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Résumé

Les rendements de comptage de l'iode 125 sont souvent in-

certains à cause de l'auto-absorption des rayonnements à faible énergie.

Un instrument spécial, portant la désignation AEP-5285, a été conçu

pour simplifier la mesure de l'activité de l'iode 125. Cet instrument

fait appel à une technique connue en vertu de laquelle le taux de comp-

tage est corrigé pour compenser l'auto-absorption et toute autre incer-

titude du rendement de comptage en recourant aux propriétés de coïnci-

dence des rayonnements. L'instrument en question contient des amplifi-

cateurs d'impulsion, des discriminateurs pour définir les zones d'éner-

gie présentant un intérêt et des circuits amplificateurs opérationnels

permettant d'effectuer automatiquement les calculs nécessaires et il

affiche en becquerels l'activité estimée de la source.
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ABSTRACT

Counting efficiencies for 125i are often uncertain because

of self-absorption of the low-energy radiation. A special

purpose instrument, AEP-5285, has been designed to simplify the

measurement of 1 2 5i activities using a known technique in which

the observed counting rate is compensated for self-absorption and

any other uncertainties in the counting efficiency by making use

of the coincidence properties of the radiation. The instrument

contains pulse amplifiers, discriminators to define the energy

regions of interest, and operational amplifier circuits to perform

the necessary calculations automatically, and it displays an esti-

mate of the source activity in becquerels.
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1. INTRODUCTION

A previous report (reference 1) has reviewed methods of

monitoring for 1 2 5 I . The recommended method requires taking a

complete photon spectrum with a thin sodium iodide scintillator

and a multi-channel pulse-height analyzer. The principal photon

energies emitted by 1 2 5I are 27 keV (Ka x-rays), 31 keV (K3 x-rays)

and 35 keV (y-ray). These are not resolved by a sodium iodide

detector and the spectrum normally shows only two peaks,

one at 28 keV and the other at 56 keV, the latter being a coinci-

dence peak resulting from the simultaneous detection of two photons.

The intensity of the single-event peak is proportional to the

detection efficiency, while that of the coincidence peak is

proportional to the square of the efficiency; therefore the

disintegration rate of the source may be calculated by Eldridge

& Crowther's method (reference 2), in which the ratio of the

intensities of the two peaks is used to estimate the counting

efficiency. Further details and a discussion of the errors may

be found in reference 1.

The instrument described in this report, has been designed

to simplify the measurement of 125i activities using this technique.

It contains most of the required electronics in one box and performs

the necessary calculations on the single-event and coincidence

intensities automatically using operational amplifier circuits.

In addition a scintillation detector of the Nal(Tl) type is

required, coupled to a low-noise photo-multiplier tube. Any

size or shape of crystal can be used but for best performance

the detector should be one that has been specifically designed

for low-energy photons. For low-activity sources a well counter

is ideal, since it provides a high counting efficiency which is

the same for all parts of the source; this minimizes the distri-

butional errors discussed in reference 1. A high-voltage power

supply is needed for the photomultiplier tube and this should

have a continuously variable output voltage, so that the output-
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pulse amplitude of the detector can be adjusted to match the require-

ments of the AEP-5285 electronic unit. A suitable commercial unit

is the Hewlett-Packard model 6515A.

2. PERFORMANCE SUMMARY

2.1 Modes of Operation

There are two modes of operation selected by a toggle

switch on the front panel (Fig. 1) - 'preset' and 'unknown1. In

the 'unknown' mode the full Eldridge and Crowther calculation is

performed and the output meter reading gives the source activity

directly in disintegrations per second. The 'preset' mode may be

used when the value of the efficiency factor is already known from

the results of previous experiments. In this mode the efficiency

factor is set on a 10-turn potentiometer and the output reading

is then the 'net counting rate', as defined in section 4.4, divided

by the pre-set efficiency.

2.2 Range of Operation

There are five linear ranges, switch selectable, 100 Bq x 1,

10, 102, 103 or 101*; however, the highest range, 1 MBq full scale,

is to be used only in the 'preset' mode. This limitation is

necessary because at very high counting rates the proportion of

random coincidences due to the overlap of two independent single

events becomes comparable to the proportion of true coincidences

due to the detection of two photons originating in the same disin-

tegration. The useful lower limit of detection is about 10% of

the most sensitive range, or 10 Bq, provided that the contribution

to the counting rate from background radiation or other radioisotopes

in the sample is not significant. By increasing the distance

between the source and the detector to a point where the counting

efficiency is reduced below 0.01, the upper range of operation in

the 'preset' mode can be extended to 100 MBq.

2.3 Response Time

Two times are available, switch selected. In the 'fast'

position the response time is 1/e seconds, where e is the efficiency

factor (preset or calculated). In the 'slow' position an additional

smoothing circuit is inserted with a time constant of 22 seconds.
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2.4 Accuracy

The basic accuracy of the electronic circuits is high, ~1%,

and the accuracy of measurements will be limited in practice by

other factors. At low activities statistical fluctuations and

the effect of background radiation fields will cause errors, while

at the highest rates there are inaccuracies from pulse overlap.

The standard deviation of repeated readings is ~±2%, but this is

a realistic estimate of the accuracy only when counting standard

(point) sources under laboratory conditions using a high-resolution

detector. The FWHM of commercial planar detectors at 28 keV is

~7 keV, while that of well counters is generally worse, ~10 keV.

As a result there will always be a possibility of a mistake in

classifying pulses in the range of 40-45 keV as single events or

coincidences, and this will introduce a systematic error into the

measurements. A more serious problem in the 'unknown' mode is

that the efficiency correction method assumes that a single value

of the efficiency can be applied to the whole source. In practice

both geometrical effects and variable self-absorption tend to

produce pronounced variations in efficiency for different parts

of an extended source, such as a charcoal-filled capsule; the

effect of such variations is shown in ref. 1 to result in an under-

estimate of the activity.

All things considered, a realistic estimate of the accuracy

from 102 to 105 is ±5% in the 'preset' mode (assuming the preset
efficiency to be correct) and ±10% in the 'unknown' mode. If

bulky samples are being measured on a planar detector there may

be an additional error in the 'unknown' mode, always an under-

estimate, of 20% or more due to the distributional effect. The

magnitude of this distributional error can be estimated by

physically subdividing a typical sample and comparing the sum of

the measurement on the parts with the original measurement on the

intact sample.

2.5 Sensitivity to Gamma Background and Interfering Isotopes

This is an important consideration for many users but one

that is difficult to quantify since it depends on the choice of

scintillation detector and many other factors. Experience has
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shown that the presence of 1 3 1I does not introduce serious errors

unless its activity is greater than that of 1 2 S I . Similarly

high energy gamma radiation can be tolerated up to the point at

which it produces a counting rate in the detector similar to that

from 1 2 5 I . What actually happens in these cases is that although

the interfering radiation increases the 'net counting rate', it

also causes an.increase in the automatic estimate of the counting

efficiency, and the two effects tend to balance one another.

Isotopes such as 203Hg which produce radiations that simulate 1 2 5i

coincidence events are more likely to interfere with the operation

of the instrument and if their presence is suspected the estimation

of 1 2 5i should be made from the full gamma spectrum of the samples

obtained with a multichannel analyzer.

2.6 Miscellaneous !

The 'test' and 'sealer1 inputs are intended for use in '

testing and calibrating the instrument as described in a later i

section of this report. The 'tuning' potentiometer provides for '
!

fine control of the discriminator threshold of the instrument

over a limited range of about ±20% to allow for variations in the

amplitude of the pulses from the detector. Coarse matching of .

the detector to the instrument is achieved by varying the voltage

applied to the photomultiplier tube.

3. OPERATION

3.1 Installation

The scintillation detector is placed in a lead castle and

connected to the high voltage power supply and the AEP-5285 unit.

For gain adjustments a source of 12Si of known activity, in the

range of 1 to 10 kBq, is required and this is placed as close as

possible to the detector. The "tuning indicator1 is a centre-zero

meter with a rotating red and white drum indicator, with the

'tuning' potentiometer set approximately in the centre of its

range, the voltage applied to the detector should then be increased

until the tuning indicator changes from white (negative reading)

to red (positive reading) with only a small increment of voltage.



-5-

This indicates the presence of a peak in the energy spectrum, but

since it may represent the coincidence peak rather than the single-

event peak the voltage should be raised a little? more to see whether

a switch back to white occurs (this indicates a trough in the photon

spectrum). If so the voltage should be further increased until

a second switch from white to red occurs, indicating that the

single-event peak is being detected. After an approximate balance

between red and white has been obtained by varying the detector

voltage, the system can be fine-tuned by use of the 'tuning' knob

on the AEP-5285 unit. This control adjusts the thresholds of the

discriminators in the unit to match the amplitude of the pulses

from the detector. Once the optimum power-supply voltage has been

established in this way, it will seldom need to be re-adjusted

unless the 'tuning' control is found to have reached its limit in

one direction or the other.

If a standard 12Si source is unavailable 1 2 9i can be used

as a substitute since its radiations are similar in energy. There

is only one photon per disintegration from 1 2 9 I , however, so it

can only be used in 'preset' mode, with the efficiency set at half

the value that would be appropriate for 1 2 5 I . Since there is no

coincidence peak there is less chance of an error in setting up.

There is a slight difference in the single-event energy so the

'tuning' setting reached using a 129 I source will not be exactly

the same as for 1 2 5 I .

If difficulty is experienced in setting up the instrument

in this way, an oscilloscope can be used to examine the amplitude

of the pulses. Suitable test points (see Figure 4) areTPl,

charge sensitive amplifier output, and TP2, the slow pulse-shaping

output. Although the amplitude of the pulses is variable, one can

usually distinguish the most common value which should correspond

to a photon energy of 28 keV. This amplitude should be about 4 V

at TP1 or 1.3 V at TP2 when the instrument and the detector are

properly adjusted.
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3.2 Routine Check

The performance of the instrument should be checked

regularly, and always after carrying out the set-up procedure,

by making measurements on a known source and comparing the results

with those obtained on previous occasions. To make a verification

measurement the 'efficiency' potentiometer should be set at 1.000

and readings taken on the activity displayed on the meter in both

'preset' and 'unknown' modes. The ratio of the 'preset' reading

to the 'unknown' gives the overall detection efficiency as estimated

by the instrument, while the 'unknown' reading is an estimate of the

source activity. Both estimates should be close to their expected

values if the instrument has been correctly adjusted.

3.3 Choice of Operating Mode

The 'unknown' mode should be regarded as the normal condition,

to be used on most samples unless for one of the following reasons

it is necessary to use the 'preset' mode. The 'preset' mode is

necessary for measuring samples with activities greater than 100 kBq

or less than 10 Bg, since the automatic efficiency-correction

circuit does not function properly under these conditions. The

'preset' mode is also recommended when the counting efficiency is

likely to be less than 0.05 and when contamination of the sample

with 203Hg is suspected. The statistical (random) erro? of the

readings will always be reduced by switching to the 'preset' mode

so that if the instrument is to be used to measure a large number

of physically similar low-activity sources it may be worthwhile

to establish an average efficiency using the sources of highest

activity and then to measure the rest in the 'preset' mode.

3•4 Measurement of Efficiency for Use in the 'Preset' Mode

For use of the 'preset' mode the efficiency must previously

have been measured using a standard source of the same type as the

unknown. (The standard can in fact be a sample which has given

an accurate result in the 'unknown' mode close to the detector.)

One way is to use the 'preset' mode, with an efficiency of 1.000.
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This means that the output is the 'net counting rate' rather than

disintegration rate of the source. A reading on a source of known

disintegration rate can then be used to establish the efficiency

as (counts/s) * (disintegrations/s). Alternatively, the 'efficiency'

potentiometer can be adjusted in the 'preset' mode until the meter

reading is the same as the known disintegration rate of the source

(or this divided by a power of 10). For a source in proximity to

the detector this requires that there be no change in reading on

switching from 'unknown' to 'preset'.

If the efficiency is much less than 0.1 the potentiometer

should be set to 10 times the actual efficiency and the meter

reading multiplied by an extra factor of 10. (The instrument will

attempt to give the correct answer if an efficiency of less than

0.1 is set, but the response will be sluggish.) With a very high

source activity it may be desirable to use an efficiency of less

than 0.01 to avoid pulse pile-up. I n this case a multiplication

factor of 100 should be used.

4. FUNCTIONAL DESCRIPTION

This description is based on the block diagram of the instru-

ment shown in Figure 2.

4.1 Fast Pulse-Shaping

A compromise is normally needed in the design of an instru-

ment of this type over the choice of the pulse-shaping time constant

to be used in the input amplifier. The shortest possible time

constant is desired when counting high-activity sources in order

to distinguish true coincidences from spurious ones arising from

the random overlapping of unrelated single events. On the other

hand, a relatively long time constant is required in order to integrate

all the light produced by each scintillation and obtain the best

energy resolution which the detector is capable of achieving. In

this instrument, the compromise is avoided by using two separate

pulse-shaping circuits, a 'fast' channel for timing purposes and

a 'slow' channel for energy determination.
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The 'charge sensitive amplifier1 inverts and amplifies the

pulses from the detector but has only a minor effect on their shape;

this is determined mainly by the decay time-constant of the light

pulses in the scintillator, about 250 ns. Since this time constant

is an important factor in the design, it is essential to use a

detector of the recommended type (thallium-activated sodium iodide)

for proper functioning of the instrument.

Charge pulses may also be fed into the amplifier via the

'test' input. This requires short (50 ns) negative-going voltage

pulses from a pulse generator which are modified by the 'pulse

shaper1 circuit to simulate pulses from the detector.

The output pulses from the amplifier are sharply differenti-

ated and fed to the "fast discriminator' which has a threshold

equivalent to a photon energy of about 10 keV when the instrument

is properly adjusted. When the fast discriminator is triggered

it generates a series of timing pulses which control the energy

analysis of the pulse in the 'slow' part of the circuit.

The R-pulse indicates the arrival of a new pulse and resets

the latches associated with the slow discriminators. The T-pulse

defines the minimum input pulse separation required for proper

operation of the slow pulse-processing circuit (2 vis) . At the

end of the T-pulse the TOT pulse is produced which indicates that a

valid input pulse has been received and will be processed, but this

action is inhibited if a second pulse is detected by the fast

discriminator during this time.

The minimum pulse separation at which an overlap will be

detected is about 200 ns (for pulses of equal amplitude). The

ratio of this quantity to the 2 ps resolving time of the slow pulse-

shaping circuit is a measure of the improvement in the performance

of the instrument at high counting rates which has been gained by

using two pulse-shaping circuits.

4.2 Slow Pulse-Shaping

The slow pulse-shaping circuit integrates the short pulses

from the charge sensitive amplifier to produce pulses which are

nearly Gaussian in shape and have a width of about 2 ps. The slow
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discriminator bias potentials are in the ratio 1:2:3:6, and when

the instrument is properly adjusted these potentials should correspond

to the photon energies shown in Figure 2. 28 keV is the mean or

average energy in the lower (single event) peak defined by the limits

14-42 keV. 42-84 keV defines the upper (coincidence) peak. The

bias potentials for all the discriminators are derived from a variable

voltage reference controlled by the 'tuning1 potentiometer, which

can therefore be used to match the discriminator levels to the

amplitude of the pulses from the scintillator. This control has a

limited range of about ±20%, however, and for adjustment outside

this range it is necessary to change the amplitude of the input

pulses by varying the photomultiplier tube voltage.

Each slow discriminator is connected to a digital latch

(R-S flip-flop) which is reset by the R-pulse at the start of each

slow pulse, and set by the discriminator output if its threshold

is reached during the pulse. After the peak of the pulse has passed

(2 us, defined by the T-pulse width), and provided an overlap has

not occurred, a TOT pulse is generated and combined with the latch

outputs in logic gates. If the pulse exceeded 14 keV but not 28 keV,

a negative-going pulse 'AIL' occurs, a single event of below average

energy. If 28 keV is exceeded, but not 42 keV, an 'A1U' output-

pulse occurs, a single event of above average energy. If 42 keV

is exceeded, but not 84 keV, there will be an 'A2' output pulse,

a coincidence.

4.3 Tuning Indicator

Tuning requires that the instrument be adjusted so that

the AIL and A1U counting rates are equal. An R-S flip-flop is

used to generate the tuning signal, since the fraction of time

spent in the set state is an accurate indication of the relative

proportion of set to reset pulses, provided both trains of pulses

arrive randomly. (The small amount of regularity introduced by

overlap prevention has no significant effect.) The output of

the flip-flop is smoothed and buffered and then applied to the

centre-zero 'tuning indicator' meter. A full scale deflection

of this meter corresponds to a counting-rate ratio of about 2:1.
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4.4 Count-Rate Circuit

The total number of photons detected by the instrument is

the number of single events plus twice the number of coincidences.

Since there are potentially two photons from every disintegration

of 1 2 5 I , the number of photons detected is also equal to the overall

counting efficiency (including photon yield, which is actually

about 70%) times twice the disintegration rate of the source. The

disintegration rate can therefore be estimated as the 'net counting

rate1 divided by the efficiency, where the 'net counting rate' is

defined as half the single-event counting rate plus the coincidence

counting rate.

If the activity (disintegration rate) = N

then the No. of photons produced = 2N

and the No. of photons detected = 2eN = A, + 2A2

where A, = single-event counting rate

and A- = coincidence counting rate .

Therefore N =
2e

_ ,Net counting rate.
Efficiency

The single-event counting rate is the sum of the A1U and AIL

rates, while the coincidence rate is the A2 rate. Therefore, a

pulse train with a net counting rate of A2 + JjAl is produced by

combining A1U and AIL, dividing the rate by 2, and then adding

in the A2 pulse train. In this case, division by 2 is achieved

by transmitting every second pulse ('%A1 normal1) since non-random

selection of single-event pulses in this way helps to minimize

the statistical error in the rate. The count-rate signal is fed

to a chain of four decade-dividers, and then to the range switch

which can select either the basic count-rate signal, in the XI

position, or one of the pre-scaled outputs. A direct 'sealer
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input' is provided at this point for test and calibration purposes

and can also be used as a test output during normal operation of

the instrument.

4.5 Efficiency Sstimation

The 'frequency-to-current1 stage converts the count-rate

pulses into increments of negative charge which are fed into the

inverting input of an FET-input operational amplifier. The output

from the amplifier is a smoothed voltage equal in magnitude to the

average input current times the effective value of the feedback

resistor. If the 'preset' mode is selected a known efficiency

factor is set on a 10-turn potentiometer, and in this case, the

effective value of the feedback resistor is thft. actual value,

1 Mfi, divided by the attenuation ratio of the potentiometer. For

instance, if the present efficiency is reduced from 1.0 to 0.2

the effective value of the feedback resistor becomes 5 MS2 and the

output voltage is increased by a factor of 5. In 'unknown' mode

the potentiometer is replaced by a semiconductor (CMOS) switch which

connects the feedback resistor either to the output of the amplifier

or to ground. The average effect is to attenuate the feed-back of

the output signal by a factor equal to the duty cycle of the switch,

the proportion of time spent in the "on" state. For proper operation

this duty cycle should therefore be equal to the efficiency factor

estimated by Eldridge & Crowther's method (reference 2).

Using the same symbols as in the previous section the

coincidence counting rate A~, is given by

jA-] using the equation for N above.

Therefore e = A2/[%A1+A2]

- Efficiency Factor -
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The proper duty cycle for the CMOS switch is achieved by controlling

it with another R-S flip-flop circuit, which functions in the same

way as the tuning indicator already described. The flip-flop is set

by the A2 pulses, and re.'set by a random pulse-train with half the

rate of Al. The 'normal' output is not suitable since it is partially

derandomized. Either A1U or AIL could be used on its own, since

when the instrument is correctly tuned both should have rates of

3jAl, but this would make the instrument very sensitive to errors in

tuning. The circuit actually used divides the Al signal by 2 by

connecting the reset line to A1U or AIL alternately, depending on the

state of the same bistable element that is used to produce the

'3sAl normal" signal. The resulting count rate will always be

(A1U + AID/2, and it will be random if the instrument is correctly

tuned, that is the A1U and AIL counting rates are equal. With unequal

rates the output is not perfectly random, but the error introduced

into the efficiency correction is negligible, about 3% for a 2:1

ratio between A1U and AIL. (If e is the true counting efficiency

and a the fraction of Al counts falling in AIL (or AlU) , the duty

cycle of the flip-flop, the estimated efficiency factor, can be

shown to be

e(3-2£)/[(2-e)
2 - 4a(l-a)(1-e)2]

which reduces to e when a = 0.5.)

4.6 Smoothing

With the 'smoothing' switch in the 'fast' position the

longest time constant in the circuit will normally be that associated

with the count-rate circuit. This time constant is 1 yF multiplied

by the value of the feedback resistor (1 MS2) and divided by the

efficiency factor (e), in either mode, giving a value of 1/e seconds.

In the 'slow' position an additional smoothing circuit is added

with a time constant of 22 seconds.

4.7 Dead-time Correction

The pulse-overlap correction circuit, described in section

4.1, rejects all pulses that occur within 2 us of another pulse,,

that is when two pulses have a time separation of less than 2 ys
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both are suppressed. The probability of no pulse occurring in a

particular period of duration T is exp(-nx) where n is the average

rate of arrival of the pulses. If we require a clear period of t

before and after a particular pulse the probability is [exp(-nt)]2

= exp(-2nt). To correct for dead-time losses in this instrument

the output reading therefore needs to be multiplied by a factor of

exp(2nt), where t is the resolving time, and n is the total

counting rate from the fast discriminator. The time t (2 ps) is

established by the width of the T-pulse. The probability of finding

this signal in a quiescent condition is just that of no pulse having

occurred in the past t seconds, which is exp(-nt). The inverse of

the T-pulse is used to control a semiconductor switch within the

feed-back loop of an operational amplifier used in the non-inverting

configuration. The principle of operation is similar to that of

the efficiency correction circuit in that the semiconductor switches

can be considered equivalent to a potentiometer with an attenuation

ratio equal to the average fraction of time that the switches are

connecting the feedback resistor to the output of the amplifier.

The smoothing capacitor prevents any sudden changes in the output

voltage of the amplifier, thus ensuring that it is the average

attenuation ratio which is significant in determining the output

voltage. The average voltage at the negative input of the amplifier

is therefore the output voltage multiplied by exp(-nt). Feedback

forces the two amplifier input voltages to be equal; therefore the

output voltage must be exp(nt) times the voltage applied to the

non-inverting input.

This operation is carried out twice to give the required

overall correction factor of exp(2nt).

The "DTC" switch is used to disable the dead-time correction

when the circuit is being tested with equi-spaced pulses. In this

case (and at low counting rates) the two amplifiers function merely

as voltage followers.
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5. CIRCUIT DESCRIPTION

The complete schematic of the instrument is shown in

Figure 3.

5.1 Input Amplifier

In normal operation pulses of negative electrical current from

the anode of the detector photomultiplier tube are fed directly into

the input of the AEP-5285 electronic unit (through a high-voltage

blocking capacitor). The "charge sensitive amplifier" (Figure 2)

actually consists of two stages. Ql (Figure 3) is a low-noise

transistor amplifier whose gain is determined by the collector-to-

base feedback network, R4 in parallel with Cl and R5. This network

extends the fall time of the pulses from 250 ns (determined by the

Nal scintillator) to about 500 ns. Q2, Q3 and Q4 form a 3-stage

non-inverting amplifier with a gain of about 40 (set by the ratio

of Rll to R9). Pulses corresponding to 28 keV photons have an

amplitude of about 4 V at this stage (TP1, emitter of Q4) .

The pulse-shaping network on the 'test' input (R19, CIO,

R18, C9, R17) is intended to modify short (50 ns) voltage pulses

from a pulse generator into exponentially decaying current pulses

with a time constant of 250 ns similar to those produced by a Nal(Tl)

scintillation detector.

5.2 Fast Pulse-Shaping

Pulses from the input amplifier are differentiated sharply

by C19 and R33 and then fed directly to a pair of discriminators -

IC1A which has a reference voltage derived from the tuning circuit

of about 300 mV, and IC1B with a reference of zero. The discriminator

outputs are coupled to a NAND Set-Reset (R-S) flip-flop (IC2 A&D)

which is set by a pulse at R33 of at least 300 mV, corresponding to a

photon energy of about 10 keV, and reset when the differentiated

pulse drops back to zero or less.

The output of the R-S flip-flop initiates a series of timing

operations governed by dual monostable multivibrators IC10 and IC12.

IC10B produces a pulse 0.7 ys in width (R-pulse) which resets the

latches associated with the discriminators in the slow side of the
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circuit. IC10A produces a pulse (T-pulse) that defines the minimum

input pulse separation required for proper operation of the slow

pulse-processing circuit, which is 2 ys. If another pulse occurs

while the output of IC10A is still high this will set the D-type

flip-flop IC11A, and also re-trigger IC10A (that is the internal

timing circuit of IC10A is reset). IC12B is triggered by a negative-

going transition of the T-pulse, which occurs 2 ys after the last

input pulse, but since the 'clear' input of IC12B is connected to

IC11A this action is inhibited if IC11A has been set. IC12B

triggers IC12A directly to produce the TOT pulse (0.7 ys) which

indicates that a valid input pulse has been received and will be

processed. From the above description this can be seen to require

that the pulse be energetic enough to switch IC1A (̂ 10 keV) and

that it be separated in time by at least 2 ys from all other such

pulses.

5.3 Slow Pulse-Shaping

The slow pulse-forming amplifier is made up of two active

filters, Q5 and Q6, followed by a DC-restoration circuit, Q7, Q8

and Q9. The filters are of the 2nd-order low-pass Sallen and Key

type (reference 3), using a unity-gain non-inverting amplifier

which in this case is simply an emitter follower. Since the

pulses are stretched in time their amplitude is reduced by a

factor of 3 in this stage. In the DC restorer circuit Q8 and Q9

are a matched pair of high-gain transistors. Whenever the potential

at the base of Q8 starts to fall below that of Q9 the collector

current of Q9 is increased and Q7 turns on to restore the potential

to zero. As long as a positive pulse is present Ql is turned off,

while in the quiescent state it merely supplies a small base current

to Q8.

The slow discriminators IC4 A&B and IC5 A&B switch at poten-

tials determined by the resistor chain R32, R40, R41, R42 and R43.

The potential at the top of the chain is set by IC3, a voltage

regulator IC, and the 'tuning' control R39. IC3 acts to maintain

a constant potential, nominally 5V, at the junction of R38 and R39,
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so that by varying the 'tuning' control the output voltage can be

adjusted between 5 and 7 volts. At the nominal value of 6V the

discriminator bias potentials are therefore O.€7 V, 1.33 V, 2 V and

4V. The 4 gates in IC6 are used to block the discriminator out-

puts during either the R-pulse or the TOT pulse. The gates in

IC7 and IC8 form R-S latches which are reset by the R-pulse, and

set by the discriminators if their thresholds are exceeded during

the time interval between the end of the R-pulse and the end of the

T-pulse. The latch outputs are combined with the TOT pulse in the

3 gates of IC9. If the equivalent energy of the pulse exceeded

14 keV but not 28 keV, a negative-going pulse 'AIL' is produced by

IC9C. If 28 keV is exceeded, but not 42 keV, IC9A produces an

'AlU' output-pulse. If 42 keV is exceeded, but not 84 keV, IC9B

produces an 'A2' output pulse. If the energy was less than 14 keV

or greater than 84 keV none of the IC9 gates should produce an

output.

5.4 Tuning Indicator

As explained in Section 4.3, the tuning indicator is based

on an R-S flip-flop, IC 13 A&B which is set by the AlU pulses and

reset by the AIL pulses. The output of IC13B is converted to more

precise voltage levels of zero and 5 V by IC14C and then smoothed

and buffered by IC37. The meter (Ml) compares the output of IC37

with a 2.5 V reference derived directly from the 5 V line. The full-

scale sensitivity of the meter in this circuit is approximately

±0.8 V, which corresponds to a counting-rate ratio of about 2:1.

5.5 Count-Rate Circuit

The AlU and AIL signals are combined in ICI6A and then

divided by 2 in IC11B (a type D flip-flop). Every second single-

event pulse is therefore transmitted through IC17C and combined

with the coincidence pulses, A2, in IC17D, to give a pulse train

with a rate equal to %A1 + A2, (the 'net counting rate1). The

count-rate signal is fed to a chain of four decade-dividers, IC18-21,

and then to the range switch S6 and the "sealer input'. IC22 A&B

divide the counting rate by an additional factor of 4 to ensure
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that the pulse train is at least partially derandomized before

being applied to the next stage which is a 1.5 ms monostable IC23.

Otherwise a significant proportion of pulses might be lost, since

the counting rate at this point can be up to 100 s"l •

The frequency-to-current converter section is a current-

pump circuit using CMOS switches (IC25), instead of the more usual

diodes, to avoid temperature-sensitive voltage offsets. Each

logical pulse from IC23 results in a pulse of negative charge at

the inverting input of IC27. The size of the charge pulse is

determined by C29 (0.047 y.F) and the output voltage of IC26 which

is adjustable between 7 and 10 volts depending on the setting of

R64. Thus there is about 0.4 pC for each pulse from IC23, or about

0.1 uC per count at the 'sealer' input. CR15 is a field-effect

(current regulating) diode, used to limit the current in C29 and

avoid overloading the switches in IC25.

5.6 Efficiency Estimation

The increments of negative charge at the inverting input of

IC27, are smoothed by C33 and converted into an output voltage

equal to minus the average input current times the value of the

feedback resistor, R67, divided by the efficiency factor. In 'preset'

mode a known efficiency is selected with a 10-turn potentiometer

R69. In 'unknown' mode the potentiometer is replaced by a semi-

conductor (CMOS) switch IC28 which connects the feedback resistor

either to the output of the amplifier or to ground, depending on

the level of the control signal from IC16D. IC16 C&D form a R-S

flip-flop which is set by the A2 pulses, and reset by a random pulse-

train with half the rate of Al. This is generated by IC15 A,C & D

which connect the input of IC16C to A1U or AIL alternately depending

on the state of IC11B.

R70 and the zener diode CR13 protect the switches, IC28, by

limiting the output voltage of the amplifier.

5.7 Dead-time Correction

This circuit uses opera' ional amplifiers IC30 & 31 in the

non-inverting configuration. The semiconductor switches, IC29,

within the feedback loops, are controlled by the inverse of the
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T-pulse, unless dead-time correction is disabled by switch SI.

The smoothing components, C43 & R76 and C35 & R81, have a time

constant of Is, which is ample to ensure that it is the average

attenuation factor introduced by the switches in the feedback

loops that will determine the gain. The zener diodes CR1 and CR14

protect the CMOS switches, IC29 and the meter, M2, by limiting the

output voltage range of the amplifiers to approximately -0.5 V to

12 V.

6. CALIBRATION AND MAINTENANCE

6.1 Calibration

The output of the last dead-time correction stage drives a

100 viA meter, M2, through a 100 kQ resistor, R75. The sensitivity

is therefore 10 V full-scale. The count-rate circuit has been shown

to produce approximately 0.1 yC for each pulse at the 'sealer1 input.

If a preset efficiency of 1.000 is used the effective value of the

feedback resistor, R67, is the actual value, 1 Mfi, and this deter-

mines that 100 counts/s at the sealer input produce an input current

to IC27 of 10 uA, an output voltage of 10 V, and full-scale deflection

of M2. The calibration of the instrument therefore depends on

IC26, C29, R67, R75 and M2. These components have tolerances varying

from 1% to 10% which can all be compensated for by a single adjust-

ment of R64, a trimming potentiometer mounted on the circuit board.

Higher ranges are produced by dividing the count-rate digitally, so

that calibration of the XI range (using a source of pulses at

precisely 100 Hz) is sufficient. There are no other critical internal

adjustments in the instrument. For the power supplies and multi-

vibrators stability is more important than a precise value, and

hence reliable fixed-value resistors and capacitors are used.

6.2 Maintenance

Since there are few moving parts, no routine maintenance

is required. A thorough trouble-shooting procedure has not been

developed for this instrument but the following hints may help if

it appears to malfunction.
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First check fuses and power supplies. The +5 V, +20 V and

-10 V lines should be accurate to within ±5%.

Second, check that the detector is working, for instance

by connecting it to some other instrument such as a multichannel

analyzer, or by using a sensitive oscilloscope.

Third, switch to 'sealer' and apply a 100 Hz (or 60 Hz)

calibration signal (TTL levels) to the 'sealer' input using 'preset'

mode with an efficiency of 1.000. This allows the count-rate

circuit, dead-time correction amplifiers and output meter to be

checked independently of the rest of the instrument. Also count

the calibration signal in the 'unknown' mode with test-point A2

grounded. This should give the same reading, if not IC28 may be

faulty.

Fourth, if the trouble appears to be in the input part of

the circuit, connect a source of short (50 ns) negative-going

pulses of variable amplitude to the 'test' input and, using an

oscilloscope, follow their progress through the instrument according

to the functional description of the circuit given in Sections 4 & 5

of this report, i sing the component layout shown in Figure 4.

Particular points to check are TP1 (charge sensitive amplifier),

TP2 (slow pulse shaping), the discriminator outputs and the timing

pulses.
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CAPTIONS

Figure 1. Photograph of the instrument

Figure 2. Block Diagram

Figure 3. Circuit Diagram

Figure 4. Component Assembly Drawing
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