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a b s t r a c t

Precise and accurate determination of the dead time of a pulse counting system is critical for correct
isotope ratio determinations. In this paper, potential problems in the determination of dead time are
investigated as well as the consequences of using an erroneous value when correcting for dead time. It
is shown how the voltage setting of a SEM can affect the dead time of the system. This can be due to an
increased pulse height distribution giving after-pulsing effects, which are not corrected for by a detector
eywords:
ead time
lectron multiplier
sotope ratio measurement
fterpulsing
xtending/non-extending

dead time model. This hypothesis is supported by pulse height measurements of the output signal of the
SEM. Output signals of the amplifier and SEM of an Element2 are also studied and the different nature
of these signals (extending vs non-extending) and the consequences of this in the correction of dead
time count losses are discussed. It is also found that the dead time values determined via isotope ratio
measurements can differ with up to 2.7 ns under optimised instrumental settings, and it is also shown
that a relatively small difference (2 ns) in the actual dead time of the system and the value used to correct
for dead time results in apparent non-linearity of the system which has been reported by other authors.
. Introduction

In all pulse counting systems a minimum amount of time is
equired between two pulses for them to be recorded as two sep-
rate pulses. The time from the beginning of an incoming pulse till
he time when a new pulse can be registered is called the dead time
�). The linearity of a pulse counting system at high count rates is
ependent on a proper correction for dead time. Precise and accu-
ate measurement of the dead time is hence critical for accurate
sotope ratio determinations. The overall, or apparent, dead time of
pulse counting system is composed of different dead time compo-
ents such as the dead times of the secondary electron multiplier
nd pulse amplifier, as well as possible secondary effects such as
fterpulsing. The dead time of a pulse counting system can be char-
cterised both via isotope ratio and electronic measurements. In
etermination of � via isotope ratio measurements, the response
f the system over the entire counting range of the SEM is mea-
ured and an appropriate value of � is determined [1]. In electronic

easurements, the output of an individual electronic component

uch as the amplifier is characterised either by oscilloscope or by
sing input from a pulse generator providing double pulses with
variable delay [2,3]. Isotope ratio measurements yield a value
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of an overall dead time of the whole system including secondary
effects, while electronic measurements provide an often more pre-
cise determination of � but only for the individual component that
is measured.

A dead time can also be built into an electronic circuit, and one
reason to do this is that if the added dead time is large enough
it will dominate the dead time of the whole system [3]. This is
advantageous since the implemented dead time can be relatively
well known and stable. In a previous study, the dead time of the
pulse counting system of an Element2 was examined using dif-
ferent settings of an introduced dead time on the pulse amplifier
[4]. Both electronic measurements of � of the pulse amplifier and
determinations of � via isotope ratio measurements were made,
and correspondence between electronic and ratio determined dead
times was found only for the largest setting of the introduced dead
time (70 ns) which suggests that other components than the ampli-
fier affects the apparent dead time of the system. It has also been
found that voltage setting and cable impedance can affect the deter-
mination of � due to afterpulsing [5].

Another aspect and possible source of uncertainty in the deter-
mination of � using isotope ratio measurements is introduced from

the need to correct for instrumental induced mass bias. Several dif-
ferent models have been proposed for the evaluation of � from ratio
measurements [1,5–7]. The use of a near unity isotope ratio for
mass bias correction is naturally favourable, and should enhance
the accuracy in determination of �.

dx.doi.org/10.1016/j.ijms.2010.11.018
http://www.sciencedirect.com/science/journal/13873806
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Table 1
Calculated examples of relative differences in recorded count rates for a non-
extending and extending dead time model.

True interaction rate (cps) Relative difference (%)

� = 16 ns � = 50 ns

1.0.E+06 0.01 0.12
2.0.E+06 0.05 0.43
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3.0.E+06 0.11 0.89
4.0.E+06 0.18 1.46
5.0.E+06 0.28 2.12

In the literature concerning isotope ratio determinations using
C-ICPMS, several studies have reported non-linearity in mea-

urements involving detection via ion counting [2,8,9]. However,
o final explanation for this non-linearity has been provided. This
henomena has been reported to occur when the intensities of the
ajor isotope is above some 50 kcps, and could thus be the result of
difference between the measured � (used for correcting results)

nd the actual dead time of the pulse counting system, although
he SEM itself may also introduce non-linear effects. The aim of this
tudy is to investigate the effects of using an inadequate measured
in isotope ratio determinations, and to further study potential

roblems in the determination of �.

. Materials and methods

.1. Instrumentation

All TIMS measurements were done using an instrument of
BS-type (National Bureau of Standards) [W.R. Shields, National
ureau of Standards (USA), Technical Note No. 426, 1967]. The pulse
ounting system of this TIMS instrument consisted of a secondary
lectron multiplier (SEM, MC-Z-19-TRITON, MasCom, Germany), a
ulse amplifier (Finnigan MAT262 pulse amplifier, 191290, Finni-
an, Germany) and a counter (Hewlett Packard Mod. 53131 A, HP,
SA). The pulse amplifier consisted of an internal dead time circuit
ffering the possibility of changing the electronic dead time of the
mplifier. Automatic amplitude distribution measurements of the
utput pulses from the SEM were performed with a computer con-
rolled (HP Basic) oscilloscope (Infinium Mod. 54845 A, HP, USA).
he amplitude was measured for 10,000 wave forms in each pulse
eight distribution measurement.

All ICP-SFMS measurements were performed using an Ele-
ent2 (Thermo-Finnigan, Bremen, Germany). The instrument was

quipped with a semi-demountable quartz Fassel torch and a CD-2
uard Electrode. Sample introduction was performed using a con-
entric nebulizer (“Conikal”, GlassExpansion, Melbourne, Australia)
nd a cyclonic spray chamber (“Twister”, GlassExpansion). Self-
spiration, resulting in a sample uptake rate of approximately
.2 ml min−1, was used throughout the investigation. The guard
lectrode was grounded and the software induced dead time
orrection inactivated. Torch position, lens parameters and the
ebulizer gas flow rate were optimised daily to obtain maximum
ensitivity for 238U+. All measurements were performed using low
esolution (m/�m = 300) with the instrument and data acquisition
ettings shown in Table 1. The instrument is equipped with an SEM
ystem labelled Multiplier Model MC-SEV-ICP ElementII (MasCom,
remen, Germany).

Measurements of the output pulses of the SEM were made using
Gage CompuScope 82G (Gage Applied Technologies Inc., Lachine,

anada), plugged in to the J2801 contact of the pulse amplifier
oard. A solution containing natural uranium of about 1 �g l−1 was
sed, and the magnet mass was set constant to m/z = 238. Wave-
orms were sampled for about 2 h at a scope sampling rate of 2 GHz.
he minimum pulse-to-pulse time then represents the dead time,
ass Spectrometry 300 (2011) 21–25

i.e., the time between the beginning of the trigger pulse and the
beginning of the next nearest visible pulse on the scope. The Com-
puScope was also used to measure pulses directly from the electron
multiplier. It was then connected to the BNC contact from the elec-
tron multiplier located on the housing of the electrostatic analyzer
(ESA).

2.2. Reference materials

The TIMS measurements were performed on IRMM072/6 and
the ICP-SFMS measurements on IRMM073/7. Both these stan-
dards consist of uranium isotopes where the ratio of 235U/238U is
approximately 1, and the ratio of 233U/238U varies for different sub-
fractions, being 0.019 857(60) for IRMM073/7 and 0.049476(15)
for IRMM072/6 (uncertainties are given in parentheses including a
coverage factor k = 2 and that apply to the last digits of the given
value).

2.3. Evaluation of � from ratio measurements

From the measurements made on the TIMS instrument, � was
evaluated using the relationship

1
K233/238 · r233/238

= 1
R233/238

+ � · I238 ·
(

1
K233/238

− 1
R233/238

)
(1)

where R233/238 is the certified ratio of n(233U)/n(238U), r233/238 is the
corresponding measured (uncorrected) ratio, K233/238 is the corre-
sponding mass-bias correction factor (equals R/r) and I238 is the
uncorrected intensity of 238U [5]. For determination of � via iso-
tope ratio measurements on ICP-MS, the relationship suggested by
Appelblad and Baxter [7] was applied:

r238/233 = I238

I233
= R238/233

K238/233
+ � ·

(
1 − R238/233

K238/233

)
· I238 (2)

The use of Eq. (1) requires measurements of K separately, while
both K and � can be evaluated from Eq. (2). Hence Eq. (1) is more
suited for TIMS measurements where a systematic drift in mass
fractionation over the acquisition time can be observed [10], while
Eq. (2) requires a non-systematic variation in mass bias and is hence
more applicable in ICP-MS measurements. Furthermore, Eq. (2) can
be applied in cases were an isotope ratio near unity is not available.

All uncertainties reported in this paper were evaluated in accor-
dance with ISO GUM [11] using the software GUM Workbench [12].

3. Results and discussion

3.1. Afterpulsing

The linearity of a secondary electron multiplier has previously
been reported to be dependent on the voltage of the SEM [5,8].
This was further investigated by determination of � via isotope
ratio measurements at different voltage settings of the SEM of an
Element2 and a NBS TIMS, and the results are displayed in Fig. 1.

In Fig. 1a, � determined via isotope ratio measurements at differ-
ent voltage setting on the SEM of a NBS TIMS instrument is shown.
In these measurements, there is a strong trend of decreasing �
with increased voltage of the SEM after a certain threshold volt-
age. The reason for this effect can be assigned to afterpulsing in the
counting system [5]. The possible explanation to afterpulsing is that
impedance mismatch will cause signal reflections. High amplitude

signals may then return to the amplifier input with amplitude high
enough to pass the discriminator level. In such cases, two events
will be registered in the amplifier originating from one event in the
detector [13]. An improved impedance matching of the electronic
system solved this problem.
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Fig. 1. Relationship between � (determined via isotope ratio measurements) and
SEM voltage. Results from measurements made on the NBS TIMS are shown in (a).
Determined values of � are represented by open squares, and the plateau is repre-
sented by filled diamonds. In (b), results from measurements made on the Element2
are shown. Determinations of � were made with the same instrumental settings on
three different occasions, about 2 weeks apart (red triangles, squares and circles).
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he SEM plateau is displayed as black diamonds. The uncertainty bars represent U
k = 2). (For interpretation of the references to color in this figure legend, the reader
s referred to the web version of the article.)

The pulse amplitude distributions at different SEM voltages on
he NBS TIMS are shown in Fig. 2. The figure shows that the fraction
f higher pulse amplitudes significantly increases at higher SEM
oltages. Hence, it is probable that secondary pulses are registered

n the amplifier at higher SEM voltages. In previous work timing

easurements were done in order to detect secondary pulses [5].
t was found that pulses correlated to a primary incident on the
EM occurred after about 30 ns in that system. However, in this
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ig. 2. Pulse height distributions at different SEM voltages. Measurements were
ade on the NBS TIMS.
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work secondary pulses could still be observed up to about 100 ns.
The timing of such secondary pulses is a function of e.g. the length of
the cable between the SEM and the amplifier, i.e. the signal transit
time in the cable to reach the amplifier a second time. Hence, after-
pulsing can for several reasons affect the apparent dead time of a
system. Introducing an electronic dead time longer than the timing
of the secondary pulses would be one solution to mask such pulses
since the detection system would be blind for pulses entering the
amplifier input when the system is dead.

In Fig. 1b, the result of a similar study made on an Element2
is shown. It is not possible from these data to state that there is
a strong dependency of � with SEM voltage, but the figure shows
a large spread in the results with determined dead times from 15
to 23 ns with a slight tendency towards larger values of � at larger
SEM voltages. The combined standard uncertainties, a few ns, for
these measurements are of the same magnitude as those reported
by other laboratories [14].

The reason that a strong relationship between determined dead
time and SEM voltage was found on one of the instruments but not
on the other can be due to differences in the SEM’s used, or that
the threshold level was not reached in the measurements done on
the Element2. However, these results sometimes show a relatively
large variation in the determined dead times, even when the SEM
voltage is on the plateau. For the Element2, the determined value of
� varies between 14.0 and 16.7 ns for SEM settings between 2100 V
and 2200 V, i.e. well on the plateau. The results displayed in Fig. 1a
show that adjusting the SEM voltage with only 50 or 100 V on the
NBS TIMS may cause a significant change in the behaviour of the
system and require updated determination of �. It was for exam-
ple observed on the NBS instrument that about three months after
the installation of the SEM, the beginning of the plateau moved
from about 1800 V to about 2000 V. Hence, frequent adjustment
of the SEM voltage is often necessary and care should be taken so
that unnecessarily high voltage settings are avoided since this may
cause secondary pulses. It should also be kept in mind that recom-
mendation from manufacturers of, e.g., sector field ICPMS, on how
to set the SEM voltage allows for quite large variations of the volt-
age as long as the response is on the plateau. A more standardised
procedure should thus be advantageous for precise isotope ratio
determinations.

3.2. Dead time of different components

In Fig. 3, the output signals from SEM and amplifier on the
Element2 obtained via measurements using an oscilloscope are
shown. The pulse width from the SEM is 16 ns, which thus corre-
sponds to the dead time of the SEM. The dead time of the amplifier
was set to 70 ns when this measurement was made, and this cor-
responds with the reading on the oscilloscope. On the amplifier of
the Element2, three different settings can be chosen; 10, 20 and
70 ns of which the 10 ns seems to be the default value set by the
factory. In a previous study, the different settings were examined
and agreement between dead times determined via electronic mea-
surements of the amplifier output and ratio measurements were
only obtained when the largest setting, 70 ns, were used [4]. These
new measurements showing a pulse width of 16 ns from the SEM
provides an explanation to this, i.e., the pulse width of the mul-
tiplier being large enough to affect the overall dead time of the
system when the introduced dead time of the amplifier is relatively
short (10 and 20 ns) [3,13]. In fact, for the lowest setting of 10 ns,
the systems showed a dead time that corresponded to the width of

the SEM pulse [4].

Hence, the use of electronic measurements in the determination
of � has the potential of providing a precise and accurate value
of �, but it should be kept in mind that this value represents the
dead time of that individual component and does not include dead
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imes of other components or other more variable effects such as
fterpulsing.

.3. Extending and non-extending dead times

The pictures in Fig. 3 gives rise to another question concerning
he nature of the dead time. In the recorded output from the SEM,
t can be seen that one pulse is significantly larger than the rest

hich is due to pile-up of two simultaneously incoming pulses.
sually, the non-extending relationship is used for correction of
ead time in mass spectrometric measurements. A non-extending
odel is characterised by a fixed dead period following a detector

vent, and this period is not prolonged if a new interaction occurs
uring the dead period. On the contrary, in an extending dead time
ystem, the initial dead period is prolonged by a new interaction
n the detector, i.e. a “new” dead period is triggered by a detector
vent and started at the time of the new event [13].

Therefore, the nature of the dead time obtained from the pulse
idth of the multiplier is more likely to be extending since the
ulse width increases with pile-up, see Fig. 3. If the dead time of the
mplifier is set to 10 ns (the default value), previous measurements
how that the system is dominated by the larger dead time of the
ultiplier which may be extending. The non-extending model is

xpressed as:

− I = iI� (3)

here i is the true interaction rate and I is the recorded count rate.
he extending model is expressed as:

= ie−i� (4)

he relative difference in observed intensities calculated using the
wo models for different input intensities and dead times is shown

n Table 1. The difference at 5 Mcps and � = 16 ns is 0.3% which is
bout equal to the uncertainty in dead time corrected intensity usu-
lly obtained in that counting region on the Element2 used in this
tudy. With increased dead time, the relative difference naturally
ncreases. However, due to the non-extending nature of the dead
the amplifier was in this measurement set to 70 ns. In the right oscilloscope picture
pulses is ∼70 ns. In the left oscilloscope picture it could be found that the width of

e extending type.

time of the amplifier, the nature of the dead time of the whole sys-
tem is neither purely extending nor purely non-extending [3,13],
and hence the use of Eq. (3) for dead time correction is not entirely
correct. However, if the term i � is small the differences between
the models will be insignificant [15]. And by implementing a large
non-extending dead time in the system, e.g., in the amplifier, con-
tributions from other sources will be less significant and it will
be easier to perform a proper dead time correction. It is though
important to keep in mind which model that is used and that
the nature of the dead time of the pulse counting system may
not entirely correspond with that model. It should also be noticed
that it has been recommended by Stresau and Hunter [16] that
the pulse width at the discriminator setting should not exceed the
dead time of the amplifier in order to avoid effects that cannot be
accounted for by corrections using Eq. (3). Hence the default dead
time setting of 10 ns on the amplifier of the Element2 should be
increased.

3.4. Consequences of inadequate determination of �

The results presented in Fig. 1a and b show that changes in SEM
voltage and/or electronic components of the detection system may
cause secondary effects that make a previously determined value
of � too large. Furthermore, the results presented in our previ-
ous study [4] show that the use of an electronically determined
value of � may actually result in correction with a too small value
since the dead times of other components are not included. In that
study, deviations as large as 4–5 ns were found between the elec-
tronic determined dead time of the amplifier and the dead time
determined via ratio measurements.

An example of the consequence of correcting with a value
of � that differs from the actual dead time, including secondary

effects, is shown in Fig. 4. In the figure, results of measurements
of IRMM073/7 on the Element2 are shown. The filled circles in the
figure represents data corrected with the proper value of �, in this
case 24.1 ns (U = 0.48 ns, k = 2). As can be seen from the picture, the
system is linear over the measured range (up to 4 Mcps). The open
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k = 2)). Open squares represents the same data corrected with � = 21.8 ns and open
ircles � = 26.2. The uncertainty bars represent U (k = 2).

ircles and squares represent the same data corrected with a value
f � that is 2 ns larger or smaller than the correct value of �. As can
e seen from the picture, the deviation from linearity due to the
se of these incorrect values of � is significant and in the order of
on-linearity in pulse counting systems reported previously [2,9].
ence, by altering the value of � used for dead time correction with
nly ±2 ns we achieve an apparent non-linearity in our system
nd this could implicate that the non-linearity reported by other
uthors can be a consequence of the difficulty to achieve a properly
etermined value of �.

In a recent publication by Richter et al., [14] the standard
ncertainty associated with � determined via isotope ratio mea-
urements varies from 1.3 to 4.6 ns (k = 2). The same magnitude of
he uncertainty of � was found in this study as well as in previ-
us measurements performed on the same Element2, where the
ncertainty varied from 0.6 to 8.6 ns (k = 2) [4]. The major contri-
ution to the uncertainty in dead time measurements using Eq. (2)
omes from the uncertainty in the determination of the slope. The
ncertainty in � used for the data in Fig. 4 is 0.48 ns (k = 2) which is
bout the best that has been achieved on our system and compara-
le with the uncertainty obtained in electronic measurements [4].

f a larger uncertainty of � is used in the evaluation of Rmeas/Rcert,
he uncertainty in the ratio will naturally increase. An uncertainty
f, for example, 4 ns (k = 2) will result in a relative uncertainty in
meas/Rcert of more than 1% for intensities of 238U above 2.5 Mcps,
nd the non-linearity shown in Fig. 4 will no longer be signifi-
ant. Hence, when high precision isotope ratio determinations are
ade using ion counters, an accurate determination of � including
ts variation is critical. It is therefore recommended that analysts
sing ion counters in high precision isotope ratio measurements
tates not only the magnitude of the dead time including uncer-
ainty, but also the method utilized for the determination of the
ead time.

[

[
[
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4. Conclusion

The aim of this study was to investigate potential problems in
the determination of the dead time of a pulse counting system,
and to examine the effects of correcting achieved isotope ratios
with an incorrect value of �. It has been shown that variations in
SEM voltage and electronic components of a pulse counting system
may alter the apparent dead time of the system, but also that the
obtained value of � from isotope ratio measurements can vary with
up to 2.7 ns under optimised SEM conditions. It has also been shown
that a relatively small difference (2 ns) between the value of � used
in the correction of measurement results and the actual dead time
of the system will cause a significant non-linearity in the system at
high count rates. Hence, a continuously updated determination of
� is important in isotope ratio determinations using detection via
pulse counting. It is also important that the value of � is well char-
acterised (truly represents the dead time of the whole system) and
that its corresponding uncertainty is incorporated into the uncer-
tainty of the determined isotope ratios in order to avoid erroneous
results. The implementation of a large enough, well known dead
time in the detection system is advantageous and can mask many
of the problems that can be encountered when applying dead time
correction.

Following these findings, it can be recommended that first of all a
large, well known dead time is set on the amplifier to facilitate dead
time correction. The exact magnitude of this dead time, applied
late in the signal chain, is somewhat system dependent but a 70 ns
dead time of the non-extending type should be sufficient. If that
cannot be done, the apparent dead time of the whole system can
be affected by several different parameters and correct isotope ratio
determinations will need a much more frequent updating of �.
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