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Chapter I Introduction
1-1 Intense Pulsed Neutron Sources

The availability of a device for generating either single
or repetitive intense bursts of neutrons is the basic requirement
for a wide variety of experiments for fundamental and applied
researches in the field of nuclear engineering. The extensive
application of time-of-flight methods in the field of neutron
spectroscopy is the typical example of this. Another example
is found in the study of transient thermal processes in reactor
fuel elements, where the requirement for an effectively
instantaneous heat input of given intensity under the selected
test conditions can be adequately satisfied by an intense
neutron pulse whose width is comparable to the characteristic
relaxation time of the effect caused by a reactivity accident.

Methods used for generating such intense bursts of neutrons
include the following ways; 1) the use of neutron beams, which
are supplied by the conventional steady high flux reactor, in
combination with choppers, 2) the use of intense accelerators
such as an electron linear accelerator, with a target
appropriate for the (p,n), (d,n), («,n) or (¥,n) reaction ,
3) the use of pulsed reactors designed either for repetitive
or single pulsing and 4) the use of intense accelerators in
combination with pulsed reactors.

A survey of intense pulsed neutron sources in operation or
under development shows a wide variety of types, designs and
pulsing characteristics, which make the classification difficult.

However, it is safe to say that such a device can be operated



with the pulse width from 100 ms to a few nano seconds and at
the neutron intensity higher than 1014 neutrons/cm2 sec (

pulse peak value).

1-2 Pulsed reactors in Japan

In general, the definition of " a pulsed reactor " is the
followings: a nuclear reactor designed for producing intense
bursts of neutrons for a short interval of time by means of
the insertion of positive reactivity exceeding the prompt
critical during a very short time.

In Japan, the first one-shot thermal pulsed reactor,

HTR—Pl)

( Hitachi Training Reactor - P ) served with 100 ms
pulse width to experiments on self-limiting power excursion
characteristics of light water reactors since 1967. The

second one-shot thermal pulsed reactor, NSRR 2)

{ Nuclear Safety
Regearch Reactor ), has heen operating as the highest peak power
pulsed reactor in the world since August 1975. This reactor

is an ACPR type reactor and has contributed to the investigation

of fuel behaviour under the reactivity initiated accident

conditions with the pulse width of 5 ms.
3)

’

The first one-shot fast pulsed reactor, the YAYOI-P
which went over the prompt critical in 1975, has been operated
with the two pulse widths of about 100 psec and a few seconds.
Additional mechanisms of six different reactivities for pulsing
in various ways make it possible to be used for researches in
reactor kinetics, safety, detector development, radiation effects
etc.. The JLB ( Japan Linac Booster ), a planning facility

is a repetitive pulsed fast reactor. The JLB is a Linac-driven,



boosted system and will be used for studies in nuclear physics,
solid state physics, neutronics, radiation chemistry, etc.. The

summary of JLB designed characteristic is the followings.

Effective thermal neutron flux = ]“x1016 n/cmzsec
Pulse width of fast neutron flux = 10 psec

Pulse width of thermal neutron flux = 10 ~ 30 psec
Repetition rate = 5 ~ 200 pps
Reactivity insertion = ~4$ subcritical to

1$ supercritical

Average power = 2 MW

104

Peak pulsed power to back ground power
The JLB project was adopted by Science Council of Japan as one
of the major university nuclear research programs for future.
The basic researches have been carried out at Osaka University
and other institutes. The major parts of this work are carr-
ied out as contributions to the researches and developments
for this JLB project. In addition, there is a plan of
developing an intense pulse neutron source by the use of a proton
synchrotron with uranium booster at KEK ( National Laboratory
for High Energy Physics ). This neutron source is also expect-
ed to be able to produce about one tenth of a peak power of the

pulsed reactor JLB.



1-3 Reguired Instrumentation for Pulsed Reactors.

A rapid response and stable neutronic power monitor system
with wide measuring ranges has clearly become the most important
nuclear instrumentation for pulsed reactors. For safe opera-
tions and versatile applications of intense sources, the accurate
measurement of pulsed output shapes is essential. Even for
a conventional steady reactor, the rapidness and the stability of
electronic instruments in a neutronic transient pdwer monitor are
very favourable.

Precise reactor powers are generally determined by instanta-
neous measurement of the intensify of radiation generated from
reactors. There are two fundamental system§ for measuring
the intensity of radiation and they have been both used for
nuclear instrumentation of conventional steady reactors.

One is compcosed of a pulse counter such as a fission counter or
a BF3 proportional counter, pulse amplifier equipments to shape
current signals from the counter, a scaler and a recorder.

The block diagram of this system is shown in Fig. 1-1. This
system is excellent in the removal of gamma ray background and
external electronic noises. It has been employed at low powerxr
level, where the level of gamma ray background is very high due
to delayed gamma rays generated from fission producte in fuels.
But, excessively high counting rate distorts the linearity of
this system, since this system has inherently a dead time.

The other system is composed of a current-type ionization

chamber, an electrometer to amplify the chamber current and a



Coaxial cable of several tens of meters
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Recorder

Fig. 1-1 Pulse counting system of nuclear instrumentation for reactors.



recorder. The block diagram of this system is shown in Fig.
1-2., The output current of the ionization chamber is the re-
sult of the pile of many elementary current pulses induced by
detection of radiation, so that the ionization chamber can be
used in the range of very high counting rate. This system has
disadvantage of slow response time in comparison with that of
the pulse counting system. The response time of this system
is mainly determined by that of the electrometer to amplify the
low output current of the chamber. Table 1-1 gives the rise
times and the available counting rates of the main amplifiers
of these two systems.

Now let us consider nuclear instrumentation for pulsed reactors.
In order to observe the precise power shapes of pulsedreactors,
it reguires fast responsiveness and sufficiently statistical
accuracy based on high counting rate. Figure l—;nshows the
measured results of power shapes of the pulsed reactor YAYOI by
the two systems . Both shapes in Fig. 1-3 are normalized at
the low power level. There is also no time lag
between both shapes since they were measured by the use of the
same trigger signal from the pulse operation system of the reac-
tor. It is evident from the comparison of the two shapes Ehat
statistical inaccuracy at low power level and saturating effect
due to counting loss at high power level are found in the pulse
counting system. Even if the fastest and very expensive
pulse amplifier equipments are introduced into the pulse counting
system, the available counting rate of this system should be

limited to lO8 cps. Hence it is difficult for even this fast
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Fig. 1-2 JIonization Chamber-Electrometer System of Nuclear Instrumen-—

tation for reactors.



Table 1-1 The rise times and available counting rates of the main amplifier of

nuclear instrumentation for reactors.

System Amplifier Rise time Available counting rate
t pulse amplifier ~ 5 nsec 7
Pulse counting Current p P : < 1o
system .
Y Charge sensitive amplifier | .. 30 pgec < 104
lonization Electrometer > 0.5 nsec < oo

chamber system
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Fig. 1-3 An example of the measured results of power shapes of the

YAYOT.




system to measure the precise one-shot power shape of which pulse
width is narrcwer than 1 msec. Thus, the pulse counting system
suffers from the statistical inaccuracy in the measurement of
power shapes of the one-shot pulse reactors. On the other
hand, an ionization chamber easily permits obtaining a very high

counting rats of lO12

cps, which is equivalent to an output
current of about 1 mA. The ionization chamber-electrometer
system is much superior to the pulse counting one in point
of counting rate, and hence the former system should be mainly
applied to the nuclear instrumentation for the pulsed reactors.
Remarkable improvements can be expected in reliability and
rapidness by increasing the neutron detection effeciency of
an ionization chamber. For fast pulsed reactors, the neutron
detecting efficiency of an ionization chamber with the 1/v
type neutrcn energy response is improved largely by introducing
a suitable neutron moderator layer. The sensitibity can be
improved by reducing the incident neutron energy through the
derator, within the permissible broadening in the
observed pulse width of the reactor power. Figure 1—46)
gives the experimental result of the detection efficiency and
the pulse width versus the moderator thickness in the case of

s moderator with B10 coated detector.

o)
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The purpose of this paper is to clarify factors in the
determination of the response time of the ionization chamber-
electrometer system and moreover, to design a fast response
nuclear instrumentation for pulsed reactors. First, the

transfer function of an ionization chamber is discussed in
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Chapter II and the relation between the transfer function and
the transit times of positive ions and electrons is clarified
from the results obtained by the use of a linear accelerator.
This will be useful for the development of a fast response
ionization chamber for pulsed reactors. Chapter IIIT
describes the response speed of a linear electrometer to

amplify a chamber current. The relations between the response
speed and measuring conditions, that is, the length of a
detector cable, current sensitivity and so on , are obtained
from the equivalent circuit analysis. Moreover, a fast
response linear electrometer circuit with a new technique

for reducing a cable capacitance is illustrated and it has

been successfully applied to the measurements of power shapes of
the YAYOTI. Chapter IV shows that the response time of a
logarithmic electrometer is severely limited due to the strong
current dependency of the resistance of a logarithmic

element. A new technique of using a current-dependent
impedance element for the phase compensation of a logarithmic
electrometer is discussed to cope with this problem, and a newly
designed logarithmic electrometer has been also successfully
applied to the measurements of power shapes of the YAYOT.

In chapter V, the instantaneous measurement of a reactor period
which is closely related to the reactivity inserted to a pulsed
reactor is described. A fast response log N & period meter
circuit which has been developed in order to measure a time-
dependent reactor period is shown. Some examples of the
measured results of the instantaneous prompt periods of the NSRR

and the YAYOI are illustrated.



In the last chapter, the whole of this work is summarized.

It is also shown that the newly designed power monitering system

with above technigues has been adopted as the nuclear instrumen-

tation for the NSRR and the YAYOI, and that it is moreover

necessary to develope a fast response ionization chamber for

that of the JLER.

2)
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1)
Chapter II Transfer Function of Ionization Chambers

2-1. Introduction
Many experiments have been made for the investigation of reactor

2)

safety at the pulsed reactors of the NSRR , the YAYOI and others.

In order to obtain precise data in those transient experiments,
measuring systems for radiation require fast responsiveness and
sufficiently statistical accuracy based on high counting rate.
There are two typical systems for measuring fhe intensity of
radiation. One is composed of a current-type ionization chamber
and an electrometer to amplify the chamber current, and the other
composed of a pulse counter such as a fission counter or a propor-
tional counter, pulse amplifier equipments to shape current pulses
from the counter and a scaler. The former system permits obtaining
very high counting rate but the latter one has inherenily a dead
time resulting in counting loss. Therefore, iocnization chamber
systems have been used preferably for measuring narrow pulse of intense
radiation. |

The response of the ionization chamber is distorted by the effect
of the positive ion transit time, which is the time taken for positive
ions to move the interval between the electrodes, in the case that
pulse width of radiation is smaller than several hundreds of micro-
seconds. Hence it has become importapt in recent pulsed reactor
experiments to determine the precise response time of the ionization
chamber. -

With respect to the determination of the transfer function of
the ionization chamber, R. Subramaniam and R. Vedam 3) measured the
fregquency response by beam modulation and also S. Gotoh 4) obtained

that by utilizing uncorrelated reactor noise. These measurements



can contribute to obtaining general frequency characteristics like
break freguency cZ the ionization chamber, but those methods are not
sufficient to dstsrmine the precise transfer function in very

high frequency region. Those measurements in frequency domain
cannot give effective data on the transit times which are expected
to be closely related to the transfer function. The precise data
on these transit times should be obtained by measurement in time
domain rather than in frequency one. This chapter analyzes the
impulse response of the ionization chamber measured using intense
garmma ray pulses produced by a linear accelerator and clarifies
the relation betwesn the transfer function and the transit times of
positive ions and electrons. Moreover the fluctuation current
induced by random detection of radiation is also discussed based

on the measured transfer function.

2-2. Transfer Function
A current pulse of the ionization chamber is formed whenever
1
a charged particle passes through the gap between the electrodes

and the resultant electron-ion pairs are swept to the electrodes

[o7]

by an applied electric field. From the principle of the conserva-

tion of energy, the external current induced by point electronic
charge i:Clo moving toward each electrodes is given by the following

equation after A. H. Snell 5).

Lo = %(QOEWL - QDE WQ) (2-1)

?



where V is the applied voltage,

E the strength of the electric field,

Wy the drift velocity of positive ions and

Ve the drift velocity of electrons.
Hence, taking the numbers of positive ions and electrons produced
by a single detection of radiation in a unit volume d¥ at a
location Y and time £ to be NMi(1t)dY and M (¥, t)dF

respectively, we obtain the following equation for the elementary current

pulse of the ionization chember.
L) = —},—jR{%on;(v,t)E(v,t)wt(w,t) = FoNe (MLIE (W) we(mt)}drr,@f)

where R is the total space of the ionization chamber and &,

the elementary electronic charge. Ionization chambers used in
reactor instrumentation are generally cylindrical in shape but the
electrode structure is considered to be approximatély of parallel-
plate, since ‘the interval d.  between the electrodes is much smaller
than the radii of the electrodes. Consequently, the strength

of the electric field between the electrodes becomes

= — (2-3)
E o . .

As is well known, the drift velocities of positive ions and

electrons are also given by

1VL = M;"a— =}131;a— , (2-4)
E v
= U, — = v _

_.16...



where P is the pressure of the enclosed gas, M; the mobility of
positive ions and [[e that of electrons. Here it is assumed that
the density distributions of positive ions and electrons produced
directly after az single detection of radiation are uniform along

a track. When the ionization chamber is operated under saturated
condition, the efiects of the recombination and the electron

attachment are negligible. Then taking the total charge produced

Q
by the detection of radiation to be % 5+ we obtain a simplified

expression as a substitute for Eq.(2-2),

. Q t Q t

4 T; (1 T;) Te(l Te) tor 02% ¢
Q + )
= (=) for Te£t<Ti} @6

\ \

i

= 0 for T;f't

<
oy
1)
H
(D
v

d (2-7)

o

M; T
pd’?

- (2-8)
ﬂe'V 9

The value of Q varies according to the direction of a track and it
is therefore expected to be statistically distributed. In the case
that the direction of a track 1is nearl& parallel to the electrodes,
the elementary current pulse cannot be expressed by Eq. (2-6).
However such czasss seldom take place and are therefore ignored in
this chapter. Here _ri is the transit time of positive ions and .Eg

that of electrons. These times are not zero, so that the response

- 17 -



of ionization chamber must be evaluated with distortion to the
narrower radiation pulses than these transit times.

Now let us consider the output current of the ionization
chamber set up in a radiation field. The output current is
the result of the pile of many elementary current pulses.
Though all shapes of elementary current pulses are not practically
equal, it is assumed that they are all represented as the expression
(2-6) with (. replaced by average charge Eito simplify the determination
of the transfer function of the ionization chamber for the follow-
ing reasons and - experimental results in next section. First
the transit times of positive ions and electrons are constant except in
the special case that the direction of a track is nearly parallel
to the electrodes. Secondly the total electronic charge is fixed
independently of the intensity of incident radiation and time.
Taking radiant flux density at time % to»be b(t), we can obtain

the output current of the ionization chamber as follows.

—

\ L , ,
J»cm‘“‘jo €¢<$~Z’>-—§—j,<t’) dt (2-9)

where ¢ is the detection efficiencj,zwhich is determined by the
total cross section of the reaction materials of the ionization
chamber, Then we can take the Laplace transform of both sides
with respect to 4 and the transfer function of the ionization cha-

mber is given by

-TeS

TS
(T S"H'e T )

(2-10)

Ic(s) _ —{
T.'S?

G(s) = @(S) £Q

- 18 -~



where IC(S) is the Laplace transform of Lc(]‘,) ’ @(S) that of $(t)
and S the Laplzace transform variable. This equation shows that
the transfer function of the ionization chamber is mainly expressed

by the transit times of positive ions and electrons.

2-3. Transit Tims Measurement

It is evident from Eq.(2-¢) that the impulsé response of the
ionization chamber is expressed by Eqg.(2-6). The impulse response
is characterized by the two functions of the first degree with resp-
ect to time as shown in Fig. 2-1. One is based on the positive
ion component and the other based on the electron one. Hence the
measurement of the impulse response of the ionization chamber should
clarify the relation between these transit times and the transfer
function.

Figure?-? shows the instrumentation for measuring the impulse
response of the ionization chamber. As is well known, the drift
velocity of positive ions is much slower than that of electrons and
hence the impulse response due to the positive ion component was
first measured. The ionization chamber used in this experiment

was a gamma ray compensated type Westinghouse model 8074 and the

compansating electrode was grounded. The specification of the
ionization chamber are given in Table 2-1. Gamma ray pulses of
6)

about 2 usec produced by the linear accelerator KUR-LINAC
were used for input signals. The pulses were regarded as
impulses for the positive ion component since the pulse width

was much narrower than the positive ion +transit time.
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Table 2-1

Westing house

Specifications of the detector used in this experiment.

Type 8074

Overall length

13 .
237¢ Inches

_Outer diameter -7 __inches
Sensitive length 14 inches
Weight 5% pounds
Coating Boron enriched in''B
Filling gas N2
Operating voltage 300~800 Vv
Compensating voltage -10~--80 V

Neutron sensitivity

4x10°" A/nv

Neutron flux range

25x10*~25x10" ny

- Uncompensated gamma

Sensitivity | 3x107"° A/R/hour




A fast response electrometer was manufactured for this

measurement7). The time constant of the electrometer containing
a detector cable was about 3 psec in 107% A range. This was
much smaller than the positive ion transit time, so tﬁat the time
lag of the electrometer was negligible.

FigufeQ~35hows an example of results observed by the use of
an oscilloscope. The response shape due to the electron component
is too sharp to be visible together with that due to the positive
ion component in the screen of an oscilloscope. Concerning the
positive ion component, the observed pulse is apparently linearly :
falling to zero. This agrees quite well with Eq(2-4 and it is
therefore proved that the transfer function of the ioconization chamber
is expressed by Eg.(2-10). The output voltage of the current
amplifier was led not only to the oscilloscope but also to a transi-
ent-memory Iwatsu model DM 701, by which the transit time of positive
ions was precisely measured, varying the applied voltage as a para-
meter . The results of the positive jion transit time and its
reciprocal versus the applied voltage gre shown in Fig. 2-4 The
positive ion drift velocities indicated by the reciprocals are repre-
sented as relative values since the precise value of the interval
between the electrodes is not obtained. It is, however, evident
from the results shown in Fig.2-4 that the drift velocity of
positive ions is directly proportional to the applied voltage and the

transit time of positive ions inversely porportional to that. These

agree guite well with Egs. (2-4) and(2-7) respectively.

_23_



Fig,Z‘S An example of measured impulse responses
concerning the positive 1lon component {the applied
voltage = 300 V ) . Hoiizontal scale : 100 )lsec/div.,
Vertical scale : 2X%X10 A/div.
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Now let us consider the response due to the electron component of
the ionization chamber. If a sufficiently narrow pulsed radiation
source and a current amplifier of which time constant is much smaller
than the electron transit time are available, the same simple
experiment as on the positive ion component might be ﬁossible.
However, it is very difficult to obtain such a fast response current
amplifier so far, so that we have to take account of the time lag of
a current amplifier in analysis of the response of the ionization
chamber. From egquivalent circuit analysis the transfer function

of the current amplifier is approximately given by

R#
G (8) = — —F (2-11)
' 1+TS ,

where T 1is the time constant, which is determined by the product
of a current range resistor FQf and a feedback capacitance (:f_
Here, it 1s assumed that the transfer function of the jionization
chamber is expressed by Eqg. (Z-10). Then, if we measure the time
_FP from a sguare pulse change of input to the time the corre-=
sponding output arrives to the peak value as shown in Fig. 2-5,

{
the electron transit time is obtained by

T =T . exp( =) _ for T, Te<<Ti _(2-12)
ST exp(de)-) - ’

where T, is the pulse width of input.
In the experiment, gamma fay pﬁlses of 100 nsec were applied
to the same ionization chamber, An example of measured results is

shown in Fig. 2-6. The time constant of the electrometer was about

- 26 -
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350 nsec (Rf=16&1, Cf=35pF ). Since a transient memory with a
sufficiently small resolving time in comparison with the electron
transit time was not available, we took photographs of the responses
from a storage oscilloscope and magnified them about four times to
measure the time ’TP . In Fig2-7 the response calculated based
on Fhe transfer functions of the ionization chamber and the current
amplifier is compared with the measured one shown in Fig.2-§. The
calculated response.is normalized by the peak value of the measured
one. Both response shapes are in good agreement although there.are many
external noise sources in the accelerator room. Figure ?-3 shows the
results of the electron transit time and its reciprocal versus the
applied voltage alike on the positive ions; The electron drift
velocities are also represented as relative values because of the
fobscuritxbf the interval between the electrodes. Although the results
apparently differ from Egs.(2-5)+v(2-8), the tendency that the electron

drift velocity increases linearly with applied voltage appears to

8) 9)

agree with experimental results reported by L.Colli and T.E.Brotnexr™’,
2-4. Fluctuation Current
In order to measure precise power shapes of pulsed reactors .by the
use of ionization chambers, it is necesiary not only to determine the
response time of the ionization chamber but also to evaluate the error
due to the fluctuation current induced by random detection of radiation.
From Campbell’s theorfd%he value of the.average current and the mean
square value of the fluctuation current of the ionization chamber set

up in a steady radiation field are given by

ES oo —
<Lq>=N-—Q~-f [<t) dt = NQ S (2-13)
- 00 .
P S 2
i :N.(_g_)} {,’,cm} dt : (2-14)
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where N is the average counting rate of radiation. In practical
measurements of the output current of the ionization chamber, a current
amplifier system acts as a low pass fitter, so that the mean square
value of the fluctuation current is estimated smaller than is expected
from Eqg.(2-14) . Then taking the transfer function of such a low pass
filter to be H(¢S) , we can rewrite Eq.(2-14) as follows.
cint>=nA [ {awm)idr (2-15)

where J(5)is the Laplace transform of L ¢t) and QA (t) the inverse
Laplase  transform of [¢s)Hcs) .

Consequently, the ratio of the average current to the root mean
square value of the fluctuation current, in other words, the ratio of

signal to noise is given by

ﬁ__"'_‘_l_:_ :/ py N 3 (2-16)

Jain®s Jo{Ret)} dt .
It is naturally expected from this that the larger the value of N
( in other words, the average current } is, or the smaller the value
of J:: {ﬁ(t)}zdt (in other words, the bandwidth of the current
amplifier system )} is, the better the ratio of signal to noise js .
From Egs.(2-13) and(2-]5) the average electric charege is given by

<L n2 > 1

T o> T [Tl &1

L
2-5. Measurment of Average Charge Caused per Absorbed Neutron
This section describes the measurement of the average charge caused

by absorption of a neutron in the ionization chamber . The average
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charge is one of the important factors that determine the magnitude
of the fluctuaticn current of a neutron sensitive jonization chamber.

C. E. Cohn D

described the average current and the power
spectral density of the fluctuation current of a neutron sensitive

ionization chamber set up in a reactor as follows.

<lar) = TZ—&D@ (2 -18)

' . 2 = . 2 ‘6%“;3
<JinrGiw)] >=2%60Q1{!+Eo'\6ra(#‘“)l (5 )} (2719)

where E,D : Detector efficiency ( = ﬁ:iﬁ §§2332§2§ g§ ??gzigg
reaction in the detector )
in the reactor
n : . Total neutron in the reactor
g . Effective neutron lifetime

G r(jw): Transfer function of the reactor

<

Number of neutrons generated per fission
Vv? : Mean square value of number of neutrons generated
per fission

Consequently, in the case that E»D is sufficiently small, the
fluctuation current only due to the random detection can be observed
in the neutron field of a reactor since the contribution of reactor
noise ( the second term of Eq. (2~1Q) is negligible.

Figure 7-g shows the block diagram of the equipment for measuring
the average charge zj caused by absorpfion of a neutron in the
ionization chamber. The thermal column of the swimming pool type

reactor XUR was utilized as a neutron field and there the same ioni-
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zation chamber as used in the transit time measurement was set. The
values of the average current and the root mean square values of the
fluctuation cuirent were measured at a reactor power of 5MW, varying
the time constant of the low pass filter as a parameter, The value

of the average current was nearly constant during the measurements
6

( =1.12X 10" ° A ). A current source Keithley model 261 was employed
to cancel the average current. Thus the sensitivity to the fluctua-
tion current was raised tenfold. The equivalent fluctuation current

due to the internal noise sources of the equipments was also measured
for the shut-down reactor. It was much smaller than the fluc-
tuation current measured at the operating reactor ( power level=

5MW )} and therefore ignored. In analysis of data obtained

the transfer function of the measuring egquipment was approximated

by the product of the following three expressions

—R§
The electrometer : I +TS
The high pass filter : (T.5)?
(r + T.S)?
The low pass filter s 1 _
(1 +Ts)

Here the time constant T of the electrometer containing a detector
cable was found to be 23 psec in 10-7A' range from the response simulated
by the use of a step current source. Tl;e time constant T; of 0.1 sec
was also fixed for the'high pass filter. The transit. timeés T,

and Te had been found to be 145 psec and 0.35 jsec respectively from
the experimental results by ult‘ilizing the linear accelerator ( the

applied voltage = 580 V ).



Table?-2 shows the values of the average charge caluculated from
Eqg. (2-16) using the valne of the average current and the measured root
mean square values of the fluctuation current. These measured
values of the average charge in various T, conditions show good .agree—
ment altogether.
In Fig.7-]10) the root mean square values calculated~from Eqg. (2-16)

using the relation Q = 3.7><10-15 A« sec are compared with the measu-

red ones. Both results are in good agreement and also show the
effect of the transit time of positive ions.

By the way, ¢, was also found to be about 7.9x1071° and suffi-

1 6

ciently small from Eq.(2-18) using the relations,t: = 3.1x 101% 5x106x

'}
-15 6

2.47 /sec, Q= 3.7X 10 A-sec and <lar> = 1.12x10 °a.

2-6. Conclusion

In order to obtain precise power shapes in pulsed reactor experim-
ents, it is important to determine the response time of not only an
amplifier system but also an ionization chamber used for a radiation
detector and moreover to evaluate the statistical error due to the
fluctuation current caused by the rando% detection of radiation.
With respect to the determination of the transfer function of the
ionization chamber, the impulse response was measured using intense
gamma ray pulses produced by a linear accelerator since the transit
times of positive ions and electrons. The results obtained made it
clear that the transfer function is mainly expressed by the transit
times of positive ions and elecﬁroné ané that the positive ion transit

time decreases proportionately with increasing applied voltage and the
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Table 2-2 Average electronic charge caused per absorbed neutron.

T(ps) |@(x10 °A-sec)
1000 3.8
300 3.6
100 3.7
30 3.6
10 3.7
3 3.8




..8{ —

(A) E
N WL - 8074 Te=0.3p5
- Ti :145}15
-7 . -6
210 <i> =112 X10'A
N & =3.7x10 ASec
2 -
|
(% =
w :
= C
5 -
& ~9
510 F
QO | E
3 -
s i Cal.
v 3 o o Exp.
s F P
oo Je Ti
e £
af I l
]O MR RTTT! | B RERIt!| oy ool e g abgad g g gl ( (11
10NS 1pS 100pS

Time constant of L.PF.

F{Q«E'IO Root mean square value§ of fluctuation current.




electron one consistently with that. From the measurements of the
fluctuation current utlizing the neutron field of a reactor, the
power spectral density of the fluctuation current was found to be not
perfectly white but dependent on these transit times. This is
explained from the fact that the elementary current puise of the
ionization chamber is not 5' ~-function but'expressed by Eq.(2-6) ,

In the past, current-type ionization chambers have been consideréd to
be unsuited to the measurements of pulsed radiation because of the
slow responsiveness attributed to the posifive ion coﬁponent. However
the electron component of the ionization chamber permits measuring a
radiation pulse of which width is considerably smaller than the
positive ion transit time, although the response-is accompanied

by a little error due to the slow component of positive ions.

As. a successful example of this proposal, the observed result of the
same ionization chamber to a gamma ray pulse of about 1 psec is: shown
in Fig. 2-11. This response shape is mainly based on the electron
component-and the positive ion one is scarcely contributive to it.

This will be examined in detail for the instrumentation of a fast

pulsed reactor like the JLBlz).
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injection current of the accelerator and the
lower one &an output voltage of the electrometer.
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Chapter III Fast Response Electrometerl)
3-1. Introduction
| Pulse reactor experiments, which contribute to the investi-
~gation of reactor safety, always require a stable and fast response
electrometer with a long detector cable; In practical eéperi—
ments, however, stability and response speed of an electrometer
are often degraded by the long detectoxr cable; in other woxds, by
a large input capacitance:, A faét reéponée'eledtrdmeter for
pulse reactor egperiments; therefbre, should be designed in
consideration of the effect of such large input capacitance;
With respect tc the improvement of the response speed of
electrometers, Pelchowitch and Zaalberg Van Zelt , Dever and _°

Sicklez) 3)

and Brockshier suggest the method of reducing a feed-
back stray capacitance which limits the response speed in small
current ranges. However, this method is not applicable in
large current ranges, since the stability condition of the
electrometer usually requires a larger feedback capacitance than
the feedback stray capacitance in this region; On the other

hand, Presley4)

describes a guard technique which prevents the
input cable capacitance from reducing the response speed.
This technique must be useful for pulse reactor ekperiments but
there is a phase shift problem for high frequency signals in
large current ranges.

We obtained a good result in improvement of response time

of the electrometer by introducing a new guard technique and using

the compensation method of the feedback capacitance. At
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first this chapter clarifies the relation between stability and
response speed of an electrometer and then shows the new guard
- technique and experimental results of a fast response electro-

4

meter to which this technique was applied.

3-2., Stability and Response Speed

With a long detector cable, the response of an electrometer
is often accompanied by oyvershoot—~ and ringing- phenomena.

Such instabilities of thé'eledtrometer can always be’reauced by
increasing a feedback capacitance; which will, however, result
in reduction of response speed. It is therefore important
to choose at first an adequate feedback capacitance in design
of a fast response electrometer.

Figure 3-]1 shows the equivalent circuit of a typical electro-
meter, Here Cin represents the total capacitance of the
cable and a detector. It can be assumed that the input im-
pedance of an operational amplifier is infinite in this discus-

sion. Then, the transfer function of this circuit is described

as follows :

6a(s == e 30

; 1 in . 2

1+{To+RsCH+—rm f )5+T0Rf(Cm+Cf)S

where
T 1
To =
T2,
Ad is the open loop gain of the operational amplifier,
TO the open loop time constant of the operatlonal amplifier,
f0 the unity—gain—crossover—frequency of the operational
ampllFlv-,

Re a feedback resistance,



e bt

Fig 3-1 FEquivalent circuit of a typical electrometer.
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Cf a feedback capacitance and

S the Laplace transform variable, respectively.
Then, the stability condition of this circuit, in other words,

the condition that the poles of Eq(3-]) are all negative, can be

expressed by

o C: ToC. - |
Cf?_—R—f—“Kg—‘FZ/”‘R*fn‘ '—_-Cfo _ (3-2)

For C. £ C the electrometer is underdamped and a pulsed input,

fo
having high freguency components, must cause overshoot- and
ringing- phenomena. The underdamped condition should be
avoided in measurements of transient phenomena: The critical
This

damping condition is realized when C_. is equal to C

f fo-
relation gives the fastest response of the electrometer within

the stable condition. If we substitute the relztion Cf = Cfo

into Eqg,(3-1) ’the time constant at critical damping becomes

T = To-\-fToRfCih = /T.’o RfCin . (3-3)

Equation (3-3) shows the limit of the obtainable response speed

of a stable electrometer is determined not by C_.but Ts , R

£
and Cine For Cf.> Cso the electrometer is overdamped.

f

For Cf0<( 0 the electrometer is therefore overdamped even if
Cf may be reduced to zero. In this case, the critical dampiﬂg
condition can be easily realized by using a negative capacitance
techniques) 6).

Table 3-1 gives the critical damping condition of a typical

electrometer and an electrometer to which the negative capacitance

technigque was applied.



...9?-

Table 3-1 Critical damping condition of a typical electrometer and an electrometer
with & negative capacitance.

Feedback capacitance

Range condition Equivalent circuit Time constant T
- Cf or Cp
~1h Cf:
r |C
Typical . e
electrometer < LAT, Lo _Cin o /ReCin .
Rf < Cin Rf A, 2 Rf .CS Tot toRfC!n
Electrometer
With Rf > 4Ak Cin _, /&Lin 4 ¢ TRICI
Cin A, Rf

negative capacitance




3-3. Improvement of the Regponse Speed
The response speed of an electrometer with a long detector
cable can be markedly improved by reducing an effective cable
capacitance, which is easily expected ffom Eq.(3-3) ., The °
effective cable capacitance can be reduced using a guard ampli- .

fier to equalize cable-sheath potential to center conductor

potential of the detector cable.

Figure3-2 shows the block diagram of an electrometer with
such a guard amplifier designed by Pfesley. This electrometer
has good response speed in the low current ranges. In large
current ranges, however, the response speed cannot be particularly
improved because the guard emitter follower with a heavy capaci-
tive load cannot reduce the effective cable capacitance in high
frequency regions. An electrometer of this type may also be
apt to become unstable because of the degradation of phase stability
‘of a feedback circuit

In order to solve these problems, a new guard technique was
introduced as shown in Fig.J3-3, This guard method differs
in the following ways from that used by Presley. First, a
guard amplifier is connected to the input terminal of a current
amplifier. This is effective in preventing extra phase lag of the
guard amplifier from resulting in reduction of the stability of
the electrometer. Secondly, the open loop gain of the guard
amplifier is adjustable in respective current ranges. This
gain adjustment of the guard amplifier is very useful for control-~
ling the effective cable capacitance and obtaining a best tran-
sient response without any instability. Thirdly, a low capac-

itive coaxial cable is employed apart from the ground to mini-
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Fig. 3-2 Block diagram of the electrometer designed by Presley
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mize the capacitive load of the guard amplifie:. This is
effective in maintaining phase stability of the_guard amplifier
in the high freguency regions. Furthermore the circuit shown
in Fig.3-3 has a feedback-capacitance adjustment circuif, whichA
can add an equivalently negative or pOsitive'éapacitahbe in
parallel with a feedback resistor Re.

The transfer function of this circuit can be written as

follows :
_E2(S) - “Ry :
Ga(s)=E2l8)L- —3 (3-4)
[2(S)7 {+(To+RsCr+ BEXIT)S +ToRE( ik +Cr) S,
where
Ci - CctCo, (1t T1S)(1+ ReCLS) (3-5
TTOALT L 1+{T1+Rz(Cc‘*CD*'CL)KS__‘_{Rz(Cc+CD+CL)T.gsz )
Ayt 1 Art 1l ’
Al is the open loop gain of the guard amplifier,
Tl the open loop time constant of the guard amplifier,
R2 the output resistance of the guard amplifier,
Cc a cable capacitance
CD a detector capacitance,
CF an equivalent feedback capacitance of the feedback-

capacitance adjustment circuit and
C. the capacitive load of the guard amplifier, respectively.

is

It is evident from Eqg.(3-5) that the input capacitance CC+CD

effectively reduced to J%%%%F-for the frequency much lower than
1
1 1
both and ———. © If the values of both T, and R, C
2T 2T R?_CL 1 2 L

are much smaller than the time constant of this electrometer,

GZ(S) becomes approximately equal to the expression(3-]) with Cin
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replaced by-%fqg%%. Consequently, the time constant of this
) :

electrometer at critical damping becomes

’ T T
T = ’to+ LoRf(CC+CD) o E (3-6)
A1 t1 "JALTL -
The response speed can be improved by a factor of A1+ 1

beyond the usual limit.



3-4. Practical Circuit and Experimental Results
A practical electrometer circuit is shown in Fig. 3-4
A model 1430 FET operational amplifier ( OP. Amp. 1 ) is used
for the current amplifier. A unity-gain-crossover-frequency
of the operational amplifier is about 100 MHz. The guard
amplifier is made up of a junction FET model 2SK19 ( Ql ) and
a model 1430 operational amplifier ( OP. Amp. 2 ). The FET
Ql has a nominal transconductance of 6 m{ at 200 MHz ( VGS= o).
The open loop gain of the guard amplifier is given by
B1= 9 Ry G0
where I is the transconductance of Ql and RL is the feedback
resistance of OP. Amp. 2. The time constant Ty of the guard
amplifier is mainly determined by the product of feedback
resistance RL and the stray capacitance of the resistor RL.
Hence T1 may be considered to be of the order of 10 nano-
seconds. The output resistance R2 is generally several tens
of ohms and CL may be of the order of several thousands of pico-
farads in practical experiments. Then the time constant Rz-
CL becomes of the order of 100 nano-seconds. Therefore, it
may be considered that R2 CL is much larger than Tl and mainly
determines the frequency bandwidth of the guard amplifier.
Two transistors, model 2SA495 ( Q2 ) and 28C372 ( Q3 )'are used
for a negative capacitance circuit to_give an adequate feedback
capacitance for critical damping.
Table 3-2 indecates themeasured résults of response speed of
this electrometzsr with a sigﬁal cable ( RG-53/U ), whose length

was 45 meters, laid on the floor. The feedback resistor R

was adjusted in order to obtain a best transient response for
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Pig.3-4 A practical electrometer circuit.
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Table 3-2 Measured response speed of the electrometer circuit shown

in Fig. L f, = 100MHz ; Cin = Cc = 3100 pF,
i . :
Feedback resistance Rf | Measured risetime Calculated open loop
( otm ) (10-90 2 msec) gain A,
10% 14
105 23
106 58
107 3 6k
10% 71




each current range. The increment of RL shortened the risetime,

bht‘for tob larce RL the electrometer became unstable.

Hence the maximum value of RL was selected considering the
stability and then an adequate feedback capacitance for critical
aamping was adjusted by a variable resistor Rp. Table3-2 also
gives the open loop gain Ay calculated from Egs. (3) and (6) by

using the measur=d risetime, and A, shows the degree of improve-

1
ment of the response speed.
Measured ncise of this electrometer is shown in Table3-3and
a discussion on the noise problem of the electrometer with a
long detector cakle is shown in the Appendix.
Figure3-5 shows an example of observed results of power

shapes of the one shot pulse reactor "YAYOI " 6)

&

with this elec-
trometer and a current chamber WL-6377.

Figure 3-6shows an example of measured burst shapes of gamma
rays generated by the linear accelerator " KUR LINAC JDwith this
electrometer and a current chamber WL—8074. The response is
noisy because of many intense noise sources in the target room

where the current chamber was set up, but no overshoot- and

ringing- phenomena are observable,

3-5. Conclusion
The limit of the obtainable response speed of a stable
electrometer with a long detector cable is determined‘by the
following three factors : [1] The unity-gain-crossover-frequency
of an operationsl amplifier, [2] a feedback resistance and [3]
the detector cable capacitance. In order to obtain fast

response of the electrometer, it is,therefore, necessary to use



Table 3-3 Measured noise characteristics of the electrometer circuit shown
in Fig. b Cin = 3100 pF. '

Feedback resistzrce Measured noise voltage
( ohnm } ( ™ms nVv )
10" | y
105 12
10© 35
107 63
108 130

o
w

Current(x10™'A)

‘ Ai) :‘ - l :._. 4‘ f:»‘".';— ' _‘ _ _AE ‘l;ﬂlﬂ - __.._._. '

NI S I T I ”Mf””}f" ‘fxm-sﬂ;f
0O 05 1
Time{ms)

Fig.3-4 An example of observed results of power shapes of the " YAYOT "
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Fig.3-6 An example of measured burst shapes of

gamma rays générated by "KUR LINAC". The upper

trace is an injéction current of the accelerator

and the lower one an output voltage of the electrometer
in the lO—-h A range. Horizontal scale : l}lS/diV.
Vertical scale : 200 mA/div. (upper) and 2xlO-h

A/div. (lower). .



an operational amplifier with a sufficiently high unity-gain-
crossover-frequency or to reduce an effective cable capacitance.
Until such operztional amplifiers become generally available,

we have to improve the response speed by reducing an effective
cable capacitance. For this purpose, a new guard technique
was developed and a fast response and stable electrometer was
made. The response speed of this electrometer with a

detector cable of 45 m long was improved about ten times compared

. . - 6
with conventional ones 5) ).

A feasibility test of this
electrometer system was also carried out using the one shot
pulse reactor "YAYOI" and the linear accelerator "KUR LINAC",

and satisfactory results were obtained in transient measurements

of those devices.



Appendix 3-A Noise Characteristics

When a long detector cable is connected to an electrometer,
a considerable cutput noise voltage is present even under the
ideal condition where there are no external noisé sources.
This noise voltage is due to the internal noise sources of an
electrometer and its magnitude is related to the construction
of the electrcmester circuit. Sources contributing to the
internal noise cf a typical electrometer circuit are as follows :
[1] Johnson noise of a feedback resistor.
[2] Egquivalent input noise current of an operational
amplifier.
[3] Egquivalent input noise voltage of the operational
amplifier.
Johnson noise of a feedback resistor may be represented in Fig.J3-
Al as a voltage source € 1+ Eguivalent input noise current and
voltage of an operational amplifier may be represent as in and
e2" In large current ranges, the value of both e 1 and in R

f

are much smaller than that of e 5- The output noise voltage

is, therefore, mainly determined by equivalent input noise voltage

of an operational amplifier.
The mean sguare voltage of the output noise of the electro-

meter circuit of Fig. Al is approximately given by

co

(ely= SO c;)vv(w)‘GlF(jfw).{l-f}w Rf(Cin—\-CF)HZ dw , (3-Al)

where qswy(uﬂ is the power spectral density of the equivalent

input noise voltage of an operational amplifier. At critical

damping, we get by substituting the relation Cf = Cfo into Eg.(3-Al)



o .
Ledy = So Sbw(w)l 1tdwTNiZg, (3-A2)

(1+jwT)

where Ty ={/To +/R;Cm)® = R§Cin

If one adopts an approximate condition that<¢vvup) = k ( con-
*
stant ), which is reasonable in large current ranges , Eq. (3-A2)

becomes

Cery = T;_K RiCin (3-A3)

Equation (A3) shows éhat £he output noise voltage at critical
damping is determined by the following thrée factors alike on
the response speed : [1] The unity-gain-crossover-frequency
of an operational amplifier, [2] a feedback resistance and [3]

an input capacitance. It is also evident from Egs.(3-3) and

(3-A3) that it is effective in the design of a fast response, low
noise electrometer to reduce an input capacitance.

Figure3-A2 shows the equivalent circuit of the electrometer
of Fig3-4 for the aid of noise analysis. Equivalent input
noise voltage of the guard amplifier may be represented as e.3-
The mean square voltage of the output noise at crifical damping

is similarly given by

(eitys | bl LTty | ¢;v<w)l(—5—‘°—h—)—zrdw , (3-A4)

(1tjwT? 1tjwl’
where » . RfCin
h —_— —
TN E Aitl

It is necessary to consider the excessive 1/f noise character-

istics in small current ranges.
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Fig 3-Al Noise eguivalent circuit of a typical electrometer.
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Fig.3-A2 Noise equivalent circuit of the newly designed electrometer.
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chVUp) is the power spectral density of the equivalent input
noise voltage of the guard amplifier. If we assume <¢Lv(w)

= k' ( constant ), Eqg.(3-A4) becomes

w IRecCim -3 ,
(eary =Tk [RCin(p, 4 1) 4 BRI [RECIn (4,118 (3-5)

The output noise voltage due to e decreases with an effective

n2
cable capacitance, but on the other hand the output noise volt-

age due to e increases. Assuming k = k', we obtain
] 3 .
(edt)yz(e-)y-(Ar+1)* for A1 1 . (3-A6)

This shows that reducing an effective cable capacitance is
approximately eguivalent to extending the unity-gain-crossover-

frequency of an operational amplifier.
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. 1)
Chapter v Fast Response Logarithmic Flectrometer

A-1. Introduction
Many experiments have been carried out for the investiga-

tion of reactor safety at the pulsed reactors of the " NSRR " 2),

the "YAYOI"3) and others. The logarithmic electrometer,

which covers a very wide current range,is useful for those

pulsed reactor experiments. Its response time has been
generally limited on account of instability caused by the input
capacitance of a detector and a cable. It requires a large
feedback capacitance to obtain tbe stability at high current
levels. Therefore, its response time is severely degraded

at low current levels. In the case that a small feedback
capacitance is selected to obtain a fast response, the response
of the logarithmic electrometer is often accompanied by overshoot-
and ringing—‘phenomena at high current levels. Such contra-
ries between the response time and the stability of a logarithmic
electrometer are caused by the marked change of the current
dependent resistance of a logarithmic element. This has

made it diffjicult to design a fast response logarithmic electro-
meter for pulsed reactor experiments.

In order to solve this problem, we proposed a phase compen-
sation technique which was realized by inserting a resistor
between a detector cable and the input terminal of the circuit4).
This technigue made it possible to improve the response time .
at low current levels, However, at high current levels, the.
logarithmic electrometer with this technique has poor response

time which is determined by the product of the inserted resistor

and an input capacitance.



A new phase compensation technique was developed to over-
come this problem and the marked improvement of the response
time of the logarithmic electrometer was obtained. At first,
the relation ketween the stability and the response time of a
logarithmic electrometer shall be generally discussed and then
the new phase compensation technique and experimental results

of a fast response logarithmic electrometer shall be introduced.
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4-2. tability and Response Time

Figure4-] shows the equivalent circuit diagram of a conven-
tional logarithmic electrometer. Here Cin represents the
total capacitancs of a detector and a cable. An operational
amplifier has smooth 6 dB/octave roll off providing stable
operation at all values of gain. Semiconductor diodes or
silicon planar transistors have been recently employed for the

5)6)
logarithmic element D . The relation between a current

Ld , flowing through the p-n junction and a voltage Ud across

it is given by

Ld =Ls-{exp(80s T~ 1} (@-1)

where LS‘ is the saturation current and is temperature depend- -
ent,
% the-electronic charge,
n & factor which depends on the density of the
recombination centres in the junction region,
ko Boltzmann's constant and

T the absolute temperature, respectively.

When Ldy>ﬂg , Eg. (1) is approximated by

Ua = 12T ¢, LL‘,’SL : (4-2)

which shows good logarithmic characteristics.

Figure4d-? shows the measured (d-—Ud characteristics of a
diode-connected model 2N3058, which was used for a newly designed
logarifhmic electrometer. The result gives the following
values :

. -14 o
T = 1.0, ls= 6.0X10 A (T= 300K).
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Fig,4-] Equivalent circuit diagram

logarithmic electrometer,

of a conventional

L
i
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The transient response of a logarithmic electrometer can
be generally expressed by a non-linear differential equation
with respect to time7), It.is troublesome to solve the
differential egu=ztion, so that it is difficult. to obtain the
simplified relation between the response time and the stability
of a logarithmic electrometer. For present purpose, a small
signal responses analysis was adapted and it makes easy to eval-
uate the relation between the response time and the stability
of a logarithmic electrometer. It is evident from experi-
mental results which shall be shown in sectiond4-4 that this analysis is
applicable to our purpose.

The transfer function of the logarithmic electrometer

circuit shown in Fig.4-]1 can be described as follows :

G ($) = B8 e 4-3
‘ AT (S) | + (_Y;\__Cm + Yol +to> S+ YD(CQN+C§)KOS : )
o )
where - To | (4-4)
° Ao 27fo
_ nkT, !
YD % L 3 (4-'5)

Ap is the open loop gain of the operational
amplifier,
Ty the open loop time constant of the operational

amplifier,

H

o the unity-gain-crossover-frequency of the
operational amplifier,

Yo the linear resistance of the logarithmic elementc



for the small signal and it increases proportion-
ately with decreasing bias current,
Cf a feedback capacitance and
s the Laplace transform variable, respectively.
Then, the stability condition of this circuit, in other words,

the condition that the poles of Eq.(4-3) are all negative can be

expressed by

l:o CH’\ .
> -7 4 ’ Cocl _— . 4~

For Cf<< Cfo the logarithmic electrometer is underdamped and

a pulsed 1input, having high frequency components, must cause
overshoot- and ringing phenomena. Such underdamped condition
should be avoid in measurements of transient phenomena. The

critical dampimg condition 1is realized when C_. is equal to C

£

This relation gives the fastest response of the logarithmic

fo °

electrometer within the stable condition. If we substitute

the relation Cf = Cfo

critical damping becomes

Ti= Tot{TorCn = AT eCin @)

J

into Eg.(4-3), the time constant T, at

which shows the limit of the obtainable response time of the

logarithmic electrometer is determined not hy C. but T,, o

£
and Cin . For Cf’> Ceop the logarithmic electrometer is
overdamped, not to mention of stable. A logarithmic electro-
meter should be overdamped for pulsed reactor experiments.

As shown by Eq (4-5) , the resistance Yp of the logarithmic

element varies according to a bias current flowing through it.



Consequently the damping coefficient of the logarithmic electo-
meter‘dependéon the level of an input current. Hence, it is
necessary in the design of a logarithmic electrometer to ensure
the stability all over the measuring current range.

The critical damping condition of the logarithmic electro-
meter shown in Fig. 4-1 was calculated varying an input bias cur-
rent. Here input capacitance Cin was estimated at 3000
pF, which is nearly equivalent to the total capacitance of a
detector and a cable of about 40 meters. A MOS FET opera-
tional amprifier which is easily available also has the follow-
ing features : A, = 1004B, fo = ] MHz. The feedback capaci-
tance and the time constant at critical damping were calculated
from Egs. (4-5) ,(4-4)and(4-7) using above values. The
results are shown in Fig.4-3. In the design of a linear
electrometer, it is possible to select an adequate feedback
capacitance for each current range, but in the case of the
logarithmic electrometer such a selection is jimpossible. When
measurements of the maximum current of 10—3 A are assigned to
the logarithmic electrometer shown in Fig. 1, it needs a feed-

back capacitance of 14700 pF ( = ) for the stability, which

Ce1
is shown in Fig,4-3 ( curve A ). The response time of the
logarithmic electrometer with that feedback capacitance Cfl is
nearly determined by the product of Yp and Ceqy » SO that it is
inversly proportional to the input bias current. This is
shown in Fig 4-3 ( curve C ). Consequently that logarithmic
electrometer suffers from the severe dégradation of the
response time at low current levels. For example, the re-

10

sponse time becomes about 3.8 sec at 10 A level ( = 0.026V
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= 10710

A X 14700 pF ). Thus, the conventional logarithmic
electrometer such as shown 'in Fig4-] cannot be applicable to the
wide range insitrumentation of pulsed reactors of which powers
widely change with very short reactor period. It is impor-
tant in design of the logarithmic electrometer for pulsed reactor

experiments to improve the response time éspecially at low cur-

rent levels without any instability.



4-3. Improvement of the Response Time

If the feedback capacitance of a logarithmic electrometer
can be regulated along the curve A in Fig 4-3  the response
time will be markesdly improved without any instability.
Such improvement is shown as the change from curves C to B
in the same Fig.4-3, The curve B shows the time constant of
the logarithmic electrometer at critical damping; Such
conception, using =a vériable impedance element for the phase
compensation should be valuable in the improvement of
the response time of a logarithmic electrometer. It is diffi-
cult to obtain a suitable feedback capacitor corresponding to the
voltage across the logarithmic element. Thereupon, a new
phase compensation technique was developed in place of the conven-
tional method, which was using the feedback capacitance in paral-
lel with the logarithmic element. The equivalent circuit of
a logarithmic electrometer with the new technique is shown in-
Fig.4-4, This technique is based on that a resistance ryx
inserted between a detector cable and the input terminal of the
logarithmic electrometer recovers the phase lag caused by the
input capacitance 4) 8). Moreover such inserted variable
resistance ry can be regulated according to the level of input
current and is easily available to adapt this phase compensation
technique. |

The transfer function of the logarithmic electrometer

circuit shown in Fig 4-4 is expressed by

Gu(s) = £E: SE) — " |
== . (4-8)
&1, |+ l;_c'_“ + VxCin +To ) S + o (ot ) Cin S 7
(@]

The stability condition of this circuit can be given by
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.CO _ YD Tolp -
YX Z Cin AO + 2 Cin = Yo . (4-9)

For ryx > g The logarithmic electrometer is overdamped and
for ryx ¢ ry it is underdamped. Substituting the relation
Iy = I, into Eg.(4-8), we obtain the time constant T= at

critical damping as follows :

T: = -CO -+ .‘ -Co }’DC,',) ;_:. to rDC:'h R ’ (4'10)

which is the same as Eqg. (4-7) It is evident from this that
the new phase compensation technique is effective in obtaining
stable response as well as the conventional method.

The values of ry depending on input bias current to
obtain the critical damping condition of the logarithmic
electrometer with this technique is shown in Fig.4-5 (curves D).
If the inserted resistance ry can be regulated along the curves
D in Fig.4-5 , the response time of the logarithmic electrometer
will be ideally improved. Although it is impossible to
obtain such an ideal resistor, a current variable resistor
suitable for this technigue can be easily obtained by the
use of some resistors and a semiconductor diode, and hence
the response timé of the logarithmic electrometer with this

technique can be markedly improved.
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Fig.4-5 The critical damping condition of the logarithmic electrometer shown in Fig. 4,

Curves D show the inserted resistance for critical damping and curve E that of the logarithmic

electromgter shown in Fig. 6.



4-4. A Practical Circuit and Experimental Results
A newly designed logarithmic eléctrometer circuit is shown
in Fig.4-6. A model ppc 152 A MOS FET operational amplifier
with a unity-gain-crossover-frequency of 1 MHz and a bias

-13

current of 10 A is used for the input stage ( Amp. 1 ).

The open loop gain of the operational amplifier is fixed at

9)

60 dB by a source feedback technigque This is effective in
suppressing the maximum value of the inserted resistance as
shown in Fig.,4-5 (curves D). But it will cause a steady-
state off-set positional error to fix the gain too low. A
model 2N 3058, having a saturation current of 6)(10-14 A,

is used for the logarithmic element. The inserted current
variable resistor is composed of a current variable element D,
and two resistors Ry , Ry . The same diode mode 2N 3058 is
used for D, . The calculated resistance of the inserted
resistor for small signal is shown in Fig.4-5 ( curve F ).

A logarithmic output is amplified by next amplifier ( Amp. 2 )
built up with a model o 741A operational amplifier. The
gain of 16.7 magnifications ( = 1V -~ 60 mV ) was adjusted

by a variable resistor R3 and hence the gain per decade for

this logarithmic electrometer was chosen as 1lV/decade of

input current. - In order to fix an output voltage to O V
at an input cuttent of 10710 a, a bias voltage of 220 mV

was applied to the Amp. 2. The zero adjustment was made
by a variable resistor Rg . The temperature influence for

the logarithmic element is also compensated by two thermistors
Rp , Rp wused in this amplifier stage. The fundamental
principles are shown in reference 10).

The input current signal for testing was prepared from
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Fig.4-{6 A newly designed logarithmic electrometer circuit.



a bias current Lb and a square pulse current with an
amplitude of about 0.05 Lb. As expected from the stability
condition shown in Fig,4-5 the observed output aneforms were
éccompanied by no overshoot~ and finging— phenomena in the whole

10 2 t0 1073 A. The : measured . results

current range from 10~
of the rise time of this logarithmic electrometer are shown in
Fig.4-7. The measured data agree nearly with curve F
calculated from Eg.(4-8) using the curve E in Fig.4-5. A
curve G in Fig4-7 shows the rise time of the conventional
logarithmic elsctrometer. It is evident from these results
that at low current levels the response time of the logarithmic
electrometer with this new phase compensation technique has
been improved two decade compared with the comventional
one.

Power shapes of theone-shot pulsed reactor " YAYOI " were
measured by the use of this logarithmic elegtrometer, an
ionization chamber Westinghouse type 6377 and a transient
menmory Iwatsu type DM 701. Figures4-§ and 4-9 show examples
of the cbserved power shapes of the " YAYOI " in the pulse

operation below and above prompt critical state, respectively.
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4-5. Conclusion

It has been difficult to obtain a stable and fast response
logarithmic electrometer with large input capacitance of a
detector and a cable. At high current levels the stability
of the logarithﬁic electrometer requires a large feedback
capacitance, by which its response time is severely degraded
at low current levels. This is due to the marked change of
the current-dependent resistance of the logarithmic element.
In order to copa with this problem, a new phase compensation
technique was developed and a stable and fast response loga-
rithmic electrometer was made. For example, the response
time of this logarithmic electrometer with input capacitance
of 3000pF was improved about two decades compared with the conven-
tional one at low current levels. This logarithmié electro-
meter circuit is based on clear transient analyvsis and requires
no skilful adjustment. a feasibility test of this logarithmic
electrometer system was also carried out by thg one-shot pulsed

reactor " YAYOI " and satisfactory results were obtained,



Appendix 4-A Compensation of the Trmperature Influence

The logarithmic characteristics shown in Eq,(4-2) can be

rewritten as

Vd =AM Iatd=-8BM , (4-A1)

where A(T) = —Uﬁit and. B(M= hl;T an;s .

The saturation current LS is temperature dependent and is
given by

[s=1loexpC=) (4-A2)

where [, is a constant and B is 12000 for si. It is
evident from Eq,(4-Al) that the temperature sensitive Jq can

be compensated by balancing the A(T) and the B(f)Jwith an amplifier
having a gain and a bias voltage which are dependent on temper-
ature?) . The simplified diagram is shown in Fig. 4-Al,

Here, R(T) is a temperature dependent resistor and Et)(T) the
temperature dependent bias voltage. The temperature depend-
ent gain J{(T) of the amplifier built up with an Op. Amp. 2 is
given by

R

O{(T) =T - Be (4-/\3)

.

If we ignore temperature drifts of the Op. Amp. 1 and the Op.
Amp. 2 , the temperature dependent output voltage EO(T) of the

logarithmic electrometer shown in Fig 4-Al can be expressed by

ED= {2 g2 - g} um (4-A4)
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Fig 4-A1 Principle of compensating the temperature sensitive diode,



Differentiating Eg,(4-A4) with respect to T, we obtain the

temperature coefficient of EO(T) as follows:

’QE-«

2d . Fp 4 nked >

Ua <"T' 91‘) (E aT_k D - T (4-A5)

The first term and the second term of the right hand of Eq.
(4-A5) should be zero for exact temperature compensation.

From the first term, the temperature coefficient of A becomes

O‘l g? :—"V = —0,0033 /°K ot 300° K {(4-A6)

From the second term and Eq,(4-A§), the temperature coefficient

of Eb becomes

—_— = —0,012 /OK st 3°°°}<. (4~A7)

In the circuit of the newly designed logarithmic electrometer,
these temperature coefficient were realized by the use of some
resistors and two thermisters R, , Ry , which had a nominal
tempereature coefficient of -0.042 /°K at 300°K. Thus,
variation of less than 0.1 decade was obtained in the range
from 10_10 A to lO—-4 A for the ambient temperature variation

Qo
of 20 C.
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Chapter V. Fast Response Log N & Period Meter

5-1 Introduction

Various applications of this system can bhe expected in
transient neutronic measurements in reactor operations.
One of the typical ekamples is the instantaneous measurement
of the time dependent reactivity; Such the measurement
is needed urgently for determination of pulse shape control
of apulsed reactor. Other application is to obtain the
safety scram signal in rapid transient situation of a steady
reactor.

In kinetic studies on pulsed reactors, it is often useful
to characterize dynamic behavior by instantaneous reciprocal
period or instantaneous OL(t) (El%CfL/?Nt)). Major

response characteristics can be determined if ol(t) is clearly

known. Excess prompt reactivity in a pulsedreactor is
evaluated by measuring the value of ol(t) with power excur-
1)2)

sion As the simplified treatment, the excess prompt
reactivity is obtained from one group, one point reactor

kinetic equation with delayed neutron neglection as follows.
= 4 & {tonct
pity-p = Loty = Lgp{Annt) |

where .P(t)is the reactivity at time t.

There is the proportional relationship between the inst-
antaneous excess prompt reactivity and the value of ol(t)y ,
that is, the inverse of the prompt period. Then the time
dependent excess prompt reactivity can be observed directly

as the output of a fast response log N & period meter.



Of course, the integral time chstant of the log N & period
meter should be much less than the reactor period itself;
the time constant in a reactor power increasing; and the
effect of the ion transit time of the ionization chamber
should be neglected by the suitable correction method.

T. Furukawa>’ pointed out that the log N & period meter

for steady reactors was liable to tfip spuriously due to inverse
period overshoot of the period meter output, resulting from ‘
exponentially increasing reactor power from beyond the range

of the log N channel. He also obtained data shéets4) which
were effective in desiéning the optimum time constant of the log N
& period meter for steady reactors. However, hig data

sheets are not applicable to the design of the log N & period
meter for pulsed reactors, since the log N & period meter for
pulsed reactors requires very fast responsiveness and there-

fore a new circuit design which is different from one for

steady reactors.

A fast response log N & period meter was developed for
pulse reactor operation.S) A new phase compensation techniqueb)
was applied to the logarithmic electrometer circuit in the
log N & period meter, and the response time and the overshoot
error of the log N & period meter were markedly reduced.

At first, the transient response of a log N & period meter
shall be discussed in this chapter and then the new phase

compensation tachnique and experimental results of the fast

response log N & period meter shall be shown.
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5-2 Transient Response

The instantaneous prompt O((t), i. e. the inverse of the

prompt reactor period, is given by

ol(t) = den(t)/n(t) = -Cﬁ’,— {«@n Yl(t)} . (5-1)
The value of ¢l(f) can be, therefore, observed as the output

of an ideal log N & period meter, which has no time lag.
However, a real log N & period meter, whose equivalent circuit
diagram is shown Fig. 5-1, causes an inevitable error due to
the following two effects in the measurement of ol(t) value.

One is due to the lag of the response time of an analog
differentiator which is built up with an operational amplifier.
The transfer function of the differentiator shown in Fig. 5-1

is given by

GD(S): EO(S)_ _RdCdS

S) . (5-2)
EUS) 1+ (ti+RiCsd + B s + Ry (Cat Cpa) S,

where RdCd is the gain of the differentiator.

The fastest response of the differentiator is realized when

. _ T _ Cd T1Cd )
C+d is equal to Cf, C~ Rd Al + 2 R4 ) like as
discussed in section 3-2. If we substitute that relation

into Eq. (5-2}, the integral time constant of the differentiator

becomes

Tp = Tit+{ TiRdCd . (5-3)

It is important in the desigen of a fast response analog
differentiator to make this time constant T[p sufficiently
small. Such design of the time constant is not so difficult
and a fast response differentiator can be easily obtained.
Hence it is assumed that the error due to the lag of the res-

ponse time of the differentiator is negligibkle in further

- 91 -
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discussions. The other is due to the lag of the response
time of a logarithmic electrometer. This makes it diffi-
cult to observe the precise Q(t) value.

From circuit analysis, the transient response of the
log N & period meter circuit shown in Fig. 5-1 can be general-

ly expressed by

_ RdCd ;s _ nkTR4Cd exp ()]
Eolt) = === (1) — (5-4)
Cr % S: eXP[ﬁ(t)}d’t _t_%g_cl ,

where

5<t):—n—§§jut)dt ,

and C1 is an integral constant.
Here, the following assumption is introduced to simplify the

analysis on the transient response of the circuit,

Lw>:toexpe%;)_ (5-5)

where |p 1s an initial input current and 'Tp is a time
constant corresponding to a reactor period. This assump-—
tion is effective in estimating the general response character-
istics of a log N & period meter circuit and is also approxi-
mately applicable to the real situation of a transient reactor
power of a pulsed reactor. In this assumption, the response
of the ideal log N & period meter circuit with no time lag is

easily given by

Eo(t) = nthstd‘ql—P (= constant) , (5-6)

which shows that the output voltage is proportional to the
inverse of the reactor period. On the other hand, the
output voltage of the real log N & period meter circuit with

some time constants gradually the constant value shown in



Eg. (5-6).
Figure 5-2 illustrates profiles of the transient response
of the lag N & period meter circuit shown in Fig. 5-1.

These were calculated from Eg. (5-4), varying the initial cur-

rent Lo as a parameter and using the following values; nSj-: 26"ﬂ7,

Cy=14700pF,
Tp'—‘lms .

section 4-2. It is evident from the profiles that the

The former two values have been described in

smaller the initial current Lo is, the larger the overshoot
error of the reciprocal period is. The response character-
istics which are accompanied by such overshoot error disturb the
precise measurement of &Kt)value. A fast response log N & pe-

riod meter circuit for pulsed reactors should be designed not to

cause such overshoot error.



Io:].OX]O-7

1 | | | 1

2 3 JA 5 6
Time (msec)

Fig. 5-2 Profiles of the transient response of the log N &

perio meter circuit shown in Fig. 5-1.
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5 -3 Improvement of the response characteristics

As described in previous section, the overshoot erxor of
the log N & period meter is governed by the lag of the response
time of the logarithmic electrometer. Therefore, the error
can be reduced by improving the response time of the logarithmic
electrometer, especially at low current levels.

Figure 5-2 shows the equivalent circuit diagram of a new
type logarithmic electrometer designed by N. Wakayama etc 6).
This circuit maintains the stability based on that a resistance
Rin inserted between a detector cable and the input terminal of the
circuit recovers the phase lag caused by the input capacitance
at high current levels and moreover a feedback capacitance Cf
does that at low current levels.

The transfer function of this circuit for small input

signal is given by

Gp(S)= —zAs-IE;)—_:-rD[ (—‘;Tm—-{— Cs +RmCm+’Co)5+{RinC’mrDCf'

-1

+ To(¥oCin +RinCin +rocf)} 2+ RinCinCslp 1:053] (5-7)

Then, the stability condition of this circuit, in other words,
the condition that the poles of Eq. (5~7) are all negative, can

be expressed by

b2-3ac > 0
(5-8)
2Ab*+18abc —42c—-4b -27¢2 20
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Faguivalent circuit diagram of a newly designed

logarithmic electrometer for the log N period meter.



where a= ___Fpp(\ioin + I Cs +RinCin + To ,

(6
)

Rhﬂ%Cﬁan‘f’to(rDCin+'RlnClnﬁ'rDCf) y

o
1

RinYpCinCs5To

It is troublesome to obtain the exact relation between Rin and
Cf at critical damping from above equations. Thereupon, a
simplified method is here proposed to estimate roughly the
relation. The summary of this method is shown in Fig. 5-4.

A curve A shows the time constant of the logarithmic electrometer
at critical damping. In the case that a small feedback ca-
pacitance Cf' is selected, a conventional logarithmic electro-
meter, whose eguivalent circuit diagram is shown in Fig. 4-1,
becomes unstable at the current levels above Iy in Fig. 5-4,
which is easily from the discussion in section 4-2. Conse-
guently, it becomes necessary that a resistance is inserted
between a detector cable and the input terminal of the amplifier
to suppress too fast response at such high current levels.

Hence, the resistance Rin can be approximately determined by the

following relations.
. / leT'Eo - , To -
Rln > q;C'mIX - Cf)z . (5 q)

The time constant of this type logarithmic electrometer is shown
as a curve C in Fig. 5-4. A curve B shows the time constant

of the conventional logarithmic electrometer. It is evident



from the comparison of the two curves B and C that the response
time of the new type logarithmic electrometer is markedly
improved at low current levels. Needless to say, the time
constant of the new type logarithmic electrometer is reduced to
Rin Cin at high current levels and it should be sufficiently
Figure 5-5 shows the profiles of the transient response of
the log N & period meter with the new type logarithmic electro-
meter. Those were approximately calculated from Eg. (5-4)

using the following equation

Lnmioexp(~ gl et explE) 1 - exp{l~(—_[l:f-)+—R—.l%Em)(1;}] )
-1

&

and the following values ; Rin = 6.6 KL ; Cf' = 30 pF ; Tp =

1 ms. It is evident from the comparison of the profiles in

Figs. (5-2) and (5-5) that the overshoot error of the new type

log N & period meter is markedly reduced at low current levels.
Figure 5~6 shows the relation between the reactor period

Tp and the minimum initial current iO when the overshoot error

becomes less than 1 per cent. A curve D shows the minimum

initial current of the new type log N & period meter and a curve

E does that of the conventional one. It is evident from the

comparison of the two curves D and E that the new type log N &

eriod meter can cover the current range much more widely than
P g

the conventional one.
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Fig. 5-4 A simplified method to obtain roughly the stability

condition of the logarithmic electrometer circuit shown in Fig. 5-3.
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Fig. 5-5 Profiles of the transient response of a newly designed

log N & period meter circuit.
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5-4 A Practical Circuit and Experimental Results

A practical logarithmic electrometer circuit with the
new vhase compsansation technique is shown in Fig; 5-7; Two
mocdel 1430 FET operational amplifiers with a unty-gain-crossover-
frequency of about 100 MHz are used in the circuit. A silicon
planar transistor model 2N3058, having a saturation current of
6 <10 14 A, is used for a logarithmic element. A detailed
design on temperature compensation, zero adjustment and so on
is described in chapter IV. The inserted resistance Rin and
the feedback capacitance Cf' should be adjusted according to
measuring conditions, that is, a cable capacitance and a reactor
period. A practical period meter circuit is shown in Fig. 5-8.
A model 1430 FET operational amplifier is used for the analog
differentiator. The gain Rd Cd of the differentiator is

fixed to the magnitude of a period range of 230 magnifications.

is given by

Consequently, the reactor period TP
Tp=—188 (5-10)
where Tj R is the period range and g the output voltage of the

log N & period meter { volt. ).

Figure 5-~9 shows some examples from the observed results

and the feedback capacitance of 40 pF were selected based on the
principle described in previous section. The measured results
are apparently accompanied by no overshoot phenomena shown in

section 5-2.
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Fig. 5-9 Some examples from the observed results in the pulse

operation of the " NSRR " with our systems.



Figure 5-10 shows an example from the observed results in
the pulse operation of the YAYOI. In this experiment,
very fast responsiveness was required for measuring systems and
an inserted resistor of 3502 'and a feedback capacitor of
25pF were selected in the new logarithmic electroﬁeter
circuit. Thus, the time constant of the logarithmic electro-
meter was reduced to about 1 psec at the current levels above
lO—7 A, Ther=sfore, the measured result is hardly accompanied

by such an overshoot error as described in section 5-2.
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5-5 Conclusion

It has been difficult to design and manufacture a stable
and fast response log N & period meter for pulsed reactors.
At low current levels, it often produces an overshoot error,
which is caused by the lag of the response time of the logarith-
mic electrometer. In order to overcome this problem, a phase
compensation technique reported by N. Wakayama etcf)was applied
to the logarithmic electrometer circuit and a stable and fast
response log N & period meter was made. The range which
could be covered by this new type log N & period meter was
extended about two decades as wide as the commercially supplied,
conventional one. This log N & period meter circuit is based
on clear transient analysis and requires no skilful adjustment.
A feaszibility test of this log N & period meter was also carried
out by utilizing the one shot pulse reactors "NSRR" and
"YAYOI". Satisfactory results were obtained in the instant-~

aneous OL(t) meausrements and the precise values of reactivity

inserted into the reactorswere determined.
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Chapter VI Summary

In chapter I, requirements for the nuclear instrumentation of
pulsed reactors have been discussed,
The ionization chamber-electrometer system is much superior to the
pulse counting one in the view point of statistical accuracy, and it
is evident that the former system should be applied to a power
shape monitor for pulsed reactors. The response time of the
former system must be improved to be successfully applied to a power
shape monitor for pulsed reactors. |

In chapter II, the transfer function of ionization chambers has
been investigated. The impulse response of an ionization chamber
was measured using intense gamma ray pulses produced by a linear
accelerator, by varying the applied voltage as a parameter. The
results obtained clarified the following points. First the
transfer function of the ionization chamber is mainly expressed
by the transit times of positive ions and electrons. Secondly
the positive ion transit time decreases proportionately with
increasing applied voltage and the electron transit time does
consistently with that. The fluctuation current of the ioni-
zation chamber, set up in the thermal column of a reactor, was
also measured by varying the time constant of a current amplifier
system as a parameter, The results show that the poWer spectral
density of the fluctuation current is not perfectly white but
dependent on these transit times in the very high frequency region.
These experiments should be useful to select detectors for pulsed

reactors and to develope newly a new fast response one.
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In chapter III, a fast response electrometer for pulsed
reactors has been developed. The response speed of an electro-
meter with a long detector cable was markedly improved by feducing
the effective cable capacitance. In the circuit of the electro-
meter, a new guard technique was used to reduce an effective cable
capacitance and a negative capacitance technique to obtain the
critical damping condition. Stability of this electrometer is
ensured by adjustment of the open loop gain of the guard amplifier
and the feedback capacitance. This stable and fast response
electrometer was successfully applied to transient power measure-
ments of the one shot pulse reactor " YAYOI ".

In chapter IV, a fast response logarithmic electrometer haé
been developed. The response time of a logarithmic electrometer
was improved by introducing a new phase compensation technique.

It is baéed on that a current variable resistance inserted

between a detector cable and the input terminal of the logarithmic
electrometer recovers the phase lag caused by the input capacitance.
This stable and fast response logarithmic electrometer was suc-
cessfully applied to transient power measurements of the one shot
pulse reactor "YAYOI ".

In chapter V, a fast response log N & period meter has been
examined. The covering range of a log N & period meter was .
markedly extended by improving the response time of the logarithmic
electrometer. The logarithmic electrometer maintains the
stability based on the fact thatla current variable resistance inserted
cable and the input terminal of the circuit recovers the phase lag

caused by the input'capacitance at high current levels and
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moreover a feedback capacitance does that at low current levels.
These resistance and capacitance are'adjusted according to
measuring conditions in a cable capacitance and a reactor
period. This fast response log N & period meter was successfully
used to determine the precise values of reactivity inserted into
the pulsed reactors "NSRR" and "YAYOI".

The fast response amplifier system shown in this paper has
been used for the nuclear instrumentation of the "NSRR" and the
"YAYOI" and should be also useful for that of the JLB.
Consideration for the response time of an ionization chambér

should be also useful to develope a fast response one as a detector

for the JLB.
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