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Abstract

As with all gas counters, the performance of gas microstrip detectors (GMSD) can be
seriously compromised by the presence of electronegative gas components (or
pollutants). In contrast to conventional proportional counters, the geometry of the
GMSD permits the drift electric field to be controlled independently of the avalanche
gain field. This permits the monitoring and minimisation of the effects of
electronegative gas components. Simple mathematical models are derived which
allow quantitation of the electron attachment length from its effect on the pulse height
distributions obtained from x-ray line spectra. The effects of electron attachment on x-
ray energy resolution, linearity and also on auger electron spectra are discussed.
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1. Introduction

Gas avalanche counters in general and Gas Microstrip Detectors (GMSD) [1] in
particular, have the unrivalled capability of providing a wide range of active detecting
media by the simple expedient of changing the operating gas mixture. Thus charged
particles, x-rays and neutrons can be detected over a wide range of energies. The
current availability of low noise electronic amplifiers enables gas mixtures with
relatively poor gain characteristics (i.e. a maximum avalanche gain of a few hundred)
to be utilised as demanded by the application. However, the low density of the gas
medium generally demands that active volumes of depth of a few centimetres are
used. For the avalanche process to occur, the thermal electrons released in the gas by
the incident radiation must be transported to the detector anodes (typically wires or
narrow strips of metallization) where they generate an avalanche process in the high
electric fields present. With the exception of hydrogen and the noble gases all gas
molecules have a finite cross-section for the capture of a free electron and its
conversion into a negative ion. Any electron so captured is lost to the avalanche
process and causes a proportionate loss in the detected pulse. This process is known
as electron attachment, and is one of the chief limitations on the molecular gases
which may be successfully used inside a gas counter.

The electron attachment properties of a gas mixture can be characterised by a single
parameter known as the attachment length�� ���,I�D�JURXS�RI�HOHFWURQV�DUH�GULIWHG�LQ�DQ
electric field (ED��LQ�D�JDV�ZLWK�DWWDFKPHQW�OHQJWK� ��WKH�QXPEHU�RI�IUHH�HOHFWURQV
GHFUHDVHV�H[SRQHQWLDOO\�ZLWK�DQ�DWWHQXDWLRQ�OHQJWK�RI� ��&OHDUO\��IRU�VDWLVIDFWRU\
RSHUDWLRQ��D�JDV�FRXQWHU�ILOOLQJ�VKRXOG�H[KLELW�DQ�DWWDFKPHQW�OHQJWK�VXFK�WKDW� �/�!!���
where L is the active length of the detector. The attachment length is a very sensitive
function of the molecular species and the electrostatic drift field and can vary rapidly
over three orders of magnitude or more. It is consequently a strong determinant of
what gases (and at what concentration) may be successfully employed in gas counters.
This report reviews the fundamental processes involved, explores the effects of
electron attachment on the performance of a GMSD and demonstrates a simple
technique for characterising and minimising its adverse effects.

2. The effect of electron attachment  on counter gain and energy resolution

 The principal manifestations of electron attachment may be observed by studying the
effects on the pulse height spectra of x-rays.

2.1 A simple model

The planar structure of the GMSD (with the drift electrode parallel to the detector
plate containing the anodes) makes for a simple geometry. If we consider the uniform
detection of N0 monoenergetic x-rays (energy=Ex) in the drift gap of length L, then
the effect of electron attachment is to convert the mean number of photoelectrons
generated by the x-ray (n0 = Ex/w, where w is the mean energy per ion pair in the gas)
into a spectrum of pulse sizes (n):
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This is a “1/x” distribution which extends from n =n0H[S��/� ��WR�Q0. Integration of
ndN/dn shows that the mean number of electrons detected is:
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The variance of pulse size distribution can be similarly evaluated to:
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Numerical examination of equation (3) shows that it can be approximated very closely
by the simpler expression:
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7KH�VLPSOH�PRGHO�WKXV�VKRZV�WKDW�LQ�WKH�SUHVHQFH�RI�HOHFWURQ�DWWDFKPHQW��WKH� �
function pulse height spectrum of  a monoenergetic x-ray beam is shifted down in
amplitude (equation (2)) and broadened (equation (4)). In the practical case the initial
number of electrons (n0) is dispersed in a normal distribution by the conversion
process and the collected signal distribution (dN/dn) is further broadened by the
avalanche process. In order to model these processes recourse must be had to Monte
Carlo methods.

2.2 Monte Carlo Models

A typical x-ray line used to test gas counters is the K line of manganese at 5.9keV
from a 55Fe radioactive source. In an optimised GMSD this line gives a normal pulse
height distribution of 14% FWHM (σ=5.9%). In the Monte Carlo model x-ray signals
are generated randomly across the drift space and the detected electron signal
attenuated by a chosen attachment length. These are then convolved with a normal
distribution to incorporate the effects of photoelectron and avalanche statistics and
simulate the detected pulse height spectra. The mathematical modelling (above)
VKRZV�WKDW�WKH�DSSURSULDWH�YDULDEOH�IRU�TXDQWLI\LQJ�WKH�DWWDFKPHQW�LV� �/�

Figure 1 shows the simulated 5.9keV x-ray spectra as observed in a GMSD with
YDOXHV�RI� �/�UDQJLQJ�IURP�����WR������)RU� �/���WKH�VSHFWUD�DUH�H[WUHPHO\�GLVWRUWHG
DQG�GHJUDGHG�ZLWK�WKH�IXQFWLRQDO�IRUP�RI�HTXDWLRQ�����FOHDUO\�YLVLEOH�IRU� �/���
+RZHYHU��IRU� �/!���WKHUH�LV�D�UHFRJQLVDEOH�VSHFWUDO�OLQH�ZLWK�WKH�HIIHFWV�RI
attachment showing up as a small down-shift in the peak position and a slight
broadening. Figure 2 summarises the behaviour of the mean and standard deviation of
JDXVVLDQ�ILWV�WR�WKH�VLPXODWHG�GLVWULEXWLRQV�IRU� �/!���7KH�PHDQV�ILW�YHU\�ZHOO�WR�WKH
functional form of equation (2) (upper curve) and the standard deviation fits well to
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the functional form of equation (4) added in quadrature with the photoelectron /
avalanche width (lower curve).

3. A physical model of electron attachment

Gas counters are usually filled principally with (non-electronegative) noble gases with
a quencher at the level of ≈10% and possible contamination at levels <1%. It is
convenient therefore to consider a mixture of noble gas with just one electronegative
component which represents a fraction f of the total gas content. (In the presence of
multiple electronegative components, charge-exchange reactions between them can
lead to considerably greater electron attachment than might be expected from any one
component.) The concentration (molecules / unit volume) of the electronegative
component may be written as fNL where NL is Loschmidt’s number (2.688 x 1019

molecules / cc at NTP).

The electronegativity of a molecular species is quantified by the attachment
coefficient (h) which defines the probability of the capture of an electron in any one
scattering event. The cross-section for attachment  is thus hσ where σ is the total
electron scattering cross-section of the electronegative component. h is a strong
function of the average electron kinetic energy and hence of the detector drift field
(ED). Figure 3 shows the behaviour of h for air and chlorine in argon as a function of
ED.

The mean free path (MFP) for the attachment process can thus be written:

σhfN L

1=Λ (5)

which in turn defines the mean lifetime of an electron before attachment occurs:

uhfN L σ
τ 1= (6)

where u is the average electron velocity (u = ¥�� �P���ZKHUH� �LV�WKH�HOHFWURQ�NLQHWLF
energy and m its mass).

Thus a population of free photoelectrons (n0) decays with time according to:

)exp(0 τ
t

nn −= (7)

In order to achieve the amplification of all (or most) of the photoelectrons it is
QHFHVVDU\�WR�HQVXUH�WKDW�WKH�FROOHFWLRQ�WLPH��7��LQ�WKH�GHWHFWRU�LV�VXFK�WKDW� !!7�
Assuming 2% of air in argon (f=0.02) with h = 10-5, and typical values for the
HOHFWURQ�HQHUJ\�DQG�VFDWWHULQJ�FURVV�VHFWLRQ�� �KDV�D�YDOXH�RI�D�IHZ�KXQGUHG
nanoseconds. (See reference [2], which this analysis follows, for details.) This is
comparable to the collection time in a typical gas counter so indicating that with this
level of air present, the attachment will be severe and the pulse height spectrum
degraded.
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Equation (7) can be rewritten in terms of the distance drifted by the electrons in the
detector using the relation x=vt where v is the electron drift velocity:

)exp(0 τv

x
nn −= (8)

From this it is clear that the attachment length is given by:
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Using a typical drift velocity (figure (4)) of a few cm/ V��WKH�HOHFWURQ�OLIHWLPH
calculated for a 2% air contamination of a typical gas counter (a few hundred ns)
WUDQVODWHV�LQWR� ≈1cm.

Equation (8) folds in several variables which depend on the exact composition of the
JDV�PL[WXUH�DQG�WKH�PHDQ�HOHFWURQ�NLQHWLF�HQHUJ\�� ���ZKLFK�LV�LQ�WXUQ�GHSHQGHQW�RQ
the drift field of the detector. Figure 3 shows how h depends on ED for air and
chlorine in argon. Figure 4 shows the dependence of v on ED for some typical argon +
methane gas mixtures. The electron energy  increases smoothly with ED for typical
gas mixtures (e.g. argon + methane) according to a power law ED

p, where p≈1.5 [3]. If
we assume that the total scattering cross-section is not a strong function of the drift
ILHOG��ZH�FDQ�JHW�DQ�LGHD�RI�WKH�EHKDYLRXU�RI� �DV�D�IXQFWLRQ�RI�ED by evaluating the

quantity 
75.0hE

v
 from the data available in figures 3 and 4. Figure 5 shows the results

for air and chlorine in argon.

The first thing to note about figure 5 is that the ordinates for air and chlorine differ by
two orders of magnitude. (If pure oxygen were considered instead of air, the ordinates
would not be so dramatically different.) This confirms the common experience that
halogens and halogenated gases are very poisonous in gas counters. Studies of
attachment in RICH (ring imaging cherenkov) counters [4] showed that a
contamination of 6ppm of the halocarbon C5F12 in a gas mixture consisting of  75%
PHWKDQH�������HWKDQH�UHGXFHG� �IURP���P�WR����P��7KHVH�UHVXOWV�DOVR�FRQILUP�WKDW
the lower alkanes (used routinely as quenchers) on their own do not exhibit significant
electron attachment.

7KH�VHFRQG�LQWHUHVWLQJ�IHDWXUH�RI�ILJXUH���LV�WKH�RSSRVLWH�VHQVH�RI�WKH�GHSHQGHQFH�RI�
RQ�WKH�GULIW�ILHOG��7KH�LPSURYHPHQW�RI� �ZLWK�ED observed in most routine counter
operation (in which the pollutant is air) may be reversed with different pollutan

4. 'LUHFW�PHDVXUHPHQWV�RI�

The planar geometry of the GMSD makes it possible to measure the attachment
length of electrons by directing a collimated x-ray beam into the drift space parallel to
the electrodes at two different distances from the anode-cathode plane and measuring
the relative positions of the x-ray peaks on a pulse height analyser (PHA). Taking the
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ORJDULWKP�RI�WKH�UDWLR�WKHQ�JLYHV� �LQ�WHUPV�RI�WKH�VHSDUDWLRQ�RI�WKH�EHDPV��7KLV
H[HUFLVH�ZDV�SHUIRUPHG�LQ�D�*06'�ZLWK��� P�DQRGH�VWULSV���� P�FDWKRGH�VWULSV�DQG
D�SLWFK�RI���� P�ILOOHG�ZLWK�&22 gas. The drift gap was set at 13mm permitting a
10mm separation of the two beams.

)LJXUH���VKRZV�D�SORW�RI�WKH�PHDVXUHG�YDOXHV�RI� �DV�D�IXQFWLRQ�RI�Vd – Vc. (Vd is the
potential of the drift electrode and Vc that of the cathode with the anode held at earth.)
In this case the variable x+c in the fit is equal to ED/1.3 (V/cm) and it is seen that
≈ED

1.39. The offset (c) on the x-axis arises because of the contribution of the bipolar
electric field between the anode and cathode to the drift field. Electrostatic field
modelling shows that the drift field is accurately constant from the drift electrode to
within two pattern pitches of the plate. It can be represented by:

L

VV
E cd

D

β−
= (10)

ZKHUH�WKH�IUDFWLRQ� �LV�GHWHUPLQHG�E\�WKH�UDWLR�RI�WKH�FDWKRGH�ZLGWK�WR�WKH�SLWFK�DQG
WKH�GULIW�GHSWK��/���:LWK�WKH�VWDQGDUG�SLWFK�RI���� P�DQG�/ ��PP�� ≈0.7.

7KH�EHKDYLRXU�RI� �ZLWK�ED in figure 6 compares reasonably well with the “air” curve
in figure 5 confirming that air is the most likely contaminant of the gas. Exact
agreement is not, of course, to be expected since the physical parameters in figure 5
do not refer to CO2.

5. ,QGLUHFW�PHDVXUHPHQWV�RI�

 The planar electric field configuration of the GMSD means that the electron drift and
avalanche gain processes are almost (but not quite) separated. Thus, as shown by
equation (10) the drift field is mostly determined by Vd with a lesser contribution
from Vc. Similarly it is found [5] that the gain is determined by the notional potential
V’ (= V c + 9d��ZKHUH� �≈ 0.007 for the counters used in these tests. Over the limited
range of gain controlled by Vd the gain can be accurately represented by an
exponential function:

M = exp{A + B(Vc + Vd)}         (11)

For fixed Vc, this implies that:

M = exp(a + bVd)          (13)

If we consider the detection of x-rays in the presence of electron attachment during
the drift, the gain (or pulse height) measured at a given Vd will be (equation (2):

)exp(exp1)( dd bVa
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ZKHUH� �LV�DOVR�D�IXQFWLRQ�RI�Vd as discussed above. Figure 7 shows the behaviour of
M as a function of Vd with two different gas mixtures as measured with 5.9keV x-
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rays. In the case of argon + 5% isobutane there is no significant attachment so that the
gain formula (13) fits to the data over the whole available range of Vd. In the case of a
mixture with 75% isobutane the behaviour of M is clearly strongly affected by the
attachment term in equation (14) and only at high drift fields does the gain curve
DV\PSWRWH�WR�HTXDWLRQ������DV� �/�EHFRPHV�!!���

This behaviour is reproduced in most gas mixtures and the basic gain M0(Vd) (zero
attachment) is estimated by fitting the high Vd points of the gain curve (figure 7) to
equation (13). The attachment term of equation (14) is now obtained by evaluating
M/M0(Vd). The problem is now to solve the equation

0
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IRU� ��7KLV�LV�QRW�SRVVLEOH�LQ�DQ�H[SOLFLW�IRUP��+RZHYHU��DV�VKRZQ�LQ�$SSHQGL[���LW�LV
possible to derive an accurate power series expansion (figure 8):

/� � �����0�00) + 0.72618(1-M/M0)
2 + 3.3435(1-M/M0)

3      (16)

Gain versus Vd plots such as those instanced in figure 7 were measured for gas
mixtures ranging from 5% to 100% isobutane in argon using 5.9keV x-rays in the
VWDQGDUG�*06'���� P�DQRGHV���� P�FDWKRGHV����� P�SLWFK�ZLWK���PP�GULIW�JDS��
The gain was fitted at the highest Vd points and M/M0(Vd) evaluated over the range of
Vd��(TXDWLRQ������ZDV�QRZ�XVHG�WR�HYDOXDWH� �/�IURP�0�00.

)LJXUH���VKRZV�WKH�FXUYHV�WKXV�GHULYHG�IRU� �/�DV�D�IXQFWLRQ�RI�9d-0.7Vc (since L =
1cm , ED(V/cm) is numerically equal to Vd-0.7Vc). The good linear ln-ln fits show
WKDW�WKH�UHODWLRQ� ≈ED

p holds for all gas mixtures but that the exponent p varies
strongly with the percentage of isobutane. Figure 10 shows this graphically. The
FRQFOXVLRQ�IURP�WKH�JUDSKV�LV�WKDW�ZKLOH� �GHFOLQHV�GUDPDWLFDOO\�ZLWK�LQFUHDVH�LQ�WKH
isobutane concentration, the accompanying rapid increase of the exponent of the drift
field means that increasing the drift potential can restore the situation quite
effectively.

)LJXUH����VKRZV�WKH�EHKDYLRXU�RI� �/�DW�D�IL[HG�GULIW�ILHOG������9�FP��DV�D�IXQFWLRQ�RI
the isobutane concentration. Experience with isobutane has suggested that there is an
electronegative pollutant in it which can (on occasion) make a bottle of the gas
unusable. In this case one might expect to see a curve behaving as “1/f” (equation (9))
However, apart from noting that it is approximately linear from 5% to 80%
concentration, it is impossible to draw any conclusions as to the determining
SURFHVVHV�VLQFH��DV�HTXDWLRQ�����VKRZV�� �GHSHQGV�RQ�WKH�GULIW�YHORFLW\�DQG�WKH
electron temperature which vary strongly with the gas composition.

,W�ZLOO�EH�QRWHG�WKDW�LQ�ILJXUH���WKH�GHULYHG�YDOXHV�RI� �/�EHFRPH�LQFUHDVLQJO\�QRLV\�DV
�/�ULVHV��7KLV�IROORZV�IURP�WKH�IDFW�WKDW� �/�≈ 1/P(1-M/M0) where P is the

polynomial function specified in equation (16). The stochastic noise inherent in the
pulse height (gain) measurement is rapidly amplified by this transformation as
M/M 0 ��DQG�VHWV�D�OLPLW�WR�WKH�PD[LPXP�YDOXH�RI� �/�ZKLFK�PD\�EH�PHDVXUHG�ZLWK
significant precision. In addition, there is a systematic error induced by the procedure
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of fitting the gain to the points with the highest Vd. This inevitably causes the value of
�/�WR�EH�RYHUHVWLPDWHG�LQ�WKLV�UHJLRQ�VLQFH�ZH�KDYH�IRUFHG�0�00 to be unity. These
OLPLWDWLRQV�PHDQ�WKDW� �/�FDQ�RQO\�EH�HVWLPDWHG�ZLWK�UHDVRQDEOH�SUHFLVLRQ�IRU�UHJLRQV
in which 1-M/M0 > 0��WKH�VWRFKDVWLF�HUURU�LQ�0��DQG�Vd lies below the gain
normalisation region.

6. The effect of electron attachment on X-ray spectra

It is clear from the mathematical model and the simulations (equations (2), (4) and
figure 2) that the presence of significant electron attachment causes a pulse height
deficit and a broadening of the x-ray pulse height peaks. While the latter causes a loss
of energy resolution, the former can induce non-linearity in the energy response.

6.1 X-ray energy resolution

Experimentally, the energy resolution of an x-ray line in a GMSD is routinely
measured as the relative full width at half maximum (FWHM) in percent. Converting
the SD as defined in equation (2) to this parameter gives a contribution from the
electron attachment effects of:
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Adding the intrinsic (photoelectron and avalanche statistics) FWHM (FI) in
quadrature gives an estimate for the x-ray line:

2
22 )exp(168 





 −−+=

λ
L

FF I          (17)

)LJXUH���VKRZV�WKDW� �LV�D�UDSLG�IXQFWLRQ�RI�WKH�GULIW�ILHOG��ED = (Vd – 0.7Vc)/L). One
would expect equation (17) to describe the behaviour of F as a function of Vd using
WKH�VLPSOH�SRZHU�ODZ�ILWV�XVHG�LQ�ILJXUH������7KDW�LV��ZH�VHW� � �N�9d-0.7Vc)

p.

Figure 12 shows the experimental measurements of the FWHM of 5.9keV x-rays as a
function of the drift potential for a range of gas compositions (argon + isobutane, 5%-
������LQ�WKH�VWDQGDUG�*06'���� P�DQRGHV���� P�FDWKRGHV����� P�SLWFK�ZLWK
10mm drift gap). Equation (17) is fitted with FI (a in the fits), L/k (b in the fits) and p
(c in the fits) as free parameters. Good fits can be obtained but it is obvious that while
the values of p (c) are in the same general range as the exponents derived from the
gain data (figure 10), the agreement is poor.

The reason for this is quite clear from the experimental data, which shows that while
electron attachment clearly has a strong effect on the energy resolution at low drift
fields, there are other processes which become dominant in particular circumstances.
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For example, on inspection of the curve for argon + 10% isobutane (figure 12) it is
clear that there is an independent process which causes the FWHM to rise
significantly as Vd increases. This is discussed in detail in reference [6]. Another
independent process is revealed in the behaviour of FI (a) in the fitted data. FI is seen
to minimise at 13.9% at an isobutane fraction of 10%, rising on either side. Thus
ZKLOH�WKH�EHKDYLRXU�RI� �ZLWK�Vd is seen to have a very significant effect on the
):+0��WKLV�PHDVXUHPHQW�LV�QRW�VXLWDEOH�IRU�TXDQWLI\LQJ� �EHFDXVH�RI�WKH�LQWHUDFWLRQ
of other, independent processes.

7KH�JHQHUDO�FRQFOXVLRQ�WR�EH�GUDZQ�IURP�ILJXUHV����DQG���LV�WKDW�ZKHQ� �/�GURSV
below ≈10 (i.e for isobutane fractions >50% over most of the range of Vd) then the
energy resolution for 5.9keV x-rays is significantly degraded by electron attachment
effects. This is in good agreement with the simulation results presented in figures 1
and 2. Raising Vd�FRQWLQXRXVO\�WR�UHGXFH� �LV�QRW�DQ�RSWLRQ�EHFDXVH�RWKHU�SURFHVVHV
cause the FWHM to increase. There is in general an optimum Vd for the FWHM and
this optimum Vd�YDOXH�ULVHV�DV� �GHFUHDVHV�DQG�WKH�RSWLPXP�):+0�DOVR�LQFUHDVHV�

6.2 X-ray energy non-linearity

In the model of section 2, the x-rays are assumed to convert uniformly in the drift
space (e.g. via a side window). If the x-rays enter through the drift electrode (as is
often the case) the x-ray beam attenuates as it traverses the drift space with an
DWWHQXDWLRQ�OHQJWK� ��$V� �FKDQJHV�ZLWK�HQHUJ\�WKH�VSDWLDO�GLVWULEXWLRQ�RI�FRQYHUVLRQ
electron packets changes and the mean fraction of the ideal pulse height detected
(nm/n0) changes leading to non-linearity in the x-ray energy scale. To estimate this
effect one must repeat the analysis of section 2 with the x-rays distributed along the
drift axis according to dN/dx = N0� �H[S��/�[�� ��LQVWHDG�RI�dN/dx = N0/L. For
convenience we measure x from the plate back towards the drift electrode.

With this modification equation (1) for the pulse height distribution now becomes:

γ

γλ
+Λ

Λ−
=

1
00 )/exp(

n

LnN
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dN
           (18)

ZKHUH� � � � ��(TXDWLRQ������FDQ�EH�XVHG�WR�GHULYH�WKH�PHDQ�RI�WKH�SXOVH�KHLJKW
distribution in the usual way. The result is:

( ) ( )( )
( )Λ−−
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/exp(1

)/1/1(exp1
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L

L
L
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       (19)

ZKHUH� �LV��RI�FRXUVH���D�IXQFWLRQ�RI�WKH�[�UD\�HQHUJ\�

Figure 13 shows a plot of nm/n0 as a function of the x-ray energy for a drift space of
��PP�ILOOHG�ZLWK�DUJRQ�DW���EDU��&OHDUO\��YDOXHV�RI� �/������FDQ�UHVXOW�LQ�GLVWRUWLRQV
of the energy calibration by the order of a few percent. While this may seem
negligible compared with the energy resolution of 14% (FWHM) for 5.9keV x-rays,
the centroid of the peak can be measured to a precision of 14/¥1��ZKHUH�1�LV�WKH
number of counts in the peak. Since routinely, N > 104 a non-linearity of a few
percent will be a noticeable problem in the x-ray energy calibration.
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The effects of attachment on the energy linearity can be minimised by avoiding gas
DEVRUSWLRQ�HGJHV�LQ�WKH�ZRUNLQJ�HQHUJ\�UDQJH�DQG� �FDQ�EH�PLQLPLVHG�E\�GLOXWLQJ�WKH
absorbing gas, all be it at the expense of detection efficiency.

7. The effect of electron attachment on auger electron spectra

When the GMSD is used for the detection of auger electrons from a sample which
forms the drift cathode, as in EXAFS applications [7], the gas composition is usually
arranged so that the maximum range of the most energetic electrons (R) is ≈1mm. The
pulse heights reaching the amplifying plane now lie in the range n0H[S��/� ����Q���Q0,
and the variation in the mean (nm) is ≈ n05� ��&RQVLGHULQJ�WKH�FDVH�RI�D�VWURQJO\
HOHFWURQHJDWLYH�JDV�ZLWK� �/� ���LQ�D�GHWHFWRU�ZLWK�/� ���PP��LW�IROORZV�WKDW�WKH�SXOVH
heights will be reduced by a factor of exp(-1) (0.368) with a spread (FWHM) of
≈0.1/1 (10%) in the values. This broadening of the pulse height spectrum will scarcely
be noticeable when convolved with the intrinsic pulse height resolution (15% - 30%)
in the electron energy range of interest (1.5keV – 6keV). Thus we can conclude that,
provided sufficient gas gain (and electronic signal to noise performance) can be
obtained to compensate for the loss of signal, auger electron energy spectra may be
VXFFHVVIXOO\�GHWHFWHG�LQ�JDV�DWPRVSKHUHV�ZLWK� �≈1cm, corresponding (for example) to
≈ 2% of air in an argon mixture.

8. Monitoring Gas Purity

The analysis of sections 5 and 6 show that a simple series of measurements of the
pulse height analyser peak position (gain) and FWHM of an x-ray line such as the
5.9keV of Mn (55Fe radioactive source) can be used to detect electronegative
contaminants at the levels relevant to detector operation.  In other words, with this set
of measurements the detector can be its own gas monitor.

Dimethyl ether (DME) is the quencher of choice when gas counters must be used in
very intense beams since it resists the polymerisation processes which cause the
degradation of such quenchers as ethane and isobutane. However, for a long gas
lifetime the DME must be free of contaminants such as oxygen. The combination of
DME and oxygen appears to be particularly electronegative, so the x-ray pulse height
spectra are effective as a monitor of the gas purity. A GMSD x-ray detector was
constructed using only ceramic and stainless steel components and connected up to
stainless steel gas mixing system which supplied a mixture of argon + 29% DME.
The strip pattern was the standard one described above and fabricated in gold on
S8900 glass with a 9mm gap to a beryllium drift cathode. Gas flow was initiated and
plots of the gain and FWHM versus Vd made at intervals over the following 48 days.

Figure 14 shows the plots of the relative gain (normalised at high Vd as described in
section 5) versus Vd throughout this period, and figure 15 shows the corresponding
plots of the FWHM versus Vd. Both show systematic changes over the purge period.
The FWHM, while strongly time-dependent at the lowest Vd, gives slightly
ambiguous results, whereas the relative gain shows clear changes with time. Applying
WKH�WUDQVIRUPDWLRQ�RI�HTXDWLRQ������WR�WKLV�GDWD�\LHOGV�WKH�SORWV�RI� �/�VKRZQ�LQ
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figure�����+HUH�WKH�FKDUDFWHULVWLF�EHKDYLRXU� �≈ kED
p is observed (i.e. approximately a

straight line on a ln-ln plot) with 2 < p < 3. It is not clear from the data whether the
DSSDUHQW�VDWXUDWLRQ�RI� �/�DW�Vd >1500V is real or just a result of the stochastic
measurement noise beginning to dominate.

The gradual clean-up of the counter and gas system over the 48 day purge period is
VKRZQ�FOHDUO\�LQ�ILJXUH�����ZKHUH�/� �DW�Vd = -1200V and Vd = -1600V are plotted as
a function of time. Looking at equation (9) we note that if we hypothesise a single
electronegative pollutant (e.g. oxygen), then with Vd constant and all other gas
conditions held constant, the fraction of pollutant present (f in equation (9)) should be
SURSRUWLRQDO�WR�/� ��,Q�JHQHUDO�WKH�FRQFHQWUDWLRQ�RI�D�SROOXWDQW�ZLOO�GHFD\
exponentially under a steady purge. As figure 17 shows, the Vd = -1600V data gives a
reasonable fit to a decaying exponential with a lifetime of 22.8 days. The Vd =-1200V
data gives a similar fit but the data is considerably noisier.
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Appendix 1

7KH�SUREOHP�LV�WR�ILQG�D�SRZHU�VHULHV�H[SDQVLRQ�IRU�WKH�VROXWLRQ�RI� �/�DV�D�IXQFWLRQ
of M/M0 in the equation:

0

exp1
M

ML

L
=










−−

λ
λ

         (A1)

)LUVW�ZH�FKDQJH�WR�WKH�YDULDEOHV�\� �/� �DQG�[� �0�00 when equation (A1) becomes:

x = {1 – exp(-y)}/ y          (A2)

Now consider the case of low attachment, i.e. x << 1. Expanding the exponential
function in equation (A2) and keeping only the first order term we get:

 x ≈ 1 – y/2        (A3)
Rearranging we get:

 y ≈ 2(1-x)         (A4)

Figure 8 shows the approximation (A4) compared with the target function (A1). As
H[SHFWHG�WKH�DSSUR[LPDWLRQ�LV�RQO\�YDOLG�IRU�VPDOO�YDOXHV�RI�\��/� ���������+RZHYHU�
the form of the target function encourages us to generalise the first approximation
(A4) by including higher order terms of a power series in (1-x). i.e.

y = 2(1-x) + a(1-x)2 + b(1-x)3       (A5)

where a and b are constants obtained from least squares fitting process. Figure 8
shows that the values a = 0.72618 and b = 3.3435 give an excellent approximation (r2

= 0.99988). We thus have the good approximation:

/� � �����0�00) + 0.72618(1-M/M0)
2 + 3.3435(1-M/M0)

3      (A6)

valid over the range commonly encountered in the experimental data: 0.4 < M/M0 < 1.
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Figure Captions

1. Simulated pulse height spectra for a 5.9keV x-ray line detected in a GMSD with
YDU\LQJ�GHJUHHV�RI�HOHFWURQ�DWWDFKPHQW�LQ�WKH�JDV�� �LV�WKH�HOHFWURQ�DWWDFKPHQW
length and L is the depth of the drift region.

2. The peak position and the relative standard deviation (σrel) of the simulated x-ray
pulse height spectra are compared with the mathematical models (equations (2)
DQG������DV�D�IXQFWLRQ�RI�WKH�SDUDPHWHU� �/�

3. The attachment coefficient for electrons in air and an argon-chlorine mixture as a
function of the drift electric field [8]. Note the factor of 1000 difference in the
vertical scales.

4. The drift velocity of electrons [9] in various mixtures of argon-methane as a
function of the drift electric field.

5. Plots of the parameter v/(hED
0.75) calculated using the data of figures 3 and 4 (v is

the drift velocity, h the attachment coefficient and ED the drift field), showing how
�PD\�EH�H[SHFWHG�WR�YDU\�ZLWK�GULIW�ILHOG�IRU�DLU�DQG�FKORULQH�FRQWDPLQDWLRQ�RI

argon-methane gas mixtures. Note the hundred-fold difference in the vertical
scale.

6. The electron attachment length as a function of drift field measured
experimentally in pure CO2 in a GMSD. The term c in the fit takes account of the
contribution of the cathode potential to the drift field (equation (10)).

7. The gain of a GMSD as measured from a 5.9keV x-ray line peak pulse height as a
function of the drift potential in argon gas mixtures with different fractions of
isobutane. The fits show the expected exponential gain curve when the attachment
EHFRPHV�QHJOLJLEOH��L�H�� �/�!!�����,Q�WKLV�GHWHFWRU�/� ���PP�

8. A plot of the approximate solutions obtained in appendix 1 for the explicit
H[SUHVVLRQ�RI�/� �LQ�WHUPV�RI�WKH�DSSDUHQW�UHODWLYH�JDLQ��0�00) derived from plots
such as those of figure 7.

9. The attachment length as a function of drift field (ED) derived from gain versus Vd

plots for various argon-isobutane gas mixtures. The drift gap (L) is 10mm.

10. 7KH�H[SRQHQW��S��RI�WKH�ILWV�RI�WKH�IRUP� �/� �kED
p to the data of figure 9, plotted

as a function of the isobutane fraction in the gas mixture.

11. 7KH�DWWDFKPHQW�OHQJWK�� �/��DW�D�FRQVWDQW�GULIW�ILHOG�RI����9�FP�DV�D�IXQFWLRQ�RI
the fraction of isobutane in the gas mixture (from the data of figure 9).

12. The experimentally measured FWHMs of the 5.9keV x-ray line are plotted as a
function of the drift potential for the range of argon-isobutane gas mixtures. The
fitted curves are of the form of equation (17).
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13. The non-linearity of the x-ray energy response induced by electron attachment is
VKRZQ�DV�WKH�IUDFWLRQ�RI�WKH�WUXH�SXOVH�KHLJKW�� �!!�/��PHDVXUHG�DW�D�JLYHQ�[�UD\
energy in a gas with different attachment lengths (equation (19)).

14. The measured relative gain (M/M0) of the 5.9keV x-ray line, plotted as a function
of the drift potential for a high integrity GMSD design as a function of the purge
time, showing the slow clean-up of the system.

15. The measured FWHM of the 5.9keV x-ray line plotted against the drift potential
during the purge period of the high integrity GMSD design.

16. The electron attachment length calculated from the data of figure 14 as the GMSD
and gas system are purged.

17. The inverse electron attachment length (L = 9mm) at Vd = -1200V and Vd = -
1600V for the high integrity GMSD plotted against the purge time. This is
proportional to the fraction of electronegative impurity present.
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FIGURE 3
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FIGURE 5
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FIGURE 7
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FIGURE 11
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FIGURE 13
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FIGURE 15
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FIGURE 17
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