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Abstract

The flow gas radiochemical method is proposed to be
used for monitoring of neutron flux in high-flux nuclear
reactors, such as the PIK of the St. Petersburg Institute of
Nuclear Physics named by B.P.Konstantinov. A feature
of the technology is the spatial separation of neutron de-
tection and their registration by means of transporting
the resulting radioactive gas “Ar - a product of a nuclear
reaction in the core with the help of transport gas He to a
remote and protected decay counter. In this formulation,
the technology makes it possible to drastically reduce the
background load from y-quanta and other competing
processes. To place a detector ampoule in a narrow tech-
nological channel of a PIK nuclear reactor, its dimen-
sions must be very small. A small amount of the active
substance in the detector ampoule, in addition, will re-
duce the decay count and the load on the readout elec-
tronics. In fact, the limiting dimensions of the detector
ampoule can be considered as "pointlike” and such am-
poules can be used to obtain a spatial distribution of the
neutron flux across the core of a high-flux nuclear reac-

tor.
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Introduction

Commissioning of the high-flux nuclear reactor PIK on the
territory of Petersburg Nuclear Physics Institute named by
B.P.Konstantinov with a maximum thermal power of 100
MW and a maximum neutron flux density of up to 5x10"°
neutron cm” sec’ [1], as well as the international thermonu-
clear reactor ITER with a neutron flux density of up to
1.5x10" neutron cm™ sec [2] will require the use of radia-
tion-resistant, compact, simple in design and operation neu-
tron flux detectors. Although at present there are peripheral
neutron detectors, mainly based on ionization chambers and
position-sensitive detectors [3], there are still no neutron flux
monitors in the reactor core center. The problems of their
placement are associated with extremely high neutron fluxes,
which overload the readout electronics, background loading
from y - quanta, as well as high temperatures in the vicinity of
the core. The solution to this problem may be the placement
in the center core of high-flux nuclear reactors, such as PIK
(Russia) [4], HFR (France) [5], HFIR (USA) [6], FRM (Ger-
many) [7], as well as near active zone of the international ther-
monuclear reactor ITER [8] flow gaseous radiochemical neu-
tron flux monitors [9-13]. The flow gas radiochemical moni-
tor uses the property of free release of the inert radioactive
gas “Ar, formed in the nuclear reaction “’Ca(n,a)”Ar, from
the crystal lattice of calcium oxalate CaC,0,. The inert ra-
dioactive gas ”Ar formed in the detector ampoule is transport-
ed by the He carrier gas to a remote proportional gas counter
of the flow type, where the decay rate of the radioactive inert
gas nuclei is measured, which is uniquely related to the neu-
tron flux density in the core. The advantage of the proposed
neutron monitor is a small amount of CaC,0O, active subs-
tance and small detector sizes required to detect high neutron
fluxes in the core center, as well as a relatively high tempera-
ture of CaC,0, decomposition, which is about 350°C. The re-
mote location and shielding of the decay counter allows to get

rid of the background of y - quanta.

Monitor Design

The scheme of the gas path of the radiochemical neutron

monitor is shown in Figure 1. The difference from the
schemes of the gas path used in [9-13] consists in the design
of microampoule 2 filled with powdered calcium oxalate. As
for small detector ampoules the manufacturing process is
rather simple: small aluminum ampoule is welded with the
aluminum input and output tubes. The ends inside the am-
poule are closed with a non-combustible cloth to avoid calci-
um oxalate powder spilling out through the supply tubes of
the gas path. A general view of the microampule design is
shown in Figure 2. Inlet 3 and outlet 4 tubes of the helium
path have an outer diameter of 2 mm and an inner diameter
of -1 mm. The average size of calcium oxalate crystallites is
about 30-50 microns. Another new element scheme is a nitro-
gen trap 20 at the outlet of the gas mixture from the counter
16 to the atmosphere aiming to purify the transport gas from
radioactive argon impurities. Purification of transport gas he-
lium based on the difference in the boiling temperatures of he-

lium and argon.

The dotted line in Figure 1 shows the possibility of returning
spent He, purified from radioactive gas impurities and a
quenching agent, back to the gas path. This option is neces-
sary for high gas flow and long-term operation of the monitor
due to the high cost of transport gas He. The design of the mi-
croampule Figure 2 is chosen so that it freely enters the ser-
viced channel of the nuclear reactor. In the case of the PIK re-
actor, this is the central experimental channel with a neutron
trap ~8 cm in diameter [14]. The gas proportional neutron
counter is an all-quartz sealed construction. The detector cath-
ode is pyrographite layer, obtained by decomposition of isobu-
tane at a temperature of~ 950°C. The thickness of the pyro-
graphite layer is ~1 pm. After deposition of the layer some ex-
cess pyrographite where it is not needed is removed by burn-
ing in oxygen flow. Contact with the cathode is provided
through a side capillary branch with a pyrographite inner
coating. Molybdenum foil with the thickness of 10 um, and
width of 1 mm welded into quartz glass provides an electrical
contact with inner coating. A similar foil acts as an anode out-
put contact. The anode itself is a tungsten wire with a diame-
ter of 20 microns. Detector dimensions are as follows the

length is about 250 mm; internal diameter is about 18 mm.
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Figurel. Scheme of the gaseous path of a flowing radiochemical neutron monitor. Designations in the diagram: 1- reactor channel, 2 - detec-

tor microampule, 3 - input He tube, 4 - output tube for the flow of the mixture of He with radioactive argon, 5, 12 - cylinders of He and

quenching agent CH,, respectively, 6,13 - pressure regulators, 7,9, 10, 14, 17, 21, 22 - gas flow regulators, 8, 15, 18,24 - flow meters, 11 - getter,

16 - proportional counter, 19 - readout electronics, 20 - nitrogen trap, 23 — compressor.

The anode resource is the erosion of the anode wire in a gas
discharge, which is difficult to estimate, but if we take as a ba-
sis the usual value for Geiger counters of 10" operations
with a charge per operation of 10° Coulomb, we get a charge
resource g = 10° Coulomb. In our case, when charging for one
operation g, = 10°x10" = 10"’e = 10” Coulomb, we get the num-
ber of operations n = 10°/10” = 10" pulses. At the counting
rate n,= 10° sec, the lifetime of the counter 1, = 10"°/10° = 10’

sec ~ 30 years, which is quite acceptable.

Gas amplification is an increase in the number of free charges
in the volume of the detector due to the fact that primary elec-
trons on their way to the anode in high electric fields acquire
energy sufficient for impact ionization of neutral atoms of the
detector's working medium. The new electrons that have
arisen in this case, in turn, have time to acquire energy suffi-
cient for impact ionization. Thus, a growing electron
avalanche will move towards the anode. This "self-amplifica-
tion" of the electron current (gas amplification factor) can

reach 10>-10". This mode of operation corresponds to a pro-

portional counter (chamber). The name reflects the fact that
in this device the amplitude of the current pulse (or the total
collected charge) remains proportional to the energy spent by
the charged particle on the primary ionization of the detector
medium. When using the reaction “’Ca(n,a)” Ar on helium,
one can expect the energy resolution of the detector to be at
the level of (2x10°/20) "*~310™. Currently, counters are pro-
duced in single copies. The cost of one counter is about
$1000.

An example of using the described technique for monitoring
of neutron flux on the RADEX neutron target [15] is shown
in Figure 3. The use of a neutron monitor in the center of the
active zone is very useful in terms of obtaining information
about the temporary behavior of a neutron source, as well as
on the degree of burnout of the fuel. In addition, the indica-
tions of the neutron monitor in the center of the active core
will allow comparing the data of neutron monitor with the
corresponding data of other neutron detectors located in ex-

perimental channels.
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Figure 2 Design of the detector ampoule of the neutron monitor. The designations on the scheme: 1 - the ampoule case, 2 - the calcium ox-

alate powder, 3 - the transport gas He supply tube, 4 - the output flow of the mixture of He with a radioactive argon.
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Figure 3. An illustration of flow gas radiochemical detector for neutron monitoring [10] at the RADEX facility in the Institute for Nuclear Re-

search of the Russian Academy of Sciences [15]. Dark areas correspond to the presence of a neutron flux due to interacting of proton beam
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with the neutron target, light areas correspond to its absence. As for limitation of this method it is needed to note that on the amplitude spec-

trum of signals from proportional counter, in addition to the characteristic spectrum of Auger electrons from 37Ar decays, a significant (40%

of the spectrum area) contribution was also observed from the continuous spectrum from the B-decay of 41Ar formed by the reaction: 44Ca
(n,a ) 41Ar with a reaction threshold of 5 MeV. The content of 44Ca in the natural mixture is 2.06%. The half-life of 41Ar is T1/2=1.83 hours,
and the ratio T1/2(37Ar) / T1/2(41Ar) =459. Therefore, a contribution from the decay of 41Ar appeared in the hard spectrum of the RADEX

neutron target. In the case of a thermal reactor, this contribution is strongly suppressed due to the high threshold of the corresponding reac-

tion.

Count rate in the reactor channel

To evaluate the advantages of a radiochemical neutron moni-
tor in the reactor core, it is necessary to determine the decay
count rate of the proportional counter 16 in Figure 1 In the

stationary mode of ampoule irradiation (with a constant neu-

tron flux @ and a constant flow rate of the carrier gas LHe),
all newly formed activity above the equilibrium level is re-
moved from the volume of the ampoule by the flow of carrier
gas. Therefore, the count rate of the decays in a mixture of ra-
dioactive gas with a carrier gas is related to the neutron flux

by the known relationship [9]:

7 PrVa PeNAA370 (,0) PV

(1)
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In expression (1), the following notation is used: I is the num-
ber of decays per second of a radioactive 37Ar in the counter,
pn = 1 g/cm3 is the density of bulk calcium oxalate powder in
an ampoule, Va, Vc is the working volume in cm3 of the am-
poule and counter, respectively, Pc is the pressure in the coun-
ter in physical atmospheres, NA is the Avogadro number, A37
= 2.3x10-7 sec-1 is the decay constant of the 37Ar, (n,a) =

25000

20000 4

15000 o
I/
L ]
&

I ,decavyslzec

10000 —

/

5000 4

2.0x10-26 cm?2 is the nuclear reaction cross section averaged
over the neutron spectrum for the reaction 40Ca( n,a)37Ar , -
the neutron flux density (neutron/cm2/sec), MCaC204 = 128
- the molecular weight of calcium oxalate, LHe - the con-
sumption of transport gas He in cm3/sec. Expression (1) is ap-
plicable when Va/LHe <0.8 MeV in the center of active core

of the PIK reactor are shown in Figure 4.
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Figure 4. The family of dependences of the decay count rate I vs. the volume of the detector ampoule Va for various transport gas flow rates L

in the active core of PIK reactor.
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As can be seen, the count rates for radioactive argon decays
are significantly lower than the maximum currently achieved
level of 125 kHz [16]. With an increase in the transport gas
flow rate L and a decrease in the volume of the detector am-
poule Va, the decay counting rate decreases. These circums-
tances are favorable for registration of record neutron fluxes
in the core centers of high-flux nuclear reactors, and these
fluxes can be measured by extremely small, literally "point-
like" detecting ampoules. For example, with a detector am-
poule diameter D and h height both equal to 1 cm, the vol-
ume of the ampoule will be ~1 cm3, while it can be easily
moved in the experimental channel of a high-flux nuclear re-
actor PIK. Then, as can be seen from Figure 4 and relation
(1), at a transport gas flow rate L= 1 cm3/sec, the decay count
rate will be 27 kHz. The length of the gas path is the distance
from the location of the neutron detector ampoule in the core
to the location of the proportional decays counter. In this
case, the signal delay time due to movement along the gas
path with a length of LT =1000 cm through tubes with an in-
ternal diameter d=0.1 cm will be T~Kd2LT/4L~8 sec. With an
increase in the flow rate of transport gas, the delay time de-
creases. This is favorable for closing to the real time picture of
neutron flux. Reducing the dimensions of the detector am-
poule is limited only by the possibility of mechanical fasten-
ing of the supply pipes. It is proposed to use stainless steel or
aluminum alloy as the material of the detector ampoule and
tubes of the gas path, the last one is less susceptible to activa-

tion.

Burnout of CaC204

At least one factor determines the life of the detector -
CaC204 burnup. Let's consider it in more detail. Burnout of
CaC204 will take place due to nuclear reaction. Let us esti-
mate the fluence up to burnout. Let's fix the share of burn-
t-out active substance = 10%, then =0t =2x10-26Dt, where t
is time of neutron irradiation. Then we get that the value of
the neutron fluence @t will be about 0.5x1025 n/cm2. This
corresponds to the exposure time t~109 sec. or about 27

years.

Discussion

The radiochemical gas neutron monitor is a fundamentally
new neutron detector with a simple design that does not con-
tain any mechanical elements. The detecting ampoule is filled

with a powdered active substance calcium oxalate CaC204

with a high decomposition temperature of 350°C. The inert
radioactive gas 37Ar formed as a result of the (n, a) nuclear re-
action easily leaves the crystal structure of calcium oxalate
and does not interact with the elements of the gas path. The
decay counter is located remotely behind the biological shield
and is connected to the detector ampoule by a gas path. This
solution can significantly reduce the background loading of
the counter. Background processes are also reduced by using
a specific nuclear reaction 40Ca (n, a) 37Ar according to the
“key and lock” principle. Thus, in the active zone of a nuclear
reactor there are metal (aluminum or stainless steel) ampoule
and tubes of the gas path, calcium oxalate powder, as well as
transport inert gas helium. The relatively high rate of 37Ar de-
cays makes it possible to drastically reduce the size of the de-
tecting ampoule to ~1 cm3 and place it freely, for example, in
the central experimental channel of the PIK reactor with a di-
ameter of ~80 mm. In this case, it is possible to measure the
neutron flux at several points along the channel diameter
(about 8 points), as well as along the entire channel along its
height. The spatial resolution of the detector is about 1 cm,
which is not available for other types of detectors. For exam-
ple, the minimum dimensions of a fission chamber are 5 cm
in diameter and 30 cm in length [17]. It is problematic to
place fission chambers in the channel of a high-flux reactor
due to the high background, the instability of electrical con-
tacts, and also because of the too large cross section for the in-
teraction of neutrons with fissile material (thousands of barn-
s) and the high decay rate when superimposition of sponta-
neous alpha decays occurs. The use of fission chambers with
very little fissile material gives a very low current under high
background conditions. The cross section for the interaction
of 40Ca with neutrons is about 0.2 barns, which makes it pos-
sible to control the size and sensitivity of the detector over a
wide range. The detector has its drawbacks, such as a time de-
lay due to the movement of the transport gas along the gas
path, low neutron detection efficiency, which is obtained
from a comparison of the decay rate inside the ampoule Fo-
Nat and the incident flux FSamp of about 0.16%, where F is
the neutron flux density in the channel, o is the reaction cross
section, Nat is the number of calcium oxalate atoms in the am-
pule ~1023, Samp is the surface area of the ampule. The result-
ing accuracy is also a characteristic value for ionization cham-
bers. This detector cannot be used for operational control of a
nuclear reactor; however, it allows obtaining information on
such processes in the center of the core as the distribution of

the neutron flux density along the radius and length of the
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neutron channel, fuel burnup in the central fuel elements.
Since the PIK, HFR, HFIR, and FRM reactors are water--
cooled with boiling, the temperature in the central zone does
not exceed 200°C, and the temperature in the ITER working
chamber is 150-200°C [18], CaC204 powder can be used
without degradation. The difference in the design and proper-
ties of the high-flux reactor monitor and the RADEX neutron
target driven by the INR RAS proton accelerator (see Ref.
[10], which is added to the caption of Fig. 3) is an unprece-
dented high neutron flux density of 5-1015 neutron/cm2/sec
in the first case compared with the second case (about 108-9
neutron /cm2/sec). If in the first case a similar detector was
used, as in the second case, then the decay count rate would
be prohibitively high from the point of view of its processing
by electronics having in mind that 125 kHz is the maximum
possible information processing speed for modern electron-
ics. Therefore, the size of the detector ampoule can be signifi-
cantly reduced, which also made it possible to obtain a point--
like detector. In addition, by changing the transport gas flow
rate, it becomes possible to control the count rate and the de-
tection efficiency in different reactor operating modes.
Another difference of the detector compared to the previous
version is the use of a nitrogen trap to clean the spent helium
and reuse it. Purification is carried out due to the difference
in the boiling points of nitrogen and impurities. The accuracy
of determining the rate of decays of 37Ar with an ampoule
volume of ~1 cm3 and a helium flow rate of 3 cm3/sec can be
estimated as 1/\T ~ 0.63% (see Fig.4). The neutron monitor
operates in the mode of a proportional counter with an ap-
plied voltage of ~1250 V and a gas gain of ~1000, the gas pres-
sure in the counter is ~1 atm. The dead time of the counter is
~10-5sec, so the counting rate without imposing pulses can
be ~100 kHz. As can be seen from Fig. 4, this condition is sat-
isfied even for a small consumption of transport gas and the

volume of the ampoule.

As for the limitations of the method the time delay can be
mentioned which is discussed in the text of the paper.
Another limitation is aluminum alloy behavior in high flux re-
actor. However 40 years of experience in the operation of the
SM-2 reactor shows that structural alloys exhibit satisfactory
radiation resistance up to a neutron fluence of 10* cm™. The
limit of the range of neutron energies is defined by the thresh-
old of (n, a) nuclear reactions. As for background radiation
the counter is placed inside the biological shielding remote
from the active zone of nuclear reactor. It seems there are no
limitations with scaling up the technology for use in larger

number reactors.

Conclusion

The flow gas radiochemical method is proposed to be used
for monitoring of neutron flux in high-flux nuclear reactors,
such as PIK of the St. Petersburg Institute of Nuclear Physics

named by B.P.Konstantinov.

The spatial separation of neutron detection and their registra-
tion gives rise to subsequent decrease of background load
from y-quanta and other competing processes. The technolo-
gy to be used makes it possible to drastically reduce the di-

mensions of detecting ampoule up to “pointlike” shape.

"Pointlike” dimensions of detecting ampoules are favorable
for registration of record neutron fluxes in the core centers of
high-flux nuclear reactors at the acceptable count rate of read-

out electronics.
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