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bstract

Dead time determinations on a mass spectrometry system with ion counting detection can either be done using an isotope ratio measurement
pproach or via electronic examination of individual components, e.g., the pulse amplifier. Depending on the dead time of each component in the
ignal chain, the electronically determined result may not represent the true value for the total system, i.e., there might be a series of hardware
elated dead times. However, a hardware set artificial dead time in the pulse counting system that is long enough might yield a system dead time
hat can be represented by this set dead time solely. It is shown in this work that a carefully chosen, artificially introduced set dead time yields a

ystem that may be characterized to a much lower uncertainty than is possible using ratio-based measurement approaches. Ultimately, the impact
f the dead time on the combined uncertainty of an isotope abundance ratio measurement may be negligible even at very high count rates, i.e.,
1 Mcps. In other words, incorporating the dead time contribution in a combined uncertainty calculation would no longer be necessary.
2006 Elsevier B.V. All rights reserved.
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. Introduction

In any pulse counting system there is a specific time inter-
al after which no new events can be counted. This interval is
efined as the dead time. The dead time of the detection system
s one of several factors that may contribute to bias as well as
o uncertainty in isotope abundance ratio measurements using

ass spectrometers in counting mode. An accurate and precise
etermination of the dead time is therefore required. While an
rror in the value used for dead time correction will lead to bias
n an isotope ratio measurement, any uncertainty will contribute
o the combined uncertainty in the result. The effect on the com-

ined uncertainty of a ratio measurement will depend on both
he magnitude of the dead time uncertainty and the difference
n intensities between the signals forming the ratio to be mea-
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ured. Basically two approaches can be adopted to minimize the
ontribution of the dead time uncertainty; one is to suppress the
ignals in order to reduce the effect of the dead time [1], the
ther is to determine the dead time with a higher precision.

Ratio-based methods are usually applied for dead time
etermination in inductively coupled plasma mass spectrometry
ICP-MS). By observing the change in signal ratio upon an
ntensity change, the dead time of the detection system can
e determined. Several different approaches for evaluating
he dead time based on isotope ratio measurements have been
eported [2–6]. However, one limitation of this method is
he precision with which the dead time can be determined.
elms et al. [6] reported uncertainties in the range of 4–20 ns

k = 1) for different methods, and Appelblad and Baxter [4]
eported uncertainties down to about 1 ns (k = 1) at best. If the

ead time instead is determined via electronic measurement
5], the precision is mainly governed by the sampling rate of
he measuring device. This is a relatively easy approach to
educe dead time contribution to the overall uncertainty in mass
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dx.doi.org/10.1016/j.ijms.2006.05.011
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tronic board. Thus, the amplifier could then be configured to dif-
ferent artificial dead time settings of about 10, 20 and 70 ns. Dead
time measurements with the ratio method were evaluated both
according to Appelblad and Baxter [4] and Ramebäck et al. [5].

Table 1
Instrument and data acquisition settings for the ICP-SFMS measurements

Instrument settings
Argon flow rates

Cooling gas (l min−1) 14
Auxiliary gas (l min−1) 1
Nebulizer gas (l min−1) ∼0.95

RF power (W) 1300
Sample cone Nickel, 1.1 mm orifice diameter
Skimmer cone Nickel, 0.8 mm orifice diameter

Data acquisition settings:
Resolution (m/�m) 300
Detection mode Pulse counting
Data acquisition mode E-scan
Isotopes 233U+, 235U+, 238U+

Sampling time 5 ms (except for 233U+ where 10 ms was used)
Mass window (%) 10
U. Nygren et al. / International Journ

pectrometric isotope ratio determinations that has not yet been
escribed.

However, an electronically determined value may not repre-
ent the total counting system, but rather, only the dead time
f the component measured, e.g., the pulse amplifier. In addi-
ion, different parts of a signal chain each have their own dead
ime, e.g., the electron multiplier and the pulse amplifier are
ach characterized by their individual values. In the case of the
lectron multiplier, its dead time may be difficult to determine,
nd it may also only be approximately constant [7]. In the case
f the pulse amplifier, a well-defined artificial dead time may be
mplemented electronically. One reason for this is that, if long
nough compared to the dead time of the electron multiplier, it
ill represent the dead time of the total system [8]. Furthermore,
well known, although large, correction is preferable to a small
ut uncertain one [7].

It is also possible to implement different types of dead times in
n electronic circuit [8], the two types considered being termed
aralyzable and non-paralyzable [9]. The difference between
he two types is that, in the paralyzable case, a new dead time
s extended by additional events, i.e., the irresponsive period is
ot fixed in duration. A non-paralyzable detection system is in
eneral preferred, since the paralyzable system may, at very high
ount rates, show apparently low readings [9]. An artificial dead
ime is also introduced in order to mask afterpulses that occur
romptly after a main event in the detector [5,10].

The common model used for dead time correction in both
uclear spectroscopy and mass spectrometry using ion counting
etection is [9]

t = Im

1 − Imτ
(1)

here It is the corrected intensity, Im the observed intensity and
the dead time. This model applies only for the non-paralyzable
ead time type and for a Poissonian process at the detector [8,9].

In this work, the pulse counting system of a sector field
CP-MS instrument was studied by means of dead time mea-
urements. Dead times were determined both electronically and
ith ratio-based methods using the certified reference materials

RMM 073/3, 5 and 7. The 073-series has two certified ura-
ium ratios. First, R235/238 can be used for an inherent mass bias
orrection since this isotope ratio is close to unity and will not
e affected by a dead time. The other isotope ratio, R233/238, is
aried over almost six orders of magnitude and can, with the
xception of 073/1 for which R233/238 ≈ 1, be used for dead time
etermination. Furthermore, since a circuit with three different
ossible dead time settings is implemented in the pulse ampli-
er of the instrument used in this study, all three settings were
xamined. In this paper the consequences of using too low dead
ime setting are outlined, and some recommendations are made.

. Materials and methods
IRMM 073/3, 5 and 7 materials were used for the ratio-based
ead time measurements. Sub-boiling distilled nitric acid and
ater from a Milli-Q Element system (Millipore, Molsheim,
rance) was used for all preparation and dilution of these materi-
ass Spectrometry 257 (2006) 12–15 13

ls, these operations being carried out in a class 1000 clean-room
n order to avoid contamination by natural uranium.

All ICP-MS measurements were performed using an Ele-
ent2 (Thermo-Finnigan, Bremen, Germany). The instrument
as equipped with a semi-demountable quartz Fassel torch

nd a CD-2 Guard Electrode. Sample introduction was per-
ormed using a conical nebulizer (GlassExpansion, Melbourne,
ustralia) and a cyclonic spray chamber (“Twister”, GlassEx-
ansion). Self-aspiration, resulting in a sample uptake rate of
pproximately 0.2 ml min−1, was used throughout the investiga-
ion. The guard electrode was grounded and the software induced
ead time correction inactivated. Torch position, lens parameters
nd the nebulizer gas flow rate were optimised daily to obtain
aximum sensitivity for 238U+. All measurements were per-

ormed using low resolution (m/�m = 300) with the instrument
nd data acquisition settings shown in Table 1.

Electronic dead time measurements were made using a Gage
ompuScope 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

as used, and the magnet mass was set constant to m/z = 238.
aveforms were sampled for about 2 h at a scope sampling rate

f 2 GHz. The minimum pulse-to-pulse time then represents the
ead time, i.e., the time between the trigger pulse and the next
earest visible pulse on the scope. The CompuScope was also
sed to measure pulses directly from the electron multiplier. It
as then plugged in to the contact from the electron multiplier

ocated on the housing of the electrostatic analyzer (ESA).
The pulse amplifier (part no. 2030200) originally delivered

ith the Element2 was factory fixed at the lowest dead time
etting (about 10 ns), and was therefore modified in order to facil-
tate manual changing of the dead time by a jumper on the elec-
Samples per peak 50
Number of scans 2000
Settling time 1 ms (default minimum)
Magnet mass 233.0391 U
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Fig. 1. Electronic dead time determination. The measured dead time is the inter-
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Throughout this study, the “raw data” or “channel data” that
an be obtained from the instrument software were used, and
valuations of these data were performed manually. This was
one due to the discovery of a post-acquisition introduced bias
n the software evaluations [11]. The uncertainties in the results
ere calculated according to ISO/GUM [12] using the software
UM Workbench® (Metrodata GmbH, D-79639 Grenzach-
yhlen, Germany). All reported uncertainties are expanded

ncertainties with a coverage factor of two (k = 2), unless other-
ise stated.

. Results and discussion

Table 2 shows the results of both ratio and electronically
etermined dead times for all settings of the pulse amplifier. It is
learly seen that consistency between the two approaches is only
eached for the longest dead time setting of the pulse amplifier,
.e., for about 70 ns. The plausible explanation for this is that
he pulse counting system at this setting can be characterized
y the dead time implemented in the pulse amplifier alone. For
he other settings, the pulse amplifier contribution is not long
nough to mask the dead times of the other components [10].
t can also be seen from Table 2 that the uncertainties of the
lectronically determined dead times are lower than those of the
atio methods.

An interesting fact is that the pulse width from the electron
ultiplier was measured to about 16 ns. The dead time of the

lectron multiplier will probably be on the order of the width of
he pulses produced by this device [9]. At the lowest dead time
etting on the amplifier board the ratio method probably deter-
ines a value dominated by the electron multiplier. Overlapping

ulses were observed from the electron multiplier, which indi-
ates paralyzable behavior.

The ratio determined dead times were evaluated using two
ethods reported by Appelblad and Baxter [4] and Ramebäck

t al. [5]. In principal, both methods are based on regression
nalysis for the determination of τ. The difference between the

ethods is that in the Appelblad and Baxter approach, the mass

ias is also evaluated from the regression analysis while the
ethod used by Ramebäck et al. is based on corrections for
ass bias in each measuring point. In Table 2, all individual

t
T
h
w

able 2
esults from the different dead time determinations

Material Dead time-setting on

10 ns

τ (ns) Uc (

atio method according to [4] IRMM073/7 15.9 2.2
IRMM073/5 14.7 0.6
IRMM073/3 16.0 1.2
IRMM073/7 17.3 4.4
IRMM073/5 15.5 1.2
IRMM073/3 17.0 0.6

verage 16.1 0.8
verage according to [5] 15.5 1.7
lectronic method 11.0 0.4
al from the leading edge of the trigger pulse to the next nearest pulse. The
bserved dead time from this specific measurement was 71.1 ± 0.4 ns.

esults obtained by the Appelblad and Baxter approach are dis-
layed, while the average of the dead-times evaluated according
o Ramebäck et al. is inserted for comparison. There was never
ny significant discrepancy between these two ratio methods.

It has previously been reported that secondary electron mul-
ipliers suffers from apparently low reading due to loss of gain at
igh count-rates, i.e., sag. However, this effect is also reported to
e more predominant in continuous dynode electron multipliers
hat in discrete dynode multipliers [13,14]. In the measurements
erformed in this study, count rates of up to 1.4 × 106 cps for the
ajor isotopes 235U and 238U were used and yet no significant

ffect of sagging could be found.
In Fig. 1 the result from a dead time determination with the

lectronic method is shown. The obvious advantage with this
ethod is the precision with which the dead time can be deter-
ined. However, it is important to realize that, in this case, the

lectronically determined dead time is only that of the pulse
mplifier of the detection system. The very first component in
he signal chain, the electron multiplier, has its own dead time.

herefore, there is a series of components in the signal chain all
aving their own inherent dead time. Such series of dead times
ill be complicated to correct for [8], and Eq. (1) will not apply

amplifier board

20 ns 70 ns

k = 2) τ (ns) Uc (k = 2) τ (ns) Uc (k = 2)

28.8 0.9 70.7 2.9
22.7 2.3 70.8 1.9
29.1 4.5 73.6 4.9
27.0 5.1 71.0 8.6
26.0 2.1 68.7 3.6
23.6 4.4 72.5 7.1

26.2 2.2 71.2 1.4
24.6 2.0 71.6 2.2
21.8 0.4 71.8 0.4
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Fig. 2. The impact of dead time on the combined uncertainty in an observed
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sotope abundance ratio (natural uranium, τ = 71.8 ns and a non-paralyzable dead
ime type). Observe that the uncertainty in the dead time is expressed for k = 1,
hereas k = 2 is applied to the uncertainty of the isotope abundance ratio.

or such situations. However, if a sufficiently long dead time is
ntroduced late in the signal chain, this component will effec-
ively determine both the magnitude and type of dead time of
he entire system [8]. As mentioned above, this seems to be the
ase for the longest dead time setting of the pulse amplifier.

Fig. 2 shows the calculated combined uncertainty in the deter-
ined natural uranium isotope abundance ratio for different dead

ime uncertainties (k = 1). A variable dead time will provide a
ignificant contribution to the isotope abundance ratio uncer-
ainty when pulse counting is used [15]. It can be seen in Fig. 2
hat with the precision in electronic dead time determination
chieved in this work, the contribution of the dead time to the
ombined isotope abundance ratio uncertainty is negligible. In
act, it only increases from 0.28 to 0.32% going from a zero dead
ime uncertainty to ±0.4 ns at a count rate of 3.5 Mcps on the

ajor isotope. Ultimately, inclusion of the dead time contribu-
ion to a combined uncertainty calculation in mass spectrometry
ill therefore not be necessary.
Furthermore, the stability of an electronic dead time should

e expected to be good, which was noticed by Schönfeld and
anssen [16]. Over a three year period of electronic measure-
ents they observed only sub-nanosecond variability in the

etermined dead time. The same has been observed in our labo-

atory using sector field ICP-MS, which has shown no significant
ariations in the electronic dead time, τ = 71.8 ± 0.4 ns, over the
ast two years. The dead time for continuous electron multipli-
rs have been reported to vary both with the age of the detector

[

[
[

ass Spectrometry 257 (2006) 12–15 15

17] and with the mass to charge ratio of the incoming ions [14].
he approach of implementing a relatively large, electronic dead

ime should minimize these effects as well.

. Conclusions

We have shown that it is possible to configure the pulse detec-
ion system for an ICP-MS such that consistency between ratio
nd electronically determined dead times is achieved. Moreover,
he study shows the importance of a correct dead time setting in
pulse counting system used in mass spectrometry in order to

chieve a low uncertainty in the measured dead time. With elec-
ronic measurements, a dead time uncertainty of ±0.4 ns was
eached, which is about an order of magnitude better than can
e obtained by ratio-based methods. More importantly this high
evel of precision will obviate the need to implement the other-
ise considerable dead time contribution at high count rates in
complete uncertainty budget of isotope abundance ratio mea-

urements.
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