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a b s t r a c t

The quantitative analysis of lifetime spectra relevant in both life and materials sciences presents one
of the ill-posed inverse problems and, hence, leads to most stringent requirements on the hardware
specifications and the analysis algorithms. Here we present DLTPulseGenerator, a library written in
native C++ 11, which provides a simulation of lifetime spectra according to the measurement setup. The
simulation is based on pairs of non-TTL detector output-pulses. Those pulses require the Constant Fraction
Principle (CFD) for the determination of the exact timing signal and, thus, the calculation of the time
difference i.e. the lifetime. To verify the functionality, simulation resultswere compared to experimentally
obtained data using Positron Annihilation Lifetime Spectroscopy (PALS) on pure tin.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Introduction and significance

Lifetime spectroscopy has become an establishedmethod in life
science, physics andmaterials science over the last decades. A first
step was taken in the early 1960’s by several groups measuring
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torsten.staab@uni-wuerzburg.de (T.E.M. Staab).

the lifetime distributions of antielectrons (positrons) in materi-
als using photomultiplier–scintillator combinations to detect the
gamma rays, which are emitted when they are annihilated with
an electron [1–3]. This method, known as Positron Annihilation
Lifetime Spectroscopy (PALS), is used for microstructure investiga-
tions in a broad range of material classes from metals [4–9] and
semiconductors [10,11] to polymers [12,13] and porous glasses
[14,15]. The characteristic or specific lifetimes are highly sensitive
to the kind and size (from several angstroms to nanometers) of
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Fig. 1. Schematic illustration of the library architecture. DLTPulseGenerator expects four structures for initialization. DLTPulseF holds a vector of the data points (time vs.
voltage) in double precision represented by the class DLTPointF.

material defects (e.g. impurities in semiconductors, vacancies in
metals or pores in glasses) and range from several picoseconds
to microseconds. After the technical realization of single photon
sensitive detectors (photodiodes, APD — avalanche photodiodes),
methods such as Fluorescence Lifetime Spectroscopy (FLS), Flu-
orescence Lifetime Imaging Microscopy (FLIM) or Fluorescence
Lifetime Correlation Spectroscopy (FLCS) became feasible and are
used nowadays to investigate (life cell) protein interactions [16] or
diffusion dynamics [17].

Those lifetime spectra aremathematically described by a sumof
exponential lifetimedistributions fi convolutedwith an Instrument
Response Function (IRF) g . According to the number of components
N , the resulting function f is given as

f (t) =

N−1∑
i=0

fi(t) =

N−1∑
i=0

Ii
τi

exp
{
−

t
τi

}
, (1)

where τi as the ith component specific lifetime and Ii its corre-
sponding intensity. Mostly, the IRF is analytically approximated by
a Gaussian distribution function1

g(t|µ, σ ) =
1

σ
√
2π

exp

{
−0.5

(
t − µ

σ

)2
}

, (2)

where σ is the standard deviation and µ is the mean.
A quantitative analysis of the lifetime spectra and, thus, the

extraction of the relevant information, i.e. the specific lifetimes
and its intensities, needs to solve the ill-posed inverse problem,
which means that the uniqueness or even the existence of the
solution is not always assured [18]. Various approaches are used:
the Maximum-Likelihood Method, the most commonly used Least-
Square Fitting (software: e.g. Positronfit [19–21], PALSFit [22,23],
LT [24,25], FluoFit [26] or SymPhoTime 64 [27]) or the Bayesian
approach using the quantified Maximum Entropy Method (MEM
or MaxEnt) (software: e.g. MELT [28,29]). Especially for spectra
consisting of multiple lifetime components and/or having shorter
specific lifetimes than the instrumental resolution (means: τi < σ ),
an IRF with minimum deviations from the model function Eq. (2)
is required to solve this ill-conditioned problem, i.e. this is decisive
for an exact data treatment. Therefore, the setup and the param-
eters relevant to determine the correct timing signal from the

1 Different distribution functions such as Lorentz/Cauchy or Voigt as well as
superpositions and skewing of distribution functions are not considered in this
work but could be easily implemented.

received pulses, using the Constant Fraction Principle (CFD), needs
to be fully optimized to guarantee reproducible and comparable
results.

DLTPulseGenerator library generates pairs of detector pulses
(non-TTL signals) with exponentially distributed (Eq. (1)) time
differences, i.e. the lifetime, by taking the pulse shape and the
uncertainties (Eq. (2)) of the most relevant hardware components
into account (Fig. 2). This allows the user to study the influences
of both the measurement setup and configuration on the lifetime
spectrum without being connected to the hardware.

2. Software description

DLTPulseGenerator is written in native C++ 11 (ISO/IEC 14882:
2011). It provides the optional compilation as static or linked
library to make it easy accessible to other programming languages
which are preferentially used in research and engineering, e.g.Mat-
lab (using mex-library) or Python (using ctypes-library,2).

The class DLTPulseGenerator expects four structures (C/C++
syntax: struct) for initialization (Fig. 1):

i. DLTSetup
ii. DLTPulse
iii. DLTPHS
iv. DLTSimulationInput

These contain the specifications of the setup and information
on pulse shape, pulse height distribution and the lifetime dis-
tributions. A pulse is represented by the class DLTPulseF and
consists of a vector (std::vector) which holds the data points (class
DLTPointF ).

Calling the function DLTPulseGenerator::emitPulses expects:

I. a pointer to an object of the class DLTPulseF, which is then
manipulated and filled with data points (time [ns] vs. volt-
age [mV]) in double precision and

II. the trigger-level.

In the following chapters, a detailed overview of the physical
and mathematical background, which the simulation is based on,
is given while relating to the mentioned structures (C/C++ syntax:
struct).

2 pyDLTPulseGenerator: a class in Python showing the functionality and use of
ctypes-library in combination with DLTPulseGenerator (compiled as linked library),
is provided by the author.
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Fig. 2. Right: Simplified setup consisting of the Photo Detection System (PDS) and theMeasure Unit (MU) only (right). The ideal lifetime dtideal , picked out from the LTSelector,
is separated into the start and stop timestamp. These are then modified by the influences of the PDS and MU. So, the real lifetime dtreal and, thus, the real lifetime spectrum
(left-bottom) is obtained.

Fig. 3. Comparison between an anode pulse measured with a Philipps XP2020 pho-
tomultiplier (blue) and the modeled pulse described by a log-normal distribution
function (red) (Eq. (4)). The digitized pulses are stored in the Sweep which defines
the readout range.

2.1. Software architecture

2.1.1. struct DLTSetup
Depending on the application, different modifications of the

lifetime spectroscopy setup are required. In principle, any setup
can be simplified to be described by two basic components:

I. the Photo Detection System (PDS: i.e. PMT (photomulti-
plier), APD or photodiode) and

II. the Measure Unit (MU: i.e. digitizer/digital oscilloscope in-
cluding the electronics (e.g. ADC, FPGA)), which is necessary
for the acquisition and digitization of the detected photons.

The variables PDSUncertaintyA and PDSUncertaintyB describe
the standard deviations of the IRF of the detectors according to
Eq. (2) in nanoseconds. For photomultipliers (PMT) this reflects the
Transit Time Spread (TTS), whereas for photodiodes this represents

the Jitter. The resolution of theMU (variableMUUncertainty: stan-
dard deviation of Eq. (2) in nanoseconds) describes how precise
identical pulses can be acquired.

In principle, in a real setup the detected pulses are digitized by
the ADC and stored in the Sweep (variable sweep), which defines
the readout range (class DLTPulseF ) in nanoseconds (Fig. 3). The
sample rate (or sample speed) ν in GHz is further given by

ν = (N − 1)/Sweep, (3)

where N indicates the number of sample points (variable num-
berOfCells). In the case of different cable lengths, which connect
the detectors A and B with the MU, an additional constant Arrival
Time Spread (variable ATS in nanoseconds) is observed between
the pulses. This leads subsequently to an offset in the lifetime
spectrum.

2.1.2. struct DLTPulse
A non-TTL pulse originating from a PMT3 or photodiode can

mathematically be described with the log-normal distribution
function

U(t|w, trise−full) = A exp

⎧⎪⎨⎪⎩−0.5
ln

(
t

trise−full

)2

w2

⎫⎪⎬⎪⎭ , t > 0 (4)

where trise−full denotes the rise time (variable riseTime in nanosec-
onds) from zero to the maximum amplitude A (variable ampli-
tude). Moreover, trise−full is themode of the log-normal distribution
function. The pulse width w is defined by the variable pulseWidth
in nanoseconds. The rise time trise is defined by the time a pulse
needs to rise from 10% to 90% of its amplitude A (Fig. 3). According

3 Since the rise time is independent from the amplitude (same rise time for all
amplitudes) for both variants of PMT pulses, the anode (unipolar) and the dynode
signal (bipolar), the region, which is relevant for the timing determination (rising
edge) using the CFD principle, can bemodeled by a log-normal distribution (Eq. (4))
as seen in Fig. 3.
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Fig. 4. Modeled pulse height spectrum (PHS) of the plastic scintillator BC422, often
used in PALS experiments: The function is given by a linear combination of two
Gaussian distribution functions, where each one is representing the photon energy
distribution for the start (µStart , σStart) and stop quantum (µStop , σStop), respectively.
The trigger-level (arguments in function DLTPulseGenerator::emitPulses) defines the
minimum of the accepted pulse amplitude.

to Eq. (4), the conversion is given by:

trise = tU=0.9A − tU=0.1A = trise−full

[
exp

{
w

√
2

√
ln

(
10
9

)}

− exp
{
w

√
2
√
ln (10)

}]
. (5)

Since the pulse shows a negative polarity in Fig. 3, the vari-
able isPositivePulsePolarity has set to be false. Furthermore, a
trigger-delay in nanoseconds can be added to the variable delay
to shift the pulse-pair by an absolute value within the Sweep.

2.1.3. struct DLTPHS
In Positron Annihilation Lifetime Spectroscopy (PALS), the

gamma quanta, detected as start and stop signal, carry different
energies (Na-22: start = 1274 keV, stop = 511 keV). Therefore,
an energy selection of the detected pulses is essential. The detec-
tion of energy resolved gamma rays is realized by a scintillator–
photomultiplier combination. Due to Compton and/or backscat-
tering effects within the scintillator materials (e.g. plastic, BaF2 or
LSO [30]), a distribution of the pulse amplitude, known as pulse
height spectrum (PHS), is generated (Fig. 4). For subsequent analy-
sis purposes, a simple model for the PHS of any scintillator materi-
als is created as a linear combination of two Gaussian distribution
functions (Eq. (2)), i.e. one Gaussian function for the start and stop
pulse amplitude distribution. The variables for the detectors A and
B (Fig. 2) are named as followed:

i. meanOfStartA, meanOfStartB [mV]
ii. meanOfStopA, meanOfStopB [mV]
iii. stddevOfStartA, stddevOfStartB [mV]
iv. stddevOfStopA, stddevOfStopB [mV]

From Eq. (2), µ represents mean while σ (standard deviation)
is related to stddev (Fig. 4). The value of µ should be between the
trigger-level and the maximum amplitude A (Eq. (4)) of the pulses.
For photodiodes, the standard deviation can be set to zero, which
then represents the amplitude distribution as a delta-function.

2.1.4. struct DLTSimulationInput
This structure contains the specific lifetimes and associated

intensities according to Eq. (1). The number of input components
for the simulation is limited to a maximum of five per spectrum

Fig. 5. The LTSelector picks out the time differences dtideal from each of the
exponential lifetime distributions (blue) considering the weights Ii . Moreover, the
occurrences of prompt (dtideal = 0) and background events are considered.

(variables tauX (in nanoseconds) and intensityX, where X as an
integer value between 1 and 5). Each component to be simulated
must be enabled by setting the related variable ltX_activated true.
The sum of all enabled intensities must be equal to one. Otherwise
an error (enum DLTErrorType) is issued, which can be handled
inheriting from the class DLTCallback. Furthermore, the library pro-
vides the possibility to take the occurrence of prompt events (vari-
able intensityOfPromptOccurrance) as well as an artificially gen-
erated background (variable intensityOfBackgroundOccurrance)
into account. The intensities of prompt and background events are
treated separately. The lifetimes are generated to receive the start
and stop pulses alternately from detector A and B (Fig. 2). This can
be disabled by setting the variable isStartStopAlternating false.

2.2. Lifetime generation

2.2.1. The LTSelector — Picking out the ideal lifetime
The LTSelector relates to the struct DLTSimulationInput and picks

out the ideal lifetimes dt ideal with double precision from the expo-
nential distributions (Fig. 5)

p (t|λ) = λ exp {−λt} , where λ = τ−1 (6)

considering the given weights Ii and the occurrences of prompt
(wprompt) and background events (wbkgrd) using the piecewise con-
stant distribution function

p (x|b0, . . . , bn, w0, . . . , wn−1) =
wi∑n−1

k=0 wk(bk+1 − bk)
. (7)

For our case bk+1 − bk = 1. The intensities Ii of N lifetime compo-
nents τi (e.g. three components shown in Fig. 5), with

∑N−1
i=0 Ii ≡ 1,

are scaled by the factor

wLT = 1 − wprompt − wbkgrd (8)

due to the condition

wLT

N−1∑
i=0

Ii + wprompt + wbkgrd ≡ 1, (9)

which then represents the true weights wLT · Ii of the lifetime
components for the LTSelector.

2.2.2. Adding the influences of the Instrumental Response
Subsequently, the ideal lifetime dt ideal picked out from the

LTSelector is separated into the start-

tStart = delay

and stop-time stamp (Fig. 2)

tStop = dt ideal + delay − ATS,

where the defined trigger-delay (variable DLTPulse::delay) rep-
resents the reference time stamp delay and ATS the Arrival Time
Spread (variable DLTSetup::ATS).
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Table 1
Results of an experimentally obtained lifetime spectrum with PALS: 4N-Tin (τ1)
measured using Na-22 within a Kapton-foil (thickness: 7µ m) as positron-source
(τ2 represents the combined component originating from the Na-22 source and
the Kapton-foil). The longest component τ3 results from the lifetime of positrons
which form hydrogen-like atoms (positronium) in between the source covering foil
and the source (Na-22) and in between the source covering foil and the sample,
respectively.

i τi [ps] Ii
1 192.59 ± 0.17 0.8342 ± 0.0021
2 385.26 ± 0.11 0.1616 ± 0.0018
3 3620 ± 24 0.00350 ± 0.00094

σ [ps] FWHM [ps]
84.00 ± 0.12 197.80 ± 0.28

Finally, the Gaussian distributed (Eq. (2)) deviations resulting
from the influences of the PDS andMU (struct DLTSetup) are added,
which yields to the real lifetime dtreal. This leads to a smearing in
the lifetime spectrum as shown in Fig. 2.

3. Illustrative example — Verification of the validity and func-
tionality

To verify the validity and functionality of this library, a PALS
spectrum of pure Tin (99.99% - 4N) was obtained using two pho-
tomultiplier (H1949-50/WA-5309 by Hamamatsu) with ultra-fast
BC422Q (0.5% Benzophenone) scintillators and the DRS4 Evalua-
tion Board [31] as MU, whose application for PALS was already
shown by Petriska et al. [32] and Bin et al. [33].

The lifetime analysis of the obtained spectrum with the self-
written C++ software DQuickLTFit4 [34], based on the algorithm
as described by P. Kirkegaard et al. [20], resulted in the lifetime
components listed in Table 1, which were then taken as input for
the simulation. The Hamamatsu anode pulses were modeled by
using a rise time (variable DLTPulse::riseTime) of 4.4 ns, a pulse
width (variable DLTPulse::pulseWidth) of 0.14 ns and a maximum
amplitude (DLTPulse::amplitude) of 500 mV as it is the measuring
range of the DRS4 Evaluation Board. For both, the experiment
and the simulation, a CFD-level of 25% (both branches A and B)
and a cubic spline interpolation was used for the determination
of the exact timing, which serves for the calculation of the time
differences dt , i.e. the lifetimes forming the spectrum.

Measuring a split signal from one photomultiplier to both in-
puts A and B produces an artificial prompt signal (zero lifetime).
Thus, the standard deviation σMU of the MU’s IRF was experi-
mentally determined to be σMU = (13.16 ± 1.21) ps. With the
knowledge of the experimentally determined IRFs (Table 1 and
MU), the standard deviations of the detectors were calculated as
described in the following:

The IRFs of both branches A and B (gA and gB, respectively)
(Fig. 2) aremathematically described by a convolution of the Gaus-
sian distribution functions (Eq. (2)) of both MU and PDS

gA (t|µA, σA) = g
(
t|µA

PDS, σ
A
PDS

)
∗ g (t|µMU, σMU) (10)

gB (t|µB, σB) = g
(
t|µB

PDS, σ
B
PDS

)
∗ g (t|µMU, σMU) . (11)

This results in Gaussian distribution function as well. Thus, the
respective variances σ 2 are linked as followed:

σ 2
A = σ A

PDS
2
+ σ A

MU
2

(12)

σ 2
B = σ B

PDS
2
+ σ B

MU
2
. (13)

4 DQuickLTFit software [34] implements the MPFIT library [35] written in C
for solving the non-linear least-square problem using the Levenberg–Marquardt
algorithm.MPFIT is ported fromMINPACK-1 library [36].

Table 2
Results of the simulated spectrum using the retrieved parameters from Table 1 as
simulation input.

i τi [ps] Ii
1 192.34 ± 0.12 0.8324 ± 0.0023
2 384.33 ± 0.11 0.1634 ± 0.0021
3 3574 ± 20 0.00420 ± 0.00085

σ [ps] FWHM [ps]
84.71 ± 0.10 199.48 ± 0.24

The final standard deviation σresult of the lifetime spectrum, further
the retrieved standard deviation from Table 1, is calculated by the
Gaussian error propagation:

gresult (t) : σresult =

√
σA

2 + σB
2. (14)

Under the ideal condition of using a complete symmetric setup
(equivalent detectors for A and B):

g
(
t|µA

PDS, σ
A
PDS

)
≡ g

(
t|µB

PDS, σ
B
PDS

)
→ σA ≡ σB, (15)

and Eq. (14) simplifies to

gresult (t) :σresult =
√
2σA =

√
2σB. (16)

With this assumption, the standard deviations of the photomul-
tipliers (PDS) can be calculated from the experimentally obtained
values, using Eqs. (12), (13), (16), to σPDS = (59.38 ± 1.21) ps.

In Fig. 6 the experimentally obtained and simulated spectra are
compared. Both spectra are based on a statistic of approximately 12
Mio. counts acquired. The analysis of the simulated spectrum uses
the same software and, thus, the same routine as in the analysis
of the experimental spectrum (Table 1) by leaving all parameters
free. The results are listed in Table 2 and indicate a good agreement
with the experiment (compared to Table 1) and, therefore, verify
the validity and functionality of DLTPulseGenerator library.

4. Impact and conclusion

Simulated positron lifetime spectra were typically used to eval-
uate the correctness and robustness of the analysis algorithms
and to test the performance of new software [24,28,37]. First,
simulations of multi-component spectra enabled the investigation
of its decomposability [38,39] and, thus, to study the reliability
and self-consistency of source corrections in PALS [40]. Therefore,
different approaches were proposed for the generation of realistic
lifetime spectra [38,39,41], where an analytical function according
to Eqs. (1) and (2) containing Poisson noise and a constant back-
ground is the most commonly applied.

On the contrary, DLTPulseGenerator library uses a hardware-
based approach andwas developed to analyze themost significant
influences resulting from the setup components (PDS andMU) and
the given parameters, required for the determination of the exact
timing signal (e.g. CFD level, number of pulse interpolation points),
on the lifetime spectrum. The detector-output signal (non-TTL) is
modeled by a log-normal distribution function (Eq. (4)), where
the most significant parameters, rise time and pulse width, can be
manipulated. An additional IRF spread could result from the inter-
action of the rise time and the sample speed of the acquisition elec-
tronics (ADC, FPGA) due to not-well matched values and, hence,
it can be fully analyzed with respect to the pulse-interpolation/-
fitting algorithm, the number of interpolation points and the CFD
level. Furthermore, for energy resolved measurements, a pulse
height spectrum (PHS), defined by a linear combination of two
Gaussian distribution functions, is considered. In case of using
plastic scintillators (e.g. BC422(Q)), Compton scattering becomes
important and can be modeled well by overlapping the two Gaus-
sian distribution functions of the start and stop branch, as seen in
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Fig. 6. Positron lifetime spectra (blue dots, left) and the recorded pulse height spectra (blue dots, right) of the experiment measuring tin with a purity of 99.99% (4N) (top),
and the simulation (bottom), which is based on the parameters listed in Table 1. The model function from fitting is indicated by the red curve in the positron lifetime spectra
(left). The resulting residuals are displayed below within the confidence levels of ±4σ . The pulse height spectrum (PHS) of the simulation was adapted to model the PHS of
the used BC422Q (0.5% Benzophenone) scintillators best and, thus, the same windows for the start (gray shaded) and the stop quantum (green shaded) were chosen.

Figs. 4 and 6 (bottom-right). The pulses, resulting from Compton
scattered photons, lead to a misinterpretation of being the start or
stop signal and, thus, to an additional background and spread in the
IRF. Therefore, the influences of the given windows (the accepted
pulse heights for the start and stop energy) related to the IRF and
the background are feasible to analyze.

Moreover, this library can be used for demonstration purposes
or for the validation of algorithms on signal processing (e.g. filter,
pulse interpolation or pulse fitting routines) or for spectra analysis
in new software or libraries for lifetime spectroscopy.

Its validity and functionality were verified by PALS, measuring
the lifetime spectrumof tin (Sn)with a purity of 99.99% (4N),where
the experimentally retrieved lifetimes and intensities served as a
simulation input subsequently.
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