photoelectrons
on to the first dynode and to accelerate the electron cascade
between successive dynodes thereby providing current amplification.

The mostimportant factor to bear in mind when designing a voltage
divider is that the resistor network is the source of the ampilification
current for the output signal. An ideal voltage divider network is one
which maintains the dynodes at fixed potentials independent of the
level of output current. In practice, it is possible to approach, but
never completely satisfy, these conflicting requirements, as illus-
trated in the example of figure 1.

Fig 1. An idealised 3 stage photomultiplier used to illustrate the com-
plex nature of the current division between the signal and the voltage
divider. Arrows indicate electron flow.
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An input of N photons per second generates a cathode current I,
which, after amplification by 3 stages each of gain §, appears as an
output current. An increase in I causes a decrease in the voltage
AV between dz and anode and, since the overall voltage is constant,
AV will appear as a positive increment on the earlier stages, dq and
do. The net effect is a change in overall gain because the gain
voltage characteristic of a dynode foilows a power law. The key to
successful voltage divider design lies in minimising this feedback
effect. ‘

Itis convenient to consider two distinct cases: i) direct current opera-
tion and ii) transient or pulsed applications.

i) If I is continuous, or slowly varying, then we require for atube of n
stages:

(i) b—kén=lp—la=Ip

wiare Ipis the current drawn from the high voltage supply. Equation
§ satisfied by choosing Ip>> I, (max.) so that the individual resis-

tor currents Ip — Ik 6", Ip — Ikd and Ip — I are all nearly equal to

Ip. Satisfying equation (1) ensures that the interdynode voltages and

therefore the gain will remain essentially constant for 1;<l, (max.).

ii)If 'i;is atransient current, then itis necessary to maintain constant
interdynode voltages for the duration of 7. This can be done by using
decoupling capacitors to supply the required charge pulses. In
pulsed applications, therefore, we may have:

(i) Ip<<T,provided Ip>>Ta

where 1, is the mean current derived from /i\a integrated over a
suitable time period.

2. Cathode to first dynode considerations

The interface between the photocathode and the input to the elec-
tron multiplier is a critical section of the photomultiplier. Certain tubes
include focus elements to improve the electron collection efficiency
and to minimise the transit time variation for signals originating from
different regions of the cathode surface. Most photomultipliers do
not have adjusiable focus elements —they are either internally con-
nected to the cathode or d or totally absent and the recommenda-
tions given in Table 1 should be followed. The performance of tubes
with separate focus elements is optimised by setting the focus vol-

tages by experiment, the actual arrangements depending on
whether uniformity of collection or speed of response is more critical.
In many cases a Zener diode is convenient, especially where the
EHT is likely to be changed or the required value is unknown. Poten-
tiometers are useful for providing optimum focusing potentials and
they can be replaced later with fixed resistors. The same applies to
Zener diodes. An example of a complex front end arrangement is
given in figure 2. »

Eig 2. Bias arrangement for an elaborately focused 5 inch fast tube
type 9823. The 1 MQ resistors in paraliel with the Zener diodes
assist in voltage stabilisation and reduce noise.
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In most applications it is sufficient to follow the recommendation
given in Table 1.

Table 1

Tube diameter Vi—d, Vi—qg,

Side window types 100

30 mm, 38 mmand 52 mm 150

75mm and 90 mm 300

130mm 450

190 mm 750

Linear focused types: 19 mm 150

52 mm 300 f=d;

75mm 450 f=d

130mm 700 12010240 -

Photon counting 52 mm 300

Highd{ gain52mm 600 f=dy

Other special types: 9857 150 60t0 130
9858 300 12010260
9618 450 © 80to200
9623 750 16010280 (f1)

30010650 (f2)

9823 - 700 12010240

Recommended voltages for k—d4 and focus where applicable.
Measured focus potentials for individual tubes are given on the

" accompanying test ticket but the optimum values for any particular

application are best determined by experiment.



3. Direct Current Applications

it was stated in Section 1 that a purely resistive voltage divider
causes voitage redistribution in a complex way depending on the
level of Ix but the effect on the gain G will be small provided that
Ip>>1, (max.).if Ip> 100 I (max.) then G will remain essentially con-
stant within a fraction of one percent. Provided I; (max.) < 10 nA,
then Ip==1 mA is entirely satisfactory in most situations. This level of
supply current is neither too large for most commercial high voltage
supplies nor will it cause excessive heat dissipation in the region of
the tube base. Operating with supply currents of the order of several
mA can cause heating problems unless the divider network is
mounted away from the photomultiplier. A general purpose divider
recommended for applications where |, (max.) < 10 nAis shownin
figure 3(a). This is referred to as a uniform divider because all the
resistors except the one between cathode and dy have the same
value. If I (max.) exceeds 10 uA when using box and grid or vene-
tian blind photomultipliers, a standard divider network (Table 3) is
recommended. R is selected to provide the recommended operat-
ing voltage between k and d4. The circuit of figure 3(b) avoids the
need for high series current by using Zener diodes. Modern Zener
diodes (e.g. BZX 61C100V) require only a few tens of microamps
bias current to establish a reference voltage. The voltage drop
across the device does depend on the magnitude of this current but
only to a minor extent because of the low Zener resistance, typically
'~ 1 kQ. The use of a divider such as that shown in figure 3(b) in
battery operated equipment offers a significant saving in current
drain because the requirement in thls case is:

Ip = I (Max.) + 30 pA

Fig 3. Uniform voltage divider networks suitable for most d.c.
applications.
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4.1 Pulsed Applicaﬁons
The divider circuits of figures 3(a) and (b) are suitable for pulsed
operation provided the peak anode current i, satisfies:

na << Ip referring to figure 3(a)
or Ta < Ip + 30 pA referring to figure 3(b)

. Itxs possible to handle pulse currents much larger than Ip by modify-
ing the circuits of figures 3(a) and (b) to include decoupling
capacitors on the final 3 stages. For a decoupled network we can
have:

;a>> Ip provided Ty << Ip figure 3(a)
or i, >> Ip provided I < Ip + 30 pA fngure 3(b)

ltis quite acceptable to operate with la = 100 Ip provided the signal
repetition rate is not excessive. If this is the case then the condition
la << Ip will not hold and the gain wili change wnth signal rate.

The required capacitance can be estimated from the basic equation
relating voltage V, charge Q and capacitance C: Q = CV, from which
it follows that the relative voltage drop is: ’

AV_1AQ
v CV

Taking Q as the output pulse charge then for stable gain, AV/V
should remain <0.01 % sothat C>(52) / (&-). The value of the

. capacitors decoupling dn and dh—1 can be reduced because the .

charge pulse supplied is lower by a factor ¢ , the stage gain. The
same applies to dy—1 and dn--2 stages but itis usual to use the same
value capacitor throughout for convenience.

4.2 Linearity ‘

This refers to the ratio iz/ix which under ideal conditions is constant
and independent of the value of i5. Serious departures from linear
amplification can occur because of space charge effects,
emphasised by poor voltage divider design. BeCu dynodes provide
linear operation up to higher pulsed currents than their CsSb coun-
terparts operated under similar gain conditions. The range of linear
performance also depends on the type of structure. The relative per-
formance in order of decreasing pulsed current capability is: linear
focused, circular focused, venetian blind, and box and grid. Applica-
tions requiring a large dynamic range of operation are clearly best
satisfied with a BeCu, linear focused structure. However, if the
maximum pulsed current requirements are modest then a venetian
blind structure will give the same results. All photomultipliers give
improved linearity when operated with divider networks which pro-
vide increased voltages on the last 3 or 4 dynodes. A summary giv-
ing typical performance data is given in Table 2. -

Table 2
Ta(mA) T

Dynode structure atVg=100V atVg=300V ~

CsSb BeCu CsSb BeCu
53 mm linear focused 30 50 100 150
Circularfocused 10 20 30 50
Venetian blind 2 4 5 20
Box and grid 0.1 0.2 05 | 1

Note: Vg = voltage dy to dn—1

Linearity capability of the 4 dynode structures. The table shows the
approximate peak currents ‘at which thereis a 5 % depar‘ture from
linear amplification.

4.3 Design Examples

4.3.1 Photon Counting :

Design a voltage divider suitable for photon countlng using a fa
linear focused photomultiplier type 9863, capable of operating up1o
1 MHz at a gain of 107. The recommended k—d, voltage is 300 V
and the overall voltage for 107 gainis ~ 1900 V (from the catalogue
data).

The anode charge produced by each photoelectron is:

Ga = 1.6 x 10719 x 107 Coulombs '

and given that the full width of the output pulse is 5 ns:

T *%Q—O.SZmA

la (max.) corresponding to 1 MHz output rate is:
la (Max.) = gax 106 = 1.6 uA

Taking Ip = 100 I (max.) = 0.16 mA

Space charge saturation is clearly not a problem because the peak
anode currentis only 0.32 mA and a uniform voltage divider is there-
fore suitable. Using a 300 V Zener diode for k — d1,the divider
requirement is for 14 equal resistors each of RQ.

_ 1 1900—300

R= 14 0.16x10-3

=714 k) or 680 k(2 using preferred values

Vi — Vn—1 = 114V and taking AV/V < 10—4 (0.01 %)

c>(1 6>1<112—12)/ (10-4) =~150pF

It is sensible to take C = 1.5 nF to allow for pulse pile-up. The com-
plete divider is shown in figure 4.

Fig 4. A uniform voltage divider network for low level photon count-
ing applications using positive high voltage.
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The value of R depends on the electronic circuitry. It is usual prac-
tice to use 50 () coaxial cable into a matched load. If the length of
cable is less than ~ 30 cm, Ry can be >> 50 Q; otherwise it should
be matched to prevent ringing.

4.3.2 Scintillation Counting [Nal(TI)]

Design a divider network suitable for a range of isotopes with ener-

gies up to 1.33 meV (60Co). Photomultiplier non-linearity at a peak

anode current of 1 mA should be less than the intrinsic scintiliator

non-linearity with energy (about 1.5 %). A typical bialkali photo-
‘10de provides about 8 photoelectrons/keV energy deposited

w» @ good quality scintillator/photomultiplier combination.

The number of photoelectrons produced by 69Co is:

N =-1.33 x 108 x 8 = 104 photoelectrons
and the decay constant for Nal(Tl) is about 250 ns and it follows that:

Gx104x1.6x10—-19
250 x 10-9

G=15x105forT, = 1 mA

A 9956 venetian blind photomultiplier requires about 800 V to pro-
vide this gain with a uniform divider network. The tapered divider of
figure 5 will ensure good linearity and will require an operating vol-
tage of about 900 V to give 1.5 x 105 gain. Assuming a minimum rate
of n = 104 s—1, which is a typical upper limit for most Nal(T1)
applications, then::

la(max.) = NenG

= (104x 1.6 x 10—19x 104) x (1.5 x 105)
=24 uA
Taking Ip = 100x 2. 4 #A = 0.24 mA we have (for the voltage divider

le\
or

_ otfigure 5): °

P

yiEm . 900—150 | o _ _
13.5R—0—-—————-'24)(10_3 - R=230kQ, Rk = 620 kQ

or nearest preferred values, to give Vk_d1 =150V

Fig 5. A typical voltage divider for a venetian blind photomultiplier
where good linearity is a requirement.
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The most critical decoupling capacitor is that between the last
dynode and the supply voltage. For AV/V < 0.01.% then:

(104x 1.6x10-19x1.5x10—5
55

C> (AQIV)/(AVIV)= /104

= 44 nF = 0.05 uF

10MQ

In theory, small capacitance values can be used for C1 and C2
although it is usual practice to choose a common value.

The divider current of 0.24 mA is regarded as the minimum that
should be used for sodium iodide applications. Note that increasing
the source rate from 103 to 104 s—1 changes |5 from 0.24 pA

to 2.4 uA. The change in dynode current between dyg and anode
resultsin achange of V(dyo — Vs) of about 2.2 uAx 230 k() = —0.5V
which is redistributed between dg and cathode and causes a gain
change of ~ + 1 %. This explains why photopeaks dispiayed on a
multi-channel analyser tend to move to higher channel positions with
increasing source strength. If better immunity to changes in source
strengthis required, itis necesaryto increase l4 or use a Zener diode
between dyg and Vs.

5. Fast pulse applications with linear focused photomultipliers
Photomultipliers used in these applications are invariably operated
with the anode at earth potential. The reason is that external circuits
can then be directly coupled to the anode, thus avoiding rate effects
and overshoot common with capacitative coupling. Good high fre-
quency layout technigques are essential because linear focused
photomultipliers provide very fast rise time pulses (1-2 ns). The
wiring of the last few stages needs particular care. Most pulse appli-
cations make the use of 50 £) matched coaxial cable essential to
preserve signal waveforms without ringing. Fast tubes invariably
have the ultimate and penultimate dynode pins located adjacent to
the anode pin; these pins should be capacitively decoupled directly
to the screen of the coaxial cable using high quality disc ceramic
capacitors. These capacitors should be in addition to the normal
decoupling capacitors. A uniform divider network is suitable for
photon counting and similar low light level applications; butwhere a
large dynamic range (and consequently linearity) uptoia = 100 mA -
is a requirement, a tapered divider similar to that of figure 6(a) is
needed. A ‘super’ version of this divider is shown in figure 6(b) and
includes resistors R’ which provide critical damping of the LC circuit
made up of stray capacitance and wiring inductance.

Failure to neutralise this reactance can cause excessive ringing on
the output pulse. R’'generally lies in the range 30—300 Q and needs
to be selected for optlmum performance.

Fig 6. Recommended voltage dividers for linear focused

photomultipliers -
a)si e test network.
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b) ‘Super’ version for ‘clean’ output pulseshapesmcorporatlng1500
damping resistors.

Fig 6b
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6. Summary

The number of different divider configurations commonly used isa
direct consequence of the extensive range of photomultiplier appli-
cations. In general, a divider designed for a particular application will
not be optimum for the same tube used for a different purpose.

The difficulties associated with divider network design are often
compunded by the fact that the light ievel is not known and hence the.
gain required must be determined experimentally. In these cases
the user should be prepared to redesign the network using the




results obtained from the initial set-up as a guide. Where no informa-
tion on expected operating conditions is available the ‘standard’
voltage divider, Table 3, can be used for most applications. Recom-

A summary listing divider networks is given in Table 3.

mended values are: R = 200 k2 and R = 100 KQ with decoupling
capacitors of 0.01 uF.

Table 3
Ref. D%/;‘;);ie K — df — dp — d3—ds dn-4dn3 — dp—g — Gn-1 — dn — & Application
Al 19mmF | 2R | 15R | 15R | R R R R | R R High gain, d.c. la<10 uA
for 19 mm tubes only.
B | 1ommLF | 2R | 158 | 15R | R R | 1.25R4C1 |1.5R+Cp | 1.75R+Ca | 3R+C, | Fulsed.fori9mm
: : , : e : 3 4 tubes only.
Zener High gain, d.c.
C Alitypes | o Ry R R R R R R R R 1,<10 pA.
Zener High current, d.c.
D Alitypes | o/ R R R | R R R R Zener Zener 1a<100 pA.
Zener . .
E Alitypes | o Ry R R R R R+C4 R+C>2 R+Cs R+Cy4 High gain, pulsed.
Zener ) Standard, high gain,
F BG/VB or Ry R R R R R+C R+C> 2B+Cs R+Cs pulsed. ,
' Zener High pulse current,
G BG/VB or Ry R R R R‘ R+C1 2R+C» 3R+C3 R4+C4 ,i\a'<5 mA.
N ) -
Zener High pulse current,
H LF/CF or Ry R R R R | 1.25R+Cq|1.5R+C2| 2R+Cs | 3R+C4 4, <100mA.

Recommended voltage dividers. The appropriate k—d1 voltage (from Table 1)can be provided by a resistor, Ry, if the overall voltage is

known, or by a Zener diode.

Zener diodes are particularly useful, both at the cathode and anode
ends of the divider, especially where gain adjustment by changing
the supply voltage is expected. They are inherently noisy and should-
be by-passed with a capacitor or resistor to ensure that the noise is
not coupled to the anode. The fact that Zener diodes are tempera-
ture sensitive is often overlooked; a divider network including Zener
diodes can introduce photomultiplier gain variation of between0.1to
0.5 % °C—1 depending on the number of diodes used.

¢

In conclusion,the user should always be prepared to tailor the vol-
tage divider to the characteristics of the particular photomultiplier or
application. When replacing a tube it is important to check that the
divider is suitable for the new device. Photomultipliers offer a large
dynamic range of operation (for a linear focused tube 1 nA — 0.1 A)
and will oftenoperate satisfactorily despiteinadequacies inthedivider
network. However, for demanding applications,where the very best

performance is required, the user is well rewarded by careful design.” -

otz e

T Enteﬁprlges Ltd. proviae a comprehenéive range of

_compatible accessories, all designed by one of the world’s leading
“ manufacturers of photomultipliers to ensure optimum performance.

information is available on:
e High Voltage Power Supplies
designed by photomultiplier specialists

# Cooled and Uncooled Housings
for optimum performance with minimum dark current

o Photodetector Assemblies and Systems
for quick and accurate results

e Amplifier Discriminators
for optimum photon counting performance

e Magnetic Focusing Assemblies
for dark current reduction

e Shutter and Filter Assemblies
for excluding of filtering unwanted light -
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