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Abstract

A comprehensive theoretical model is proposed tolaéx the functioning of fission chambers operated
current mode, even in very high neutron fluxes.e Thlibration curves are calculated as a functibhasic
physical parameters as fission rate, gas pressargeometry of the chambers. The output curresattration

is precisely calculated, as well as the maximuntaga to be applied in order to avoid avalanche pimema.
The electric field distortion due to the space ghaphenomena is also estimated. Within this moithel,
characteristic responses of fission chambers areeaty reproduced, in agreement with the expeeenc
feedback obtained at the ILL/Grenoble High-Flux &en
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1. Introduction

Fission ionization chambers are widely used as neutron monitoradmiing environments
such as nuclear reactors, accelerators and medical &scillthey can be used in pulse mode,
where each electronic pulse induced by a nuclear fission is coewveu by event.
Nevertheless, in high neutron fluxes (abové®t0cm?s?), the pulse pile-up induced by the
high fission rate requires a current mode acquisition, where eagth svent is not anymore
individualised.

In order to carry out on-line measurements of transmutationofgesinides at the Mini-Inca
and Megapie installations [1-6], we have recently devefbped-miniature cylindrical fission
chambers designed to stand high temperatures and neutron fluxesevpra 18 n.cm?.s™.
Beside their use for nuclear waste transmutation studies, dieésetors are useful tools for
in-core neutron flux diagnostics of Generation-IV nuclear systems.

After several experiments in high neutron fluxes of abott a@m?.s*, we have observed
that the responses of the chambers as a function of the appliagevaiamely the calibration
curves, are perturbed. The shapes of the calibration curves dgfeficeantly from those
obtained during irradiation in neutron fluxes one order of magnitoderl We have
experimentally noticed that the pressure of the filling gas hadyeometries of electrodes
have a strong influence on the responses of the detectors, with differences Htatatuated
in high-intensity neutron fluxes.

In order to have a clear understanding of the observed phenomemayveveleveloped an
analytical model to study and predict the evolution of the caldmraturves as a function of
different physical parameters, as gas pressure, gas compospiiedavoltage, during
various conditions of irradiation, from low to high intensity neutron fluxes.

4 E-mail: schabod@cea.fr, Phone: (33-1) 01 69 08B Fax: (33-1) 01 69 08 75 84
®in collaboration with CEA/DEN/SPEX Laboratory aRfOTONIS Company



This approach is described in the present paper. In the fitsttiparbasic equations used to
model the functioning of fission chambers in current mode are detail@dsécond part, this
theoretical framework is applied to the calculation of the calibration curves.

2. Modelling of fission chambers

Cylindrical fission chambers are made of two coaxial ebees (anode and cathode)
separated by a filling gas, as shown in figure 5. The anode iiyusoated with a fissile
element. Under irradiation, neutrons induce fission reactions insideeasit and high
energy fission products (about 90 MeV/each on averagé®dj are emitted in opposite
directions. Thus, one is absorbed in the anode while the second crosgasrtbéectrode
space, ionizing the filling gas on its path and consequently germgerathigh number of
electron-ion pairs. When a voltage is applied, an electrid f'egenerated between the two
electrodes, involving a migration of charges. The collected chamgesesponsible for the
creation of an electric current. The layout of this currembelding to the voltage applied
gives a characteristic curve, know as the calibration curve.

In the following, we will consider a standard cylindrical iigschamber with a 98.5 % pure
23 deposit (as CFUT-CXhambers used in the framework of the Mini-Inca and Megapie
projects, see figure 5).

2. 1. Calculation of the charge pair density created by the fission products

In this section, we will evaluate the dendityf electron-ion pairs created per unit of time by
the fission products in the inter-electrode space. To simplifycalculations, we notéy, the
number of fission products released per second and per unit of area at the anode. icatylindr
geometry, one can obtain

Tf
N, =——,(21
fst 277R1h ( )

whereh is the length of the deposit which partially covers the anode figere 1 for the
notations).R; is the anode radiug; is the fission rate, i.e. the number of fissions that take
place inside the deposit per unit of time. Let us also K{lg the average number of pairs
created by a fission product per unit of length travelled in teeXgdepends on the distande
covered by the fission product in the inter-electrode space safoproximation consists in
supposing that all the fission products leave the anode with a puckyl speedv. In
cylindrical coordinatesy can be writtenv, U + vg Ug + V; U,. Consequently, this assumption
fixes to zero the components andv,. Within this simplified framework, one can obtain an
expression foN that depends only on thecoordinate and that can be written

N(r) — NfstRl.rX(r')

, (2.2)

withr =r —Ry.

¢ CFUT-C3 chambers are manufactured by the PHOTi8pany.



A second approach, developed by Poujade et Lebrun [7], consists inragsat all fission
products leave the deposit perpendicularly to the anode axis. Thetyealogiponenty, is
thus fixed to zero and the authors have shownNtdgpends once more only oand can be
written

arccoﬁk‘l/ﬁ
NO= ] % x(r’) rzilng?SZ(:)?_clzls)G) 96.(23)
_arccoﬁkl/ﬁ 1

with r'= \/Rf +r1? - 2rR, cos@) .

deposit

Fig. 1. Scheme of an anode and its deposit.

If the distancel covered by a fission product is small as compared to its meampdthX(d)
remains about constant all along the trajectory. Thus we Kéde~ X, Within this
framework, the (2.3) integral can be calculated and we have obtained the follapiagston

N(r) = ]—2_[ N X, arctarE\/%inE (2.4)

2 N XoR
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We can verify that

The first two approaches started from approximations and lethfesexpressions fax(r).

In order to calculate it precisely, It be the number of fission products ejected per second
by an infinitesimal surface elementS of the anodeNy can be written in cylindrical
coordinates

N, =N R dzd#", (2.6)



where Ry,0,z") are the cylindrical coordinates @& The number of electron-ion pairs created
per second, per surface elem@g in the infinitesimal volumelr surrounding the point
P(r,6,2) in the gas is given by

d®N = NﬁX(r')dr'd—Q, (2.7)
27T

wheredQ is the solid angle corresponding to the voludnseen from the elemeds r' is the
distance between the poidtand the elememtS In spherical coordinates, we can write

M7 = r2sin@)dr dgdy

, (2.8
Ho=sn@igy

andd®N thus becomes

_ N X(r')sin(@)dr'dgdy

21T

d*N

. (2.9)

We obtain the density of paiN created around the poiRtby the elemendS by dividing
d?N bydr

dN

2 N X(r' N X(r')dzZd&
:d N — ft ( )= fStR (IZ) (210)

dr 27" 27

In cylindrical coordinatest'= \/Rf +r? - 2rR, cos@'-6) + (z—z)* (2.11) and thus

N RX(r')dzde"

O D= orfRE +17 - 2R, cos0-6) + (2- 2)°

. (2.12)
)

To obtainN(r,z), the density of pairs created by the fission products per utihef we have
only to integrate (2.12) expression over the surface of the anode,

arccosR /r)+6 h/2 NfstRx(rl) dzde'

T +rz_erlcos@'—é’)*(z_Z')z)_ (2.13)

N(r,z) =
@'=—arccosR, /r)+6 z'=-h/2
arccosR, /r) h/2 NfstRlx(rl) dzde'
21T (Rf +r2—2rRlcos(9')+(z—z')2)

@'=—arccosR,/r) z'=-h/2
If we assuméX(r’') = Xo, we can get out the parame¥efrom the integral and write finally

N(r,2) =%F(r,z), (2.14)



arccosR /r) h/2 dz-deu
with F(r,z) = J’ I PR 51 (2.15)
(R? +r2 - 2rR, cos@) +(z-2)?)

@'=—arccosR,/r) zZ’=-h/2

We have drawn on figures 2 and 3 the funciaralculated foh = 1 cm and®; = 1.25 mm.
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Fig. 2. Comparison between the exact formuldpthel/r approximation and the Poujade expressirn1.25
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Fig. 3. Evolution ofF(r,2) with r inside the deposit zone for varionfR; = 1.25 mmh = 1 cm).
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Fig. 4. Evolution ofF(r,2) with z for variousr (R, = 1.25 mmh =1 cm).

We remark on figure 2 that the approximated expressions leaddonsequent undervaluation
of the number of created pairs. On figures 3 and 4, we noticd-(ha} remains close to
F(r,0) in the deposit zone and falls brutally beyond. Consequently, we carfy rioeliF
expression to eliminate the z component

lrm F(r,2)dz insidethedepositzone(i.e.for - h/2< z < h/2)

<F>(r,z)=EF(” “h

Eb outsidethedepositzone(i.e.for z < -h/2andz > h/2)

, (2.16)

wherezqmnin andzmnax are the limits ire of the inter-electrode space. Then, we assume that

N RX
NeRXo F () insidethedeposizone
T

0
N(r,2)= V()= . (2.17)
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Fig. 5. Scheme of a CFUT-C3 class chamber.

For a CFUT-C3 chamber,i, andznax are respectively equal to -1.045 cm and 0.71 cm. We
thus obtain the following evolutions eF> (r,z) andF(r), drawn on figures 6, 7 and 8.



10000
-------- Firz)
<F=[rz)
gooo {7
6000
E
1
4000 A
2000
0 . . .
0 025 05 075 1
Z[cm]
Fig. 6. Evolution ofF(r,2) and<F> (r,2) with z (R; = 1.25 mmh = 1 cm).
18000
—Fir.0)
—Fn
14000
£ 10000
I8
6000 1
2000 . .
1,25 145 165 185 205 325
r [mm]

Fig. 7. Evolution ofF(r,0) andr(r) with r (R; = 1.25 mmh = 1 cm).
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Fig. 8 Evolution ofF(r) with r for variousR; radiusesi{ = 1 cm).

We verify using (2.16) expression that

[(F)(r.2)dz= [ F(r, 2)dz=hF(r). (2.18)

Znin

Thus, as it will be shown in section 3.1.2, the error induced by (2.17) ap@atioxn on the
current at saturation is null.

2. 2. Coefficient ¥

The X, coefficient (see section 2.1) represents the number of electrgaisncreated by a
fission product per unit of length travelled in the inter-electrgéee. Using SRIM software
[8], we have calculated for Argon:

X, = 1810° x P, pairs.ni*, (2.19)

when the chamber is filled at ambient temperatlire 800 K).P is the gas pressure given in
bar. This result is close to the value recommended by the I@R&ttr[9] which is worth
2.1(53><P[bar] pairs.m*. The SRIM calculations have been conducted by averaging the loss
energy in the gas over the complete distributior™df fission products. We have also
assumed that the average enaiggiecessary for a fission product to create a pair is 26.4 eV.
In experiments, one can indeed find [9]

[26.4eVfor 5.3MeV a
W = %6.66eror1.8MeV protons . (2.20)
B26.4i 0.5eVfor electron®naverage



Let us note novE; the first ionization energy of the gas (15.75 eV for Argegnihe number
of electrons produced ang, the number of excited Argon atoms (noted)Areated by the
fission products. One can obtain for the rare gases [9]

@7% ~04-05

We can notice that there is on average one excited atonvdagléctrons produced in Argon.
In addition, Behle et al [10] give several threshold energiesdore Ar + ereactions (table
1).

L (2.21)

Reactions Threshold energy [e
excitation 13,25
Ar+e — Ar +2¢ 15,75
Arf+e—>Ar" +¢ 19,22
Ar +e — Ar” + 26 34,98

Tab. 1. Threshold energies for some Ar *eactions.

To create AT ions, we remark that high energies are required. As a conseqtiesice,
number will be much lower than Aons and we can neglect them.

Finally, the ICRU report [9] presents the evolution of Wecoefficient of some gases after
addition of several pollutants. In particular, the addition of Kryptonemat air in Argon
involves a diminution of it¥V coefficient. For Helium at a pressure of one bar, the addition of
1 %o of Xenon, Argon, Krypton or CQnvolves an increase ¥y of a factor 1.4 to 1.5. A
concentration of 0.00249 % of Argon in the same Helium induces a édMtion in itsW
coefficient, while a 0.0985 % Argon pollution is accompanied by a 1@kdffw. This non-
negligible increase of the number of pairs created in preseihgaantities, even small, of
pollutants is a phenomenon known as the Jesse effect.

2. 3. Basic charge transport equations

The transport of electric charges inside the chamber obeys seinesqaations. Let us note

Pe andp,, the electric densities respectively associated withrelestand Argon ions. Let us
introduce also<ve> and<vy>, the average drift velocities of electrons and ions. The charge
conservation equations lead to the following system

[on .
€+ dIV(pe <\_/e >) =teource T tioss
DQ ot . (2.22)

n H a a
épa_ta + dlv(loa<\_/a >) = tsource T tioss

The tsource @and t oss terms are the creation and disappearance terms. They repitesent
densities of electric charges which are created and dedtqogr unit of time in gas. Their
expressions will be detailed in the following sections.

In current mode, the chambers work in a stationary state. The tndeoivatives of (2.22)
system thus vanish and it remains



EJ“V( < e>) thURCE+tEOSS

R . -(2.23)

@Iv(pa<\_/a >) = tSOURCE + tLOSS
In a cylindrical fission chamber, anode and cathode are two cagkraders (see figure 5) of
respective radiuseR; and R,. We apply a voltagelvV between anode and cathode. This
difference of electric potential generates an electritd fle that obeys Maxwell-Gauss
equation and is written

0 & . (2.24)
Edi=AV

In cylindrical geometry, if we suppose that the densjiieand p, depend only on the radial
coordinate, noted (see section 2.1), one can then write

= E(r)u

QE(r) Pe(r) + o, (r) . (2.25)
or £

0

D ELQED h_'ILID

g’Rl E(r)dr = AV

The electric fieldE is directed towards cathode. Consequently, ions migrate towalixleat
while electrons move towards anode. As a consequence, we have

HVe)(r) =~(ve)(N) Y,
HV,)() = +Hva)(Du,

and we obtain the following system

. (2.26)

| =

e _ e
'PeVe = tsource ~lioss

9,
ror (2.27)

—sa _:a
'0aVa = tsource ~tioss

RO

93|o»

whereve andv, are respectively the average radial projections of the spfeeleéctrons and
Argon ions.

During this study, we will only consider Aions (see section 2.2). The (2.27) system is thus
reduced to 2 equations (instead of one equation for electrons and ospepis of AY
ions). Moreover, the absolute values of the creation and loss tergledtons and Arions
become equal, the disappearance of a negative charge (one elaotroin)ng the
disappearance of a positive charge (oneiém). Now, if we note

10



e :_ens

a

o
. =

. , (2.28)
%SOURCE = tSOURCE eTS
%LOSS LOSS = ET
the (2.27) system can be rewritten
O1lo
a—_a_ NeVe :TS _TL
EE 5 . (2.29)
—rmyv, =T, —T,
g, ar a‘'a S L

This system allows us to calculate the densiti¢l9 andn,(r) of electrons and ions in gas.
TheTsandT, terms correspond here to the densities of electron-ion pgisctesly created
and destroyed per unit of time in inter-electrode space.

The current delivered by the chamber can be written

=] J (-enyv, +enyv,).dsS. (2.30)
We can check that the currdnis a constant of the (2.29) system. In cylindrical geometry, the
(2.30) expression can be rewritten in the following way
| =27he(rv, +rnv,) . (2.31)
The electrodes are connected to an electric supply network. Thus, we havemnastaiate

(h.(r=R,)=0

, (2.32
. =R)=0"#32

and expression (2.31) leads to

| = 27heRn, (R )V, (R) = 27heRn, (R,)v, (R,) . (2.33)
To conclude this part, we simply note that the coupled resolution o2tB8) (and (2.29)
systems give the functionsg(r), ny(r) and E(r) according to the voltage applied to the
electrodes. Thus, using (2.31) or (2.33) expressions, we are now abieutateghe currenit
as a function of the voltag8V, i.e. to draw the entire calibration curve.
2. 4. Creation and loss terms
The Ts and T. terms appearing in system (2.29) are respectively cdlleddurce and loss
terms. They represent the densities of charge pairs createdtoryed per unit of time inside

the chamber.

2.4.1. Source terms

11



TheTs term is mainly the sum of two contributions. First, a té’@‘f‘? due to the ionization of
the gas by the fission produc®&"” is equal taN and has been calculated in detail in section
2.1. Secondly, a terfid® resulting from secondary ionizations due to electrons which have
acquired enough kinetic energy in the electric field. T&é@ term is usually written

T =any,, (2.34)
wherea is the Townsend first ionization coefficient. When the variatiorth®felectric field
E are weak over an electron mean free paths only related toE and there are many
theoretical or semi-empirical formulas which allow its cadtioh on limited intervals. We
will retain in particular the Townsend formula

BP

= Ae £, (2.35)

T

where P is the pressure of the filling gas. This formula is in rathpeod agreement with
experimental results and has a physical justification. Th#ideats A andB can indeed be
calculated according to parameters like the mean freelpathan electron in gas or the
average fraction of energy lost by an electron during a collisidtman atom (or a molecule)
of gas. Zastawny [11] carried out a compilation of the valuestagé andB for many pure

and mixed gases. Most of the semi-empirical expressiong afe proposed for low gas
pressures. We have consequently used the BOLSIG software [Iijtdmm estimates at
atmospheric pressures (see figure 9).
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Fig. 9. Ratios of the ionization coefficiemtover pressur®, calculated using BOLSIG software for various pure
and mixed gases.

Lakshminarasimha et al [13] give also experimental values of a large range d& for
several gases, in particular Argon.

2. 4. 2. Loss terms

12



The T, term is mainly due to the recombination of electrons with ionssé lpeocesses of
capture proceed in three steps, classified by size scale

 initial: the ejected electron recombines with the ion from whicwines from. Onsager
[14] proposed a formula giving the fraction of pairs escaping fitbis initial
recombination according to the electric field. This mode of recombimatays only at
high pressures (10 to 100 atmospheres).

* columnar: the pairs can then recombine inside the ionized tradkbylehe fission
products in gas. These tracks have indeed high densities of charges.

» voluminal: the most general process. The electrons migraasiminder the effect of the
electric field and can recombine with any ion they meet

For pressures close to the atmosphere, the dominating process is the volummainaton.
The T, term can thus be written as follows

T, =kn,n,, (2.36)

wherek is generally called the “recombination coefficient”. The ediibmaof the coefficient
k is difficult and it exists only very few data. Langevin (1903)egia theoretical expression
of k

= AU+ p.)e _ Arg (E)e
" £,E, £,E,

. (2.37)

as U, (the mobility of electrons) is much higher than(the mobility of ions). This expression
is valid when the mean free pdghs small in front of a characteristic distaragegiven by

e2
e kT’

r

a, = (2.38)

whereg; is equal to 1.00056 at a pressure of 0.1 MPa [15]. Shinsaka et AbMthereafter
shown, for Argon at a temperatufef 300 K and a pressuReclose to 100 bar, that

Ko, = 8810°K,. (2.39)

By assuming that the coefficiektvaries inPY? [17], we have then a coarse estimaté af
lower pressures

k = 8810* VPk,. (2.40)

For reduced electric field&/P higher than 2.0 fov.m™.bar?, 1 is about 3. 18 m>.V*.s* at

a pressure of one bar (see section 2.7.1). We have thus a iinsttesifk at one bark = 5.6
102 m.st.

Biondi [18] measures aldo= 8.8 10" m®.s* atP = 0.018 bar an@ = 300 K for Argon. For
Neon, he obtainek = 3.4 10" m*.s* at P = 0.03 bar and@ = 300 K. By applying the law in
P2 we obtain a second estimatekadt one bark = 6.5 10" m%s. This result is close to the

13



value extrapolated from the results of Shinsaka [16]. For Neon, wenditane bark = 2.
102 m.st.

2. 5. Discussion on the shape of a calibration curve

In cylindrical geometry, the currehibbeys (2.31) equation. The densitg®ndn, are given

by the system (2.29) with the boundary conditions (2.32). Using the expressi the
creation and loss terms, we finally write

g—iimeve =N-knn, +anyv,

i raar . (2.41)
—rm,v, = N -knn, +any,

a_ or a‘'a a e

This system can be integrated and we obtain

R

| = 2neh£r(N —kn,n, +an,y,)dr. (2.42)

Equation (2.42) can be dissociated in three contributions

=1, +1, +1,
Ry

I :thIrN(r)dr
R

% . (2.43
I, = —thkjrnenadr (2.43)
R

R
I, = 2nehJ'0/(E(r))rnevedr
R

14



100

90 -

U AVALANCHE

70 4

SATURATION

Current I [pA]

104 - RECOMBINATION

0 T T T T
ou 200 300 400 500

Voltage AV [Volt]

Fig. 10 Recombination, saturation and avalanche modascalibration curve.

The I, contribution is constant with the voltag®/ applied and corresponds to the intensity
delivered in a zone that we commonly call the “saturation plateau” (see fiQur

Now, if one reduces the voltage applied at the electrodes, thacetiettl E will decrease and
the charges will consequently circulate more and more slowlynadating in the filling gas.
The densities, andn, will thus increase and the recombination tégmmwhich is negative,
will take importance. As a consequence, the output cutreiit drop gradually below the
saturation current;. This particular mode is called the “recombination mode” and we ca
indeed observe it at low voltages, on the left of the saturation zone (see figure 10).

In the same way, when the voltage increases, the eleelddfis gradually reinforced. The
first ionization coefficienta(E), up to now quasi zero, will increase slowly, until reaching a
threshold E = 5. 10 V.m™ for Argon at one bar) where its growth accelerates brutsdg (
figure 9). Consequently, tHe contribution and the total currehtvill increase quickly. This
fast increase is called the “avalanche mode” and frames aigtiieéhe saturation zone on a
calibration curve (see figure 10).

A calibration curve thus results from a compromise between thiages, recombination,
saturation and avalanche, whose key parameters will be studied in detail riclas a

2. 6. Space charges and distortion of the electric field

The equations which control the electric field inside a cylindrical chaareeawritten

—rE(r) =£(na(f) -n,(r))
& .(2.44)

R, _
%’a E(r)dr = AV

15



The first equation can be easily integrated and we obtain

A e
=—+—1 r(n_—n)dr. (2.45
e (e mndr (2.45)

We can demonstrate then that

AV e RZrInBR—Z@na‘ne)dr
In%%% eolnE%E[Rl Hr . (2.46)
= RE(R)

In absence of electric charges, we note that av

, (2.47)
InH-2

and we find the usual unperturbed expression of the electric field

Eziu,.(ZAS)

rinE-2

The presence of electric charges inside the chamber industorion of the electric field,
which does not vary any more as.MWe observe in particular, starting from equation (2.46),
that an increase of the ion densityinvolves a reduction of the field at anode. The space
charges phenomenon appears of crucial importance at high fisgésn Vée will have the
opportunity to reconsider in detail this perturbation in the continuation of this study.

2. 7. Drift velocities of electrons and ions

The propagation of the electric charges in the filling gas i®m@d by the (2.29) system.
Taking into account the diffusion processes, we can write

2
grlai(rnelueE)_l%(rneDe):Ts _TL
L @
ga—r(maﬂaE)‘Fm—z(maDa):Ts T,

le and (1 are respectively the electronic and ionic mobilitiBg. and D, are the radial
diffusion coefficients of electrons and ions. These four parameterswth the electric field,
in particular for low values di.

2. 7. 1. Electronic and ionic mobilities

The electronic mobilitys can be evaluated roughly using Lorentz formula

16
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where mg is the electron masg the elementary electric charge,the density of neutral
gaseous atoms ar@the cross section of momentum transfer. For our calculations, wee ha
however used BOLSIG simulations. The results are drawn on figurasdL12 and lead for
Argon to the following adjustment

3
V.(E) = 4, (E)E = 6552610%° =_
- o (251)
~3708810" —; +3044310°

The velocityVe is given in m.g, the electric fielcE in V.m™ and the pressufin bar.

y = 6,5526E-18" - 3 TOSBE-10:7 + 3,0443E-02x
R? = 9,9999E-01
6,0E+05
FT;_' 40E+05
g
Lt
-
2,0E+05 4
0,0E+00 . .
0,0E+00 1.0E+07 2 0E+07 3.0E+07

E/P [V.m'.bar"]

Fig. 11 Velocity V, of electrons in Argon, calculated using BOLSIGta@ie.
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Fig. 12 Mobility of electrons in various pure and mixeakgs, calculated using BOLSIG software.

Concerning the mobilitys of Ar’ ions in Argon, experimental data [19] are presented on
figure 13. The following formula is obtained

5 4
V, (E) = i, (E)E = 4.004910% E—5 — 2.2695107 E—4
n n , (2.52)

3 2
+4.944610 E 5.380910°° E* +3.806910** —
n® n? n

whereV, is given in m.g. n is the density of Argon atoms. This adjustment is valid il
=2.10"® v.m%
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Fig. 13 Velocity V, of Ar"ions in Argon.
Hornbeck [20] also proposes data for'H&r™ and Né ions in their respective gases.

2. 7. 2. Electronic and ionic diffusion

Lakshminarasimha et al [13] give several experimental valuethéoratio D_' / i,, where

D, is the coefficient of diffusion perpendicular to the drift directibrelectrons. They have

shown that this ratio is about constant and is worth 7 VoEfowvalues lower than 1000 Td.
The losses associated with this diffusion mode will not be taken into account imdlyis st
Concerning the diffusion of the charges in the direction of theit, defv experimental or
theoretical data exist. Robertson et al [21] propose some valudsefArgon ions, however
they remain theoreticalD, being too small to be measured accurately. Nevertheless, the
coefficientsD. andD, can be evaluated thanks to the Einstein formulas

@3 _ KT 4,
€ e

.(2.53
éj _ kT u, KTy, ( )

e e

lons are heavy and collide frequently with the neutral atoms. Tthiisscommonly admitted
that the ionic temperatuig, is constant, close to the temperatiref the gas. The electronic
temperaturel, can be calculated using BOLSIG software (see figure 14). eanohr
example

ge 02m°*/s - (2.54)

n

Il

510° m?/s

a

19



for Alrgon at a pressure of one bar, a temperafuoé 300 K and an electric fielet of 1P
V.m.

2 00E+05

1.60E+05 4

1,20E+05 4

Te [K]

800E+04

4,00E+04

0,00E"’OO T T T T
0,0E+00 5,0E+06 1.0E+07 15E+07 2 0E+07 2 5E+07

E/P [V.m™.bar"]

Fig. 14 Electronic temperatur&. in Argon as a function of the electric fiekel calculated using BOLSIG
software.

3. Application to sub-miniature cylindrical fission chambers

Figure 15 shows two experimental calibration curves obtained WtRWiTr-C3 chamber at
ILL for two neutron fluxes. At ordinary fission rates (0° f/s), the calibration curves present
a saturation zone, where the curremnlelivered by the fission chamber varies little with the
voltage 4V applied to the electrodes. Tlhg; current obtained at the saturation plateau is
called the “saturation current”. But, at high fission rates (higen 5.18 f/s), we observe a
deformation of the saturation plateau which ends to vanish completaigeQuently, thésa
current can not be evaluated any more with accuracy.
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Fig. 15 Experimental calibration curves obtained with BUT-C3 fission chamber at ILL/Grenoble High-Flux
Reactor. The saturation plateau is deformed at figgion rates and the corresponding saturatioreatican not
be determined unambiguously.

In this section, we will gradually apply the theoretical frarak described in the previous
pages in order to calculate and to study the calibration curves ahisidiure cylindrical
fission chambers irradiated in neutron fluxes varying from low to high intensities.

3. 1. Current and charge densities at the saturation zone

At ordinary fission rates, thig,: current is one of the crucial information delivered by a fission
chamber operating in current mode. We will consequently prasémsisection the influence
on thelsy value of several parameters such as the length of the Uraniposider the
radiuses of the electrodes.

3. 1. 1. Saturation curreritlr approximation oN(r) and associated error

At the saturation plateau, the recombination and avalanche termsgigible'. We can thus
write

010

——rn.v, = N(r)
%raar L (3.1)
5 grnava = N(r)

Expressions (2.17) and (2.42) then enable us to calculate the saturation current

| =1, = ZmeI:2 (N (r)dr . (3.2)

sat

4 In fact, the correct formulation would be rathéatt “the plateau exists because the recombinatiwh a
avalanche processes are negligible”.
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If we approaciN(r) by the 1 expression given by (2.2), we obtain
oo = 277hexo R.I.Nfst(RZ - R:L) =eX,T, (Rz - R1) . (3.3)

This common approximation induces directly an error on the saturatroent that we want
to estimate. We notg the error factor given by

| ., calculatedor thel/r approximaion of N(r)
E= ) _ . (3.4)
calculatedisingexactexpressiorof N(r)

I sat

We can evaluatefor various couplesRy, Ry} (see table 2).

R, [mm
R; [mm] 1 1,25 15| 1,75 2
1 0,43| 0,48, 0,52 0,56
1,25 0,41, 0,47 0,51
1,5 0,4| 0,46
1,75 0,39

Tab. 2. Values ofe for various f;,R,} couples.h =1 cm.

We consequently notice that the error madelgnby the 1f approximation is important
(almost a factor 2) for fission chambers of millimetre sidé decreases gradually when the
cathode radiuB increases.

3. 1. 2. Evolution of sy current withh, the deposit length

We want to estimate in this paragraph the impact on the satuatirent of a modification
of the deposit lengtiin. Exceptionally, we will use for this study the exact expossif
N(r,2), the density of pairs created by the fission products pende@his density is given by
the (2.14) equation. At saturation, the recombination and avalanche phenoenseecadary
and all the primary charges created are collected. We can thus write

l oo = €f[[rN (r,2)drd&z, (3.5)
{If

whereQ is the inter-electrode volume. Using (2.18) result, we consequesttify that the
error onlsy due to (2.17) approximation is nulExpression (3.5) can be rewritten in the
following way

» 1329 “min » “max/ 1 '
271

sat

with

G= 1% amcoj_Rl”) Tx hf rdz'dzogdr
== __ _
N Ly g anctosrn) 2, 2 niz R+ 17 = 21R codg) +(2- 2)

.(37)
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It can thus be broken up into two contributiohs:1; + |5, given by

0  XI;:e
H.= G(hR,R,,~h/2,h/2)
H 2

. = (R R, 2 -N/D + G(AR, R, 112,2,,)

.(3.8)

Thel; andl; contributions are respectively the currents created insidewsitle the deposit
zone. For a CFUT-C3 chamber, we h&e= 1.25 mmR, = 1.75 mm zqyin = -1.045 cm and
Zmax= 0.71 cm. While varying), we obtain the figures 16 and 17.

45

40 A

35 A

30+

25 1

I/l [%]

20+

0 02 04 06 08 1
h [cm]

Fig. 16. Ratios in percentage of the current created outside the deposit zone ovetdfad currentlg,, as a
function of the deposit lengti (Zi, = -1.045 cmMZp= 0.71 cmR; = 1.25 mmR, = 1.75 mm).
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Fig. 17. Evolution of the factofs with the deposit length (z,, = -1.045 cMzx= 0.71 cmR; = 1.25 mmR; =
1.75 mm).

First, we observe that the fraction of current created outsiddgefh@sit zone is weak for usual
lengthsh, close to 1 cm, as th¢/l ratio is 6.8 %. Secondly, the total current delivered by the
chamber varies very little with the siheof the deposit. Betwedm= 1 mm anch = 1 cm, the
variation onlgy is lower than 1 %.

3. 1. 3. Evolution of the saturation current with the radiuses of electrodes

Figures 18 to 21 present the evolution of @éactor, introduced in the previous paragraph
and given by equation (3.7), as a function ofRh@ndR; radiuses of anode and cathode.

25

— = mm

R1=125mm
== =R1=15mm
2049 | - R1=175mm
—e—R1=2mm

—m—R1=225mm
—&h—FR1=25mm
—e—R1=275mm




Fig. 18 Abacus ofG values for variousRy,R,} couples b = 1 cm,Zyi, = -1.045 cmzy,ox= 0.71 cm).
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Fig. 19 Evolution of the factoG with the inter-electrode volumé = (zax- zmin)(Rzz- Rlz) (h=1cm,zy, = -
1.045 cmzyax= 0.71 cm).
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Fig. 20 Evolution of the factos with the inter-electrode gapp= (R, - Ry) (h = 1 cm,zy;, = -1.045 cmz,ox =
0.71 cm).
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Fig. 21 Evolution of the factos with the anode radiuR; (R, = 1.75 mmh = 1 cm,z,, = -1.045 CMZpay =
0.71 cm).

We notice that, contrary to intuitior; is not proportional with the volume of the inter-
electrode zone, which is proportional &~ R,%), but rather with the inter-electrode gap, i.e.
with (Rx- Ry).

3. 1. 4. Comparison between theoretical and experimental valugs of

For a standard CFUT-C3 class chamber, the faéter 6.685 mm (see figure 18). Using the
valueXp;=1.8 1(§><P[bar] pairs.m' (see section 2.2), we have consequently

XT€

sat —

5~ G =306810 R, X7 . (3.9)

During the past three years, we have irradiated at sevecalsions CFUT-C3 fission
chambers in the High Flux Reactor (HFR) of Laue Langevin utstiLL) [1,6]. The Argon

pressures inside the chambers ranged between 0.9 and 1.16 bar, the hexwgsobetween
6.10" and 1.16° n.cm?s® and the’*U deposit masses between 4 anqud0The ratios of the
calculated currents over the experimental ones are plotted on figure 22.
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Fig. 22 Ratios of the theoretical currents over the eixpenmtal ones as a function of the fission rate. The
experimental values have been obtained at the tipgzoint of the calibration curves (see sectich B.

We observe an overall good agreement between experimental data and ttheatetilzdions
for fission rates lower than 53s.

3. 2. Distortion of the electric field at saturation
In cylindrical geometry, the electric field obeys equation (2.48).albsence of electric
chargesE is reduced to expression (2.48). As a conseguence, we can Eewastde sum of

two contributions

E=E +¢E, (3.10)

without charges
with
AV 1
InER—ZEr
R,
e e R, R
= g_IRl r(n, —n,)dr ——J’Rl r InEr—zgna ~ng)dr

of R
& In%%
R,

We can estimate the densitisandn, at saturation using (3.1) system

-

without charges —

.(3.11)

D]]DE#EDD]]D

R
nyVv, = rN(r)dr
E{ ﬁ

: .(3.12)
Hnava :J’R1 rN(r)dr
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By re-injecting these expressions in (3.11) equations, we obtain

Dr ) 1 r l R, D

X o g&'”ﬁQA%j&rN(r)dr—v—ﬁ rN(r)drEjr D

Ewithout charges ) goAV B D (3 13)
5 I ﬁ?z/%f rN(r)dr—_I rN(r)drEj

At the first order, when the perturbations due to the space chaggastaoo important and
by neglecting the diffusion processes, the electronic and ionic drift velbaite given by

n

)ua (Ewithout charges) X Ewithout charges = lua( )

In E» %
lue(Ewithout chargeg X Ewithout charges: iue( )

£

In the following calculations, thg. and, mobilities will obey (2.51) and (2.52) expressions.
In addition, as (see equations (2.1) and (2.17))

Q

Il

o

amn o o o
’cB
|—\
=

N(r)— fstR.l. 0

we can note thaﬁaEE Or,.(3.16).

The higher the fission rate, the more the perturbations due teptme charges become
important.
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Fig. 23 Distortion of the electric field as a function thie radial distance for several voltagedV (the filling
gas is Argon at a pressure of 1 Br= 1.25 mmR, = 1.75 mmh = 1 cm,; = 10 f/s).
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Fig. 24. Distortion of the electric field as a function the radial distance for several voltagedV (the filling
gas is Argon at a pressure of 1 Bar= 1.5 mmR, = 1.75 mmh = 1 cm,5 = 10 f/s).

We notice on figures 23 and 24 that the space charges induce a dimwiutie electric field
at anode and an increase at cathode. This field distortion isfiexthforced when the voltage
decreases. Indeed, at low voltages, the electric charges nowly. SConsequently, their
collection times increase and they accumulate in gas, perturbing thecdielcir

We also observe that the distortion is maximal at catha¥##E)n.x = (OE/E) (r = Ry), and
falls quickly when the inter-electrode gap decreases.
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Fig. 25 Maximal distortion of the electric field as a @ion of the voltagedV (the filling gas is Argon at a
pressure of 1 baR, = 1.75 mmh = 1 cm,; = 10 f/s).
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Fig. 26. Maximal distortion of the electric field as a @fion of pressur® (R, = 1.75 mmh = 1 cm,4V = 200
V, =10 fis).
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Fig. 27. Maximal distortion of the electric field as a @ion of the inter-electrode gap(the filling gas is Argon
at a pressure of 1 bk, = 1.75 mmh = 1 cm,4AV = 200 V, 1; = 10 f/s).

Figures 25, 26 and 27 show respectively that

o (E/E)maxvaries in 14V%

«  (JE/E)max varies inP?. This result, whose simplicity was unexpected, is mainly
due to the quasi-linear dependenceB of N, 1/i and 1fs.

o (E/E)max varies liked™* at fixed R; radius ford < 1 mm. This dependence
shows us that a reduction of a factor 2 on thedjapvolves a reduction of a
factor 13 on the space charges. It confirms the results showgunedi23 and
24.

Consequently, using (3.16) expression, we can write

dE dE 2 15/4
= =E(r =R,)= KWT’ (3.17)

where the factoK is deduced from figures 23 and 24. We obtéin 3.1 10 V2s.baP.m™>*
for Ry = 1.25 mm and = 2.7 16 V2.s.ba.m***for R; = 1.5 mm.

We are now able to calculate the maximum fission rate that should not be exiceedter to
avoid space charge perturbations. We consider that the space charge effdicfilideniég

E 5%, (3.18)

max

Using formula (3.17), this condition is equivalent to
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AV?

W . (3.19)

r, < 005

For a standard CFUT-C3 class chamls&r= 1.25 mm andR, = 1.75 mm. AP = 1 bar, we
obtain thus

e 1<4.10 f/s forAV =100 V.
e <1516 f/s forav=200V.
e <3516 f/sforav=300V.

For a CFUT-C6 class chamb&;,= 1.5 mmR, = 1.75 mm and we have Rt= 1 bar

e 1<6.216f/sforav=100V.
e <2510 f/sforav =200 V.
« 1,<5.610f/s forav =300 V.

Consequently, operating fission chambers with reduced gaps is elfeekenean to avoid
space charge perturbations.

3. 3. Simplified calculations of calibration curves
When the inter-electrode gap is small compardgtave can model the operation of a fission

chamber with a system of equations in plane geometry. If giectethe diffusion processes
and the space charges phenomena, this system can be written

O ad
D_gneve:<N>_knena+aneVe
O

0

=(N)-k
Eﬁ?nﬁva < > nena+aneve (320)
AV

[E:
0 R-R

He(R,) =0,n,(R)=0

The saturation current obtained with this approximation is given by
| = §SN)(R, —R)). (3.21)

The SN factor is averaged over the inter-electrode volume and we have

1" oth  ®
SN)=+—"—"= [S(r)N(r)dr =— [rN(r)dr. (3.22)
SN rr) S " -m)J!

Thus, it can be checked that the saturation current obtained with (3.2&Xiagdron is equal
to the exact expression (3.2). The (3.20) system can be solved analytically and we obtai
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n(r)= SHE Y a1 *C:) (3.23)
2k 2uk  H2uu,E

with Y = \/4ya,ueNk—Cf,u§u§E2 :

C, andC; are two functions dE that obey the following system

5‘:1 — _R2 + ZuaﬂeE arctar&faﬂeECl H
Y oY 0
0 . (3.24)

%2 =-R —Zﬂ:—’ueEarctal%%eE (c, + 2a(E))H

O

The (3.23) equation then enables us to calculate the curreelivered by the chamber
according to the voltagdV applied to electrodes

_ 2nheRAV
Rz - R1

| 4o, (r =R, (3.25)

ForR; = 1.25 mmR, = 1.75 mmh = 1 cm, zmin = -1.045 cMZnax = 0.71 cmk = 5.0 10"
m2s®, P = 1 bar,X, = 2.1¢ pairs.n* and © = 1.5 1§ f/s, we obtain for instance the
calibration curvd =f(4V) drawn on figure 28.
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Fig. 28 Calibration curve calculated with (3.20) systefime filling gas is Argon.a is evaluated using
Townsend formula.

The mobilitiesi(E) and i(E) are given by (2.51) and (2.52) expressions. The coefficient
a(E) is given by the (2.35) Townsend formula with Zastawny coefficients [11]
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_ 5
%A— 2.01110° x By, 3.2
- 5 AT

@ =-54.710 x P[ba,]

This formula is simplistic and does not reproduce precisely therimedal data for weak
electric field. As a consequence, we expect a poor quality gesarof the beginning of the
avalanche. Nevertheless, we notice on figure 28 that the shape dlittration curves is
correctly reproduced by the model, with a clear saturation zangett by the recombination
mode on the left and the avalanche mode on the right. With (3.23) and (J2&3sans, we
can now study the deformation of a calibration curve according tonpéges such as the gas
pressure, the fission rate or the inter-electrode gap.

3. 3. 1. Evolution of the shape of a calibration curve with the recombination coefkicient

When the coefficienk decreases, we observe on figure 29 an increase in the size ahd qual
of the saturation plateau.
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Fig. 29 Theoretical calibration curves for various coaéfntsk (the filling gas is Argon at a pressure of 1 bar,
R, = 1.25 mmR, = 1.75 mm,;; = 1.5 18 /s, X, = 2.1 pairs.m". a is evaluated using Townsend formula).

On figures 30 and 31, we have plotted the evolutioW,@f Vo, Vmax andlp as a function of
the recombination coefficierk. Vy is the voltage obtained at the inflection point of the
calibration curve and, the corresponding currenty and Iy are respectively called the
“operating point” and “operating currentVmin andVnax are the voltages at the first and last
point of the saturation plateau, respectively. They are defindd,fer 0.98lo andlmax= 1.02

lo.
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Fig. 30 Evolution ofV,in, Vo andV,ax With coefficientk (the filling gas is Argon at a pressure of 1 bar= 1.25
mm,R, = 1.75 mm,;; = 1.5 18 f/s, X, = 2.1 pairs.mt". a is evaluated using Townsend formula).
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Fig. 31 Evolution ofly with coefficientk (the filling gas is Argon at a pressure of 1 Br= 1.25 mmR, = 1.75
mm, 1 = 1.5 18 f/s, X, = 2.10 pairs.nt. ais evaluated using Townsend formula).

First, we notice that th¥nax voltage and thé, current are almost independentkodn two
orders of magnitude. This result is not surprising, as the reconunnptocesses are
negligible at saturation (see section 2.5 or 3.1). Secondly, when the coeKiciereases, the
size of the saturation plateau, given by the difference betWggnhand Vnin, is reduced.
Indeed, wherk becomes important, the recombination processes remain non-neghggne
at high voltages and the transition with the saturation mode is consequently delayed

3. 3. 2. Evolution of the shape of a calibration curve with the fission rate
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As shown on figures 32 and 33, when the fission rate increases, thatieat plateau
gradually disappears and the transition between the recombination anéldeche modes is
less and less visible. The saturation plateau is progressivelsgcee by a mixing of

recombination and secondary charge production. This behaviour is obsepezinextally
as already mentioned in figure 15.
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Fig. 32a and 32bProgressive deformation of the calibration curaekigh fission rates (the filling gas is Argon

at a pressure of 1 ba®; = 1.25 mmR, = 1.75 mmk = 5 10 m’¥/s, X, = 2.1 pairs.m’. a is evaluated using
Townsend formula).
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Fig. 33 Derivatives of the calibration curves for diffatdission rates (the filling gas is Argon at agsere of 1
bar,R, = 1.25 mmR, = 1.75 mmk = 5 10" m¥/s, X, = 2.1 pairs.m. a is evaluated using Townsend formula).

In addition, we notice on figure 34 that the operating curtgmtoes not vary any more
linearly with  at high fission rates. This major perturbation is primarily duethi®
reinforcement of the recombination terkmsh, the charge densities increasing with
Nevertheless, a reduction of the inter-electrode volume must irddeerease in the number
of charges present in the filling gas. As a consequence, wetdkpethe deviation from the
standard linear law will be reduced when the inter-electrodel gigereases. This conclusion
is verified on figure 35.
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Fig. 34. Evolution of the operating currehtwith the fission rate; for two anode radiuse®, (the filling gas is
Argon at a pressure of 1 ba® = 1.75 mm,k = 5. 10" m¥s, X, = 2.1 pairs.m". a is evaluated using
Townsend formula).

SAthir = (har - Jo Y, [%]
oo

—R1=15mm
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0 ) 10 %5 20 25 30

Fission rate [10° f/s]

Fig. 35 Deviation in percentage from the standard linaar as a function of the fission ratg, would have
been the current expected if the linear law was (thie filling gas is Argon at a pressure of 1 Bars 1.75 mm,
k=5. 10" m¥s, X, = 2.1 pairs.m'. a is evaluated using Townsend formula).

3. 3. 3. Evolution of the shape of a calibration curve with the gas pressure
When the filling gas pressuReincreases, the electric charges move slower and the number of
secondary ionizations is consequently reduced. To achieve avalahdghendcessary to

transmit more kinetic energy to electrons. An increas® iwill thus induce a shift of
avalanche towards higher voltages, as illustrated on figure 36.
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Fig. 36. Theoretical calibration curves for various gassgured (the filling gas is ArgonR; = 1.25 mmJR, =
1.75 mm,z; = 1.5 16 f/s, Xo = 2.10xPp,, pairs.nt'. a is evaluated using Townsend formula).

The densityN of electron-ion pairs created per second by the fission productases

linearly with the pressur (via theX, coefficient). Moreover, thés,: current is independent
of the mobilities and of the first ionization coefficient. Consedyemis we can notice on
figure 37,lg is a quasi-linear function &f for pressures close to the atmosphere.
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Fig. 37. Evolution ofl, with the pressur® (the filling gas is ArgonR; = 1.25 mmR, = 1.75 mm,;; = 1.5 16
fls, Xo = 2.1(§XP[bar] pairs.m". a is evaluated using Townsend formula).
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Starting from now, we will vary the pressuPewhile adapting the fission ratg in order to
maintain the saturation curreht; constant. In agreement with (3.9) equation, fixiggis
equivalent to fix the produ@xz.
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Fig. 38 Theoretical calibration curves for various gasssuresP. The fission rate is adjusted in order to
maintain the saturation current constant (thenfijllgas is ArgonR; = 1.25 mmR, = 1.75 mmX, = 2.1(§XP[bar]
pairs.n. a is evaluated using Townsend formula).

We notice then on figure 38 that an increasP induces a dilation of the calibration curves.
In particular, the size of the saturation mode is increasedfiggere 39). As a consequence,
working at high pressures facilitates the measurement ofatbeaion current, and thus the
experimental determination of the fission rate. But we havesteember that the space
charges perturbations also increase with the press&#e(sse chapter 3.2).
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Fig. 39. Evolution of Vi, Vo and V. With the pressur® (the filling gas is ArgonR; = 1.25 mmR, = 1.75
mm, i = 1.5 18 f/s, Xo = 2.10%Pp,, pairs.nt'. a is evaluated using Townsend formula).

3. 3. 4. Evolution of the shape of a calibration curve Witithe anode radius

At fixed cathode radius, an increaseRninduces a reinforcement of the electric fi@din
accordance with (2.48) expression. The charge velocities will consggugniv and
electrons will induce earlier secondary ionizations. Thus, the rasfedamode will start at
lower voltages, as illustrated on figure 40. We notice however tthat drawback is
compensated by an increase in quality of the saturation plateau. Indeexghdtprsigressively
decreases when the inter-electrode g&preduced, allowing a more precise determination of
the saturation current.

41



70

60

50 4

40

30 4

Current [A]

04 )

N R1=125mm
10 4f —  R1=135mm
; ——R1=15mm
0+ ‘ : : :
0 100 200 300 400 500

Voltage [Volt]

Fig. 40 Theoreticakalibration curves for various anode radiuBegthe filling gas is Argon at a pressure of 1
bar,R, = 1.75 mm,; = 1.5 10 f/s, X, = 2.1 pairs.n. a is evaluated using Townsend formula).

The operating curreng remains close th for common fission rates (inferior to 5i0s for
a CFUT-C3 chamber). Consequently, its sensitivitiit@andR, radii is conform to the results
obtained in section 3.1.

3. 4. Calculation of the maximum voltage that should not be exceeded to avoid avalanche

In this section, we will evaluate for various pure and mixed gdmesmaximum voltag®/n,
that should not be exceeded to avoid avalanche. At the end of saturatiainthieebeginning
of avalanche, the recombination processes are negligible. Consegteat(id.20) system
becomes

E—ineve=<N>+cmeve

Daar

@ﬁTnﬁvﬁ:<N> "eve . (3.27)
0 AV

EE_ R -R
H.(R)=0,n,(R)=0

We thus obtain

— <N> (Re-r)a(E) _
n,(r) —m[e 1, (3.28)

and the output curremts given by
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| = 2mea%[e(RfRﬂ“<E> -1. (3.29)

To estimate/,,, we assume the condition
I(V,,)=105l,, (3.30)

This condition results in the following equation Bp

elRe-R)a(En) _q

dE) - 105R, -R,). (3.31)

This equality can be solved and leads to a condition on the first ionization coefficient

0.098

E )=
aE€)=g g

. (3.32)

ForR; =1.25 mm andR, = 1.75 mm, we have

a(E, ) =1936m™. (3.33)

Using BOLSIG simulations presented figure 9, we have solved (8@Btion for several

gases. Results are presented in table 3.

Gas Em [10° V.m™]
Helium 0.289
Neon 0.289
Argon 0.502
Ar + 1 %o Xe 0.464
Ar+1 % Xe 0.319

Tab. 3. Electric fields at the beginning of avalanchaistandard CFUT-C3 chamber for various gases.

With the (3.27) expression of the electric field, we finally obtain

Gas Vi [Volt]
Helium 140
Neon 140
Argon 250
Ar + 1 %o Xe 230
Ar+1 % Xe 160

Tab. 4. Voltage at the beginning of avalanche in a steth@&UT-C3 chamber for various gases

First, we observe on table 4 that a Neon or Helium chamber canlotat high voltages, as
avalanche appears too early. Secondly, we notice that the additontafminants with low
ionization potentials involves a shift of avalanche towards lowdages$, as the secondary
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ionization processes are facilitated. In particular, a Xenon comdédiom can have
catastrophic consequences on the size of the saturation plateauthlisi important to
remember that this gas is one of the most abundant fission prod&tts.dfor instance, with

a 4 g ?*U deposit in a 18 n.cm®s® thermal neutron flux, the Xenon contamination of
Argon can reach, after 40 days of irradiation, about 0.1 % in a sth@#JT-C3 chamber at
a pressure of one bar. The Xenon effect is illustrated on theimegomeal calibration curves
presented in figure 41, where we observe a shift of avalanctadswower voltages in the
course of irradiation
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Fig. 41 Evolution of the shapes of experimental calilatturves during irradiation at ILL/Grenoble Highse
Reactor in a 18 n.cm?.s* thermal neutron flux (CFUT-C3 chamber with a 98 ure®*U deposit).

4. Conclusion

In this article, we have proposed an overview of the physicakpses that take place inside
fission chambers working in current mode. We have also developeshadytical model
allowing the calculation of their characteristic responsesrdrupto parameters such as the
gas pressure or the fission rate. The shapes of these chatiacternves have been correctly
reproduced and their evolution corresponds to the experience feedbackukated during 5
years at ILL\Grenoble High Flux Reactor. The calculation ofeleetron-ion pairs density
created in the filling gas by the fission products was carried Aaita consequence, the
prediction of the current delivered at saturation was achieviedprecision. In addition, the
space charge perturbations have been quantified and the calculath@neéximum voltage
that should not be exceeded to avoid avalanche has been conducted. Wenppadicular a
shift of avalanche towards lower voltages when contaminants sucheraen Xa fission
product of Uranium 235) are present in Argon gas. This perturbatimeriied during
experiments and complicates notably the post-irradiation analysis. Fimallyave noticed on
several occasions that a reduction of the inter-electrode gajpatasilthe measurements in
high neutron fluxes while limiting the perturbations usually as$éediwith high fission rates
(space charges perturbations, deformation of the curves, disapgeafahe plateau, etc.).
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The theoretical developments presented throughout this articlebilcompleted by a
numerical study and a computer code, currently under development.
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