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Abstract

A new concept of charge quantization and pulse-rate
measurement was developed to monitor low-level gamma
dose ra tes using energy-sensit ive, air-equivalent
counters. Applying this concept, the charge from each
dutweted photon la quantized by leve l -sens i t ive
comparators so that the r e s u l t i n g t o t a l output
pulse rate la proportional to dose rate.

The concept was tested with a proport ional counter
and a so l id-3 ta te detector for wide-range dose-rate
monitoring appl icat ions. The prototyplc monitors
cover a dose-rate range from background radiat ion
levels (10 )jR/h) to 10 R/h.

Introduction

rt method of charge quantization and pulse-rate
measurement was developed and tested for poss ib le
a p p l i c a t i o n s of e n e r g y - s e n s i t i v e d e t e c t o r s
(gas -p ropo r t i ona l counters and PIN d iodes) as
radiat ion dose-rate monitors in the range 10 uR/h to
10 R/li.

This research was aimed at showing the potential of
the charge quan t i za t ion method as an improved
rad ia t ion monitoring acheme and to demonstrate i t s
su i tab i l i t y as a replacement for the two roost commonly
used monitoring methods, Geiger-Muellor (G-M) tube and
lonization-chamber based instruments. These exist ing
instruments have several problems: air-equivalent
lonizat ion chambers do not generate enough current
(>10~12 A) at background levels (10 uR/h) to make
dose-rate measurements quickly enough, and G-M tubes
ignore the gamma energy deposited and therefore do not
directly measure dose rate. '

For test and evaluation of this method we developed
and b u i l t a p r o p o r t i o n a l c o u n t e r o f near
air-equivalent characteristics, used i t and a s i l i con
PIN diode as detectors in benchtop instruments, and
acquired preliminary data for evaluation of the merits
of this method in c i v i l defense applications.

Method of Dose-Rate Monitoring

Gamma dose-rate In Roentgens per hour (R/h) is
defined as the ionization produced per unit of time by
photons in a detector volume of a i r . ' Therefore, dose
ra te may be measured by count ing the number or
detected photons per uni t of time mult ipl ied by the
energy each d i ss ipa tes in the detector volume.
Conventionally, this product is obtained by monitoring
the ionization current from an a i r - f i l l e d chamber of
known volume. The energy required to dissociate one
electron- ion pair in a i r is -30 eV, so that in a
reasonably sized chamber at background radiat ion
levels (10 (iR/h), the ionizat ion current is <<1 pA.
This makes the measurement d i f f i c u l t and l imits the
response time of the instrument. On the other hand,
pulses from G-M tubes are Independent of the energy of
the detected phototi3, so that air-equivalent response
must be achieved by careful compensation.
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The method proposed here innkfi.1! ufie of aeveral
desirable properties of energy-sensitive detectors
(gaa-proportional counters and s i l i con PIN diodes)
combined with a multllevel discriminator ami counting
Instrument. Proportional counters with air-ecjulvalent
f i l l gas have character is t ics s imi lar to those of
a i r - f i l l e d i o n i z a t i o n chambera. Operating at
ga3-multlplicatlon factors of 100, they generate -3
electron-ion pairs per electron vol t of transferred
photon energy. In comparison, s i l i con PIN diodes
generate -0.3 electron-ion pairs per electron vol t .
But even at these re la t ive ly high charge levels, the
average currents are not large enough (>1 pA) for fast
response ( 0 0 s) dose-rate monitoring at background
levels.

Consequently, we developed a pulse-counting method
(Fig. 1) consisting of an energy-sensitive detector,
a low-noise preamplif ier and f i l t e r , a mul t i leve l
d i sc r i in lna tor for charge q u a n t i z a t i o n , and a
count - ra te meter. As an example ( F i g . 2 ) , the
conversion of detector charge quanta to pulse rate is
i l l us t ra ted Cor three detector output pulse heights.
The amplitude of each f i l ter-ampl i f ier output pulse lo
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Fig. 1 . A current pulse from an energy-sensitive
detector is amplified, f i l tered, and converted into a
t r a i n o f pu lses s u i t a b l e for processing by a
count-rate meter.

CHARGE
QUANTA

(Q)

0=8

LEVEL
CROSSINGS

CD

PULSES

UNIT TME INTERVAL

Fig. 2. The charges of three pulses occurring
within a giver, time interval at the output of a
charge-sensitive preamplifier are quantized by
oharge-to-pulse height conversion in a f i l t e r
amplifier and subsequent counting of the number of
leval crossings during the same Interval. ( In this
example, a total of it charge quanta per unit of time
results in 11 level crossings and, consequently, 11
countable pulses per unit of time).
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p r o p o r t i o n a l to the detector charge (U). The
multilevel discriminator In th is example uses eight
stacked d i sc r im ina to rs to quantize the ampli f ier
pulses. Each positive level crossing represents one
quantum of detector charge; therefore, the sum of a l l
level crossings ( i . e . , the sum of a l l charge quanta)
per unit of time is proportional to the true dose rate
for an air-equivalent detector.

Description and Characteristics
of Prototyplc Monitors

Two benohtop dose-rate monitors were bu i l t and
tested to evaluate the concept of charge quantization.

Radiation Detectors

Of the two gamma r a d i a t i o n d e t e c t o r s used in
evaluating the dose-rate moni tors , one was a s i l i c o n
PIN photo-diode 1 cm « 1 cm square and 200 pin th ick .
This detector operated at a 25-V b i a s . D i rec t energy
conversion in the i n t r i ns i c region was used to produce
charge quanta in response to detected photons. The
detec tor was compensated2 w i th aluminum and copper
sheets to achieve a near a i r - e q u i v a l e n t response in
the photon energy range 80 to 3000 keV.

The second detector was a c y l i n d r i c a l p r o p o r t i o n a l
counter . I t s cathode was an aluminum cyl inder of 3 mm
wall thickness, 2.3 cm dlam and 5 cm length. The wa l l
t h i c k n e s s was c a l c u l a t e d fo r near a i r - e q u i v a l e n t
response t o photons in the energy r a n g e 60 t o
3000 k e V . ! The c o a x i a l anode was made o f
13-um-diam s t a i n l e s s s t e e l w i re . The detector was
f i l l e d w i t h a gas mixture of 90? Ne and 1 OX CF,, at
150 kPa pressure. Because no data were a v a i l a b l e fo r
t h i s gas mixture In proport ional counters, we measured
the gas m u l t i p l i c a t i o n fac to r (M) as a func t i on o f
b i a s v o l t a g e f o r t h i s coun te r to c a l c u l a t e the
coef f ic ients AV and K from Diethorn's formula,3

V In2 V
M ° e x p \TTnTb7aT l n K p a ln(b/a)

where V i s the anode b ias v o l t a g e (V ) , p i s the
counter gas pressure (atm), and a and b are the anode
and cathode r a d i i (cm) r e s p e c t i v e l y . The values of
the constants ca l cu la ted fo r the 90? Ne + 10J CF,
mix ture were flV = 30 V and K - 2.2 x 10" V (atm cm"1).
The proport ional counter was operated a t M - 200 and
V - 1000 V.

Electronic System

The e l ec t r on i c modules ( F i g . 1) used for the
benchtop monitors Include a standard low-no ise ,
wideband preamplif ier having a charge gain of 1 V/pC
followed by a MM f i l t e r amplifier operating at a gain
of 100 and a f i l t e r time constant of 0.25 us. The
f i l t e r amplifier output pulses are unipolar and have a
dwell time of 2 \ts. The amplitude of these output
pulses (proport ional to the detector charge) are
quantized in the m u l t i l e v e l d iscr iminator . Two
different circui ts were developed and tested for th is
f u n c t i o n , and both performed equally we l l . Both
circuits used the same input stage, which consisted of
eight stacked comparators.

One of these c i r c u i t s ( F i g . 3a) uses e ight
one-shot3 (baaed on 7')00 Series Schottky logic chips)
to convert the comparator outputa into pulses of short
duration (10 as). Para l le l - to -se r ia l conversion i3
performed by summing and additive delay circuits that
generate a train of pulses. The number of pulses is
proport ional to the input pulse amplitude Vm. The
delay circui ts assure that these pulses are adequately
spaced (>10 ns) even for an input pulse of short
risetlme (overload pulse).

The o ther c i r c u i t ( Vi g. 3b) performs the
parallel-to-serlal nonveralon using a counter (e .g . ,
71XX161) to generate addresses for a data selector
(e.g., Y'IXX151) that sequentially scans the outputs of
the D f l i p - f l o p s and generates one output pulse for
each f l i p - f l op set. This c i r c u i t generates l ta own
clock and reset pulses, so i t s speed 13 essentially
determined by the characterist ic operating frequency
of whatever logic family is used for implementation
(e.g. , XX - LS, HC, .S, etc.) .

Finally, the count rate meter and display function
wa3 performed by using a fast pulse counter capable of
counting at 10" counts/s.

Measurement Results

The response of both benchtop monitors was tested
in radiation f ie lds of 0 . 1 , 1, 10, and 400 R/h with
662-keV photons from a 137Cs calibration source. The
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Fig. 3. Two examples of pulse-helght-to-count
converter circuits U3e stacked comparators and a
parallel-to-aerial converter, (a) Each level crossing
of the input pulse produces one logic pulse. The sum
and delay circuits are necessary to produce a discrete
pulse train, even Tor the case of an input pulse with
zero ris' i t lme. (b) Each level crossing sets one
D f l i p - f l o p . The p a r a l l e l - t o - s e r l a l converter
produces a pulse train which contains a number of
pulses equal to the number of f l ip-f lops set. For
input pulses with zero rlsetime, an internal clock
sets the minimum spacing between successive output
pulses.



p r o p o r t i o n a l c o u n t e r - b a s e d mon i to r had a l i n e a r
response from 10 uR/h to 10 R/h, corresponding to a
count rate of O.'t to 'I » 10" counts/a ( F i g . 1 ) . The
response o f t h i s monitor to 59-keV photon3 from a
'"'Am source In a f i e l d of 2 i 0.5 R/h T e l l c lose to
the 662-keV response curve . The PIN diode-based
monitor had a l i nea r response over the same range
(10 uR/h to 10 R/h) w i th a corresponding count-rate
range from 0.25 to 2.5 « 105 counts/s.

The s a t u r a t i o n In the response Is caused by the
f i n i t e bandwidth of the f i l t e r ampl i f ie r , which in the
l i m i t (a t high dose ra tes ) produces an output t ha t
crosses each of the e igh t d i s c r i m i n a t o r levels at a
maximum rate of -5 » 10s s~ ' , thus l i m i t i n g the count
r a t e to -U x io 6 counts/s. The onset of saturat ion of
the p r o p o r t i o n a l counter response at lower count-rate
levels i s probably caused by space charge e f f e c t s in
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Fig. 4. The output count rate of both monitors is
a linear function of dose rate up to 10 R/h.

tho counter . l ioth response) curven nhow a p o s i t i v e
slope up to the maximum t e s t f i e l d i n t e n s i t y o f
!l00 R/h.

From these pre l im inary test resu l ts , the fol lowing
conclusions can bo drawn:
1 . Energy-sensit ive counters can be used as dose-rate

m o n i t o r s , p r o v i d e d t h a t a method o f c h a r g e
quantization 13 used.

2. The f u l l range from background radlat. lon levels
(10 liR/h) to at least 10 R/h can be covered w i th
e i t he r a p ropo r t i ona l counter or a PIN diode of
reasonable s ize.

3. By a l t e r i n g t h e s p a c i n g be tween a d j a c e n t
d iscr iminator l e v e l s , the response curve may be
shaped to s u i t a va r i e t y of design requirements
(e .g . , energy compensation, nonlinear response).

1. Even though other schemes o f charge quan t i za t i on
are a v a i l a b l e ( e . g . , f l a sh ADCs), we chose the
methods p r e s e n t e d h e r e b e c a u s e ( a ) t h e
quan t i za t ion i s done In real time, d i rec t l y on an
optimum p u l s e s h a p e , r e s u l t i n g i n f a s t e r
c o n v e r s i o n and (b) the ou tpu t in s e r i a l form
permits simple frequency measurement wi thout the
need for microprocessor-based readout, which is an
advantage for low-power, portable monitors.
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