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Abstract
Monte Carlo simulations are commonly used to model the behavior of chemical species of the heaviest elements and their 
homologs in gas chromatography experiments. In this paper, we present an extension of the fundamental Monte Carlo 
simulation proposed by Zvara in 1985. While preserving the core functionality, our code features two enhancements: first, 
it allows simulating experiments in which a primary radioisotope decays into a daughter isotope belonging to a different 
element, hence exhibiting different chemical properties. Second, it allows modeling scenarios where conversion of an initial 
chemical species to a different one can occur at temperatures high enough to overcome an activation barrier, facilitating 
simulations of related physisorption and chemisorption processes. This Monte Carlo code is applicable to open tubular and 
rectangular chromatography columns.

Keywords  Monte Carlo simulation · Gas chromatography · Superheavy elements · Precursor effect · Activation energy 
barrier

Introduction

The synthesis and characterization of SuperHeavy Elements 
(SHE) represent an intriguing interdisciplinary field, but 
they also present unique challenges for both physicists and 
chemists [1, 2]. Gas phase chemical methods have proven 
powerful for the investigation of the heaviest known ele-
ments [3]. Small production rates and short half-lives lead 
to such experiments being performed with single-atom-at-a-
time quantities [4, 5]. The two most widely used techniques 
are isothermal gas chromatography (IC) and thermochro-
matography (TC). In IC, several experiments are conducted 
with the chromatography column kept at an isothermal 

temperature and the fraction an ensemble of radioactive 
atoms surviving passage through the column is measured. 
This fraction decreases with decreasing temperature due to 
the increase of the residence time spent in the adsorbed state, 
leading to increasing losses due to radioactive decay of the 
studied radioisotope inside the column. For reference, exam-
ples of IC experiments involving molecules of SHE like 
SgO2Cl2, SgO2(OH)2, DbOCl3 and BhO3Cl can be found in 
[6–9]. In the past, chemical studies were performed using IC 
setups like OLGA [10, 11] and IVO [12]. A disadvantage of 
the classical IC method is the need to perform experiments 
at low temperatures, where SHE are not detected as they 
decay inside the chromatography column, which is unfa-
vorable in light of the low production rate of SHE. To detect 
the decay of elements inside the column during the experi-
ment, first the CTS (Cryo-Thermochromatography Setup) 
[13] and following shortly after the COLD (Cryo On-Line 
Detector) detection and chromatography setup were devel-
oped, which consist of a chromatography channel formed by 
PIN-diode detectors facing each other [14]. Further develop-
ments include the COMPACT (Cryo-Online Multidetector 
for Physics and Chemistry of Transactinides) [15, 16] and 
most recently the miniCOMPACT [17] setups. Such setups 
can also be cooled to low temperatures, to capture and detect 
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even volatile species like HsO4 [14], copernicium [18, 19] 
and flerovium [15, 20].

The second approach, called thermochromatography 
(TC), in which a negative temperature gradient is applied 
along the column, covers a bigger temperature range, usu-
ally starting from around 1000 °C. The carrier gas transports 
the species under study to ever lower temperatures, until 
radioactive decay sets in faster than further transport does. 
Scanning the chromatography column (in case of passive 
columns) or registration inside columns made of nuclear 
detectors like COLD or COMPACT yields a deposition peak 
of the studied chemical species at a temperature that is char-
acteristic for the interaction strength of the species with the 
column surface material [3].

Results obtained with single-atom quantities of the heavi-
est elements are compared to results obtained with tracer 
amounts of short-lived isotopes of the lighter homologs. 
This comparison provides a more direct link to classical 
chemical data obtained with macroscopic amounts.

Chemical properties of superheavy elements and their 
homologs are investigated under similar experimental 
conditions, at a single-atom level. Unlike in experiments 
with macroscopic amounts, the concentration distribution 
between two phases in the separation process cannot be 
determined due to low production rates. Therefore, in the 
law of mass action in a chemical equilibrium, concentra-
tions of the species are replaced with the number of atoms 
in both phases [21]. In gas-phase experiments, single atoms 
traverse two phases: the mobile gaseous and the stationary 
solid phase, where the species of interest temporarily immo-
bilize on a surface through adsorption. Therefore, the inter-
action strength of the element with a surface is a fundamen-
tal property that is quantified using the adsorption enthalpy 
(∆Hads). As the atom is adsorbed onto the stationary phase 
for a period of time dependent on the interaction strength, 
it can be desorbed back into the mobile phase. The assump-
tion here is that the desorption energy is equal in magnitude 
but opposite in sign to the adsorption enthalpy. In chroma-
tography columns, the adsorption and desorption processes 
are repeated many times to improve separation between the 
species. Different approaches have been described in the 
literature to obtain quantitative data, e.g., ΔHads (typically 
given in kJ/mol) of the atom or compound on the column 
material. In single atom gas chromatography experiments, 
macroscopic parameters as such can be obtained from the 
deposition temperature and retention time using either the 
second law or the quasi third law method as described in 
[22].

In 1985, I. Zvara proposed the use of Monte-Carlo-sim-
ulations (MCS) as an alternative method to derive values of 
the adsorption enthalpy on heterosurfaces from experimen-
tal data [23]. This approach has gained increasing attention 
and is now widely used in the field of SHE chemistry. Such 

simulations complement gas–solid chromatography experi-
ments of atoms and compounds of SHE and their lighter 
homologs, aiming to determine thermodynamic values [1, 
3, 24, 25]. In the MCS-based analysis of experiments with 
single atoms (or molecules) of SHE and their homologs, 
the adsorption enthalpy of one or multiple species can be 
determined by comparing the results of these experiments 
to Monte Carlo simulation with parameters similar to the 
experiments. The detailed approach of the simulation is 
already described in [23, 26]. This code has been adapted to 
various setups and experiments already, for example to the 
rectangular channel of the COMPACT or miniCOMPACT 
detector [27].

The MCS simulates the migration of a single atom or 
molecule through the chromatography column, using actual 
experimental parameters like dimension of the column, gas 
type and flow rate, nuclide half-life etc. For the simulation 
of the individual history of one atom, the simulation uses 
random quantities derived from exponential probability dis-
tributions with a mean value for the lifetime tf of the atom, 
the length and duration of long jumps ηj and t

�j
between two 

encounters with the surface and the deposition time from 
sequential surface encounters τNs. Each parameter follows 
its own probability distribution. All N atoms (i = 1 to N) in 
the column start at xi = 0, the beginning of the column. A 
random jump length ηj,i is calculated for each atom based on 
the mean jump length ηj, which considers the current tem-
perature of the column T(x) at position xi. The jump length 
is added to the current position. These “long jumps” neglect 
the microscopic displacements: “Once the molecule encoun-
ters the surface, it, as a rule, experiences a series of adsorp-
tion–desorption events proceeding without a change in the 
x coordinate. These sequences are intermittent with rather 
long downstream jumps, η, …” [23]. After the jump, a ran-
dom residence time is calculated using the mean time of 
adsorption (Eq. 1), multiplied by the number of surface 
encounters in the first series of only small displacements at 
the surface before the next long downstream jump. The 
summed time of adsorption gets added to the total time, 
which is then compared to the lifetime of the species. If the 
accumulated time exceeds the atom’s lifetime, the last posi-
tion is recorded as the position where decay occurred and is 
stored in an array that stores the distribution of decay posi-
tions from all atoms. This procedure yields an individual 
decay position of the radioactive atom or molecule. Repeat-
ing this simulation for many atoms (typically 10.000 to 
1.000.000) yields simulated distributions of the activity for 
a IC or TC experiment or breakthrough curves for a series 
of IC experiments for a given value of ΔHads.. The value 
used in the simulation that best matches the experimental 
result is then taken as the experimental result, and its uncer-
tainties are often evaluated as well.
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A simple model of adsorption, known as reversible 
mobile adsorption, suggests that species exhibit high reten-
tion at low temperatures and low retention at high tempera-
tures. This process is fully reversible, and thus, ΔHads. equals 
the desorption enthalpy ΔHdes. [22, 26]. The adsorbed spe-
cies is allowed to vibrate perpendicular to the surface, with 
the frequency of the surface. The residence time of a species 
on the surface is calculated using Frenkel’s Eq. (1).

Equation (1) shows the formula for the mean adsorption 
time �a . �0 is the period of oscillation of the atom perpen-
dicular to the surface, ΔHads. is the adsorption enthalpy in 
kJ/mol, R the gas constant and T the temperature in K.

Mobile adsorption can be used to describe the migra-
tion process when a species does not undergo a chemical 
reaction. For instance, this is applicable in experiments 
with inert surfaces like cold SiO2 and non-reactive species. 
Since this is only the case in some species, this calls for a 
modification and extension of the basic model of the mobile 
adsorption in the MCS. In this work, we present extensions 
to the well-proven MCS approach to evaluate chemical prop-
erties of SHE and their lighter homologs obtained in IC and 
in TC experiments. Our extended codes explicitly include 
the proper treatment of the two following cases:

	 (i)	 On the chemistry side, it accounts for the possibility 
of chemical reactions with the surface to another spe-
cies with different properties, extending the mobile 
adsorption process by incorporating a more detailed 
and accurate model of surface interaction (Chemi-
cal reactions superimposing the mobile adsorption 
process)

	 (ii)	 On the nuclear side, it allows the simulation of two 
species connected through the decay of the initial 
mother nuclide (precursor effect and implantation 
probability).

Chemical reactions superimposing the mobile 
adsorption process

Although the analysis of experiments with superheavy 
elements and their lighter homologs using a MCS based 
on the process of mobile adsorption and is well estab-
lished, not all experimental results can be described by 
simulations using only this simple adsorption–desorp-
tion process. Since the residence time at the surface and 
therefore the distribution in the column is only depend-
ent on the adsorption/desorption enthalpy, the process of 
mobile adsorption does not always correspond to reality. 
A simulation based solely on one value for ΔHads. does not 
account, e.g., for the presence of different binding sites 

(1)�a = �0exp(−ΔHads∕RT)

on the inhomogeneous surface, diffusion on the surface 
to stronger binding sites [20] or diffusion in the surface. 
Furthermore, it neglects chemical processes like reac-
tions with the surface, aerosols or filters. Especially at 
high temperatures, such reactions can lead to the forma-
tion of strong bonds (chemisorption) and alter the species 
chemically. Consequently, reaction products may exhibit 
different adsorption enthalpies compared to the original 
species. In certain regions of the column with elevated 
temperatures, species can react with the surface (e.g., with 
an oxygen atom of the quartz surface), resulting in the 
formation of compounds that may be more volatile or less 
compared to the original species, that deposits at a dif-
ferent temperature. An example of a chemical transport 
reaction can be found in [6]. In experiments with possibly 
reactive surfaces, the possibility of a chemical reaction is 
disregarded or not discussed [28]. On the other hand, mul-
tiple gas-phase reactions have been investigated in experi-
ments using a mixture of chlorinating and oxygenating 
gases [6, 9, 29] or CO as a reactive gas [30].

To further evaluate and describe the complex interac-
tion mechanisms at the surface of the column, an activation 
energy barrier has been implemented into the MCS, which 
allows for the independent coupled simulation of (i) adsorp-
tion of a primary species, (ii) possible chemical reaction at 
the surface, and (iii) desorption of non-reacted species or the 
surface reaction product.

In this approach, the nucleus of the atom remains 
unchanged, while the species undergoes chemical reaction. 
When an atom approaches the surface, it can initially be 
held by the dispersive force, resulting in a physisorbed state. 
From this state, the atom may either desorb back into the 
gas phase or form a stronger bond (chemisorbed state) with 
the surface [31]. The transition from the physisorbed to the 
chemisorbed state can occur with or without an activation 
barrie (Fig. 1). The simulation incorporating the activa-
tion energy barrier and surface chemical reactions requires 
additional parameters to describe the more intricate surface 
interaction process. These parameters include:

1.	 ΔHads,1: Adsorption enthalpy by the first-chance adsorp-
tion of the species from the gas phase to the surface due 
to physical adsorption without formation of a chemical 
bond.

2.	 Ea: The activation energy determines if an atom can 
form a stronger bond with the surface and engage in 
an irreversible reaction with a second species having 
distinct properties. The likelihood of surpassing the acti-
vation energy barrier relies on its magnitude, the current 
temperature, and the duration of adsorption on the sur-
face, which is calculated using ΔHads,1. An atom in the 
gas stream cannot interact with the surface and therefore 
not attempt to pass the energy barrier.
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3.	 ΔHads,2: This parameter represents the adsorption 
enthalpy after surpassing the activation energy barrier. 
It characterizes the interaction strength between the spe-
cies and the surface upon barrier crossing. It could be 
seen as the adsorption enthalpy of a second species (for 
example a hydride, hydroxide or oxide), resulting from 
the reaction (chemical bond formation) or binding to 
a more energetically favorable site due to surface dif-
fusion. This enthalpy could significantly deviate from 
ΔHads,1.

In cases where the activation barrier is negligible, 
ΔHads. of the chemisorbed species can be directly used to 
calculate the residence time. In such situations, no modi-
fication of the mobile adsorption mechanism is necessary 
for the Monte Carlo simulation. However, if the activa-
tion barrier is higher than the energy required for desorp-
tion from the physisorbed state, the probability of barrier 
penetration needs to be introduced into the simulation. 
The probability of passing the barrier is calculated for a 
number of vibrational attempts during the residence time 
τa and for the activation energy value Ea. The number of 
attempts required to surpass the activation barrier, and 
consequently the time needed, depends on the height of 
the barrier. A longer immobilization on the surface, result-
ing from stronger adsorption enthalpy values, increases 
the likelihood of successfully overcoming the activation 
barrier. This can lead to even stronger adsorption or the 
formation of chemical bonds between the atom and the 
surface. The formula for the probability of the atom of 
passing the activation energy barrier is given in Eq. (2). 
It contains the activation energy Ea and the physisorption 
time on the surface τa,i.

Equation (2) summarizes all attempts of the atom to pass 
the barrier in the time it spends in the adsorbed state. τa,i/τ0 
is the number of attempts to pass the barrier, calculated by 
the adsorption time τa,i divided by the vibrational period τ0. 
The term exp(-Ea/RT) expresses the probability of passing 
the barrier in a single attempt and is derived from the num-
ber of atoms/molecules above the energy Ea in the Boltz-
mann distribution. A random function (0–1) is utilized to 
test if 1-random() < P. If the condition is fulfilled and the 
activation energy barrier is surpassed, a new residence time 
is calculated for the stronger interaction (chemisorption) 
with a different ΔHads. After being adsorbed on the surface, 
the species has the potential to desorb and resume its travel 
along the column. This desorption can occur either as the 
same species if the formed chemical bond(s) is (are) broken, 
or as a different species altogether. In the latter case, differ-
ent properties, including the diffusion coefficient and the 
adsorption enthalpy are assigned to the traveling species. 
Figure 2a shows a simplified flow scheme of the simulation.

Precursor effect and implantation probability

Similar to chemical reactions, the nuclear decay of an atom 
during the experiment can change its properties signifi-
cantly. Some of the superheavy elements and also some of 
the lighter homologs are not produced directly, but through 
a precursor, which alpha decays to the desired element. At 
first, this element is ionized, but gets neutralized in the envi-
ronment eventually. If the precursor itself lives long enough 
for diffusion towards the surface, chemical interaction with 
the surface or transport in the column, it can significantly 
influence the distribution of its daughter.

The precursor effect accounts for the formation of new 
species through radioactive decay, with the precursor 
having already interacted with the solid phase and estab-
lished a distribution in the chromatography column. The 
simulation including the precursor effect is particularly 
relevant for experiments where the investigated species 
is not directly produced. The precursor’s impact grows 
with longer lifetime and higher reactivity of the mother 
atom. In homolog studies with elements that can only be 
produced via a precursor, the advanced simulation can be 
employed to determine ΔHads. of the daughter species or 
provide an estimate for the limit for diffusion-controlled 
adsorption, given the known properties of the mother 
atom. For instance, we consider the system 211Pb/211Bi 
(t1/2 = 36.1 min / 2.14 min), where the precursor lead is 
long-lived and non-volatile at ambient temperature on the 
quartz surface [33]. The system 288Mc/284Nh is an example 

(2)P ∝ 1 −

(

1 − e−
Ea∕RT

)
�a,i∕�0

Fig. 1   Schematic one-dimensional diagram of the potential energy of 
an atom near the surface. After physisorption, the activation energy 
barrier could be passed under certain circumstances, leading to the 
strongly bound non-reversible chemisorption state (after [32])
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of an application of the precursor effect for SHE (Fig. 3). 
Mc as the mother atom could form a distribution within 
the chromatography column, given fast enough extraction. 
The Nh atoms then start their journey at the positions, 
where Mc decayed. The precursor effect extends beyond 
individual mother and daughter atoms and can be applied 
to entire decay chains of superheavy elements within a 
chromatography column. Using these simulations, we can 
validate the probability of decay positions within the decay 
chain and estimate the positions of missing events.

The precursor effect was first incorporated into the MCS 
to simulate the behavior of 211Bi atoms as daughters of the 
precursor 211Pb. Lead itself forms an exponential distri-
bution in the column, as shown in [33]. In Fig. 2b, a flow 
scheme of the Monte Carlo simulation including the precur-
sor effect is shown.

(a)
(b)

Fig. 2   Flow schemes of the adapted Monte Carlo simulations. a with 
activation energy barrier and second chemical species (grey), b with 
precursor effect, implantation and daughter nuclide (grey). At the 
start of the simulation, molecular parameters like the masses, densi-
ties, adsorption enthalpies, activation energy, lifetime and experimen-
tal parameters like temperature, gas mixture, gas flow rate, pressure 
are set for the first atom. The jump gets simulated by calculating a 

random jump length and duration ηj and t�jbetween two encounters 
and adding that value to the current position of the atom. The deposi-
tion gets simulated by summing up the deposition time from sequen-
tial surface encounters τNs. The passing of the energy barrier is tested 
by the condition 1-random() < P, as described in Eq.  (2). If the total 
time exceeds the individual lifetime, the atom’s position gets stored

Fig. 3   Examples of decay chains with mother (Mc, Pb) and daughter 
(Nh, Bi), where the precursor effect has to be considered in the evalu-
ation of chromatography experiments
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For two different nuclear species, the simulation also 
includes two different lifetimes, which are both individually 
and randomly calculated from the lifetime probability distribu-
tion. Furthermore, since mother and daughter atoms can have 
different masses and densities, an adjustment of the diffusion 
coefficient after the decay mother → daughter is necessary. 
Taking the precursor effect into account, the final position of 
the „mother” atom at the moment of its radioactive decay is 
the starting position for the „daughter” atom. Thus, the starting 
position differs: While 211Pb as the mother starts at xi = 0, 211Bi 
starts at the position where the precursor decayed. The radioac-
tive decay characteristics of the mother also affect the distribu-
tion of daughter atoms in the column. For the case of decay by 
alpha particle emission, the daughter atom can be irreversibly 
immobilized due to implantation of the recoiling daughter 
species in the surface. Therefore, an implantation probability 
was added to the simulation. If the daughter is emitted into 
the open space of the gas-filled channel, it is likely to travel 
a significant distance to the next surface contact. In this case, 
the history of the daughter atom starts with a “long jump” in 
the gas stream. The atom gets transported downstream and 
the flight time is calculated. In contrast, low recoil energies 
from a beta decay result in a recoil range in the gas below 
6 μm calculated for typical kinetic energies of below 0.01 keV 
for a recoil with the mass of 211 u (calculated using SRIM 
[34]), keeping the atom close to the surface and facilitating 
immediate re-adsorption. Contrary to the decay of the mother 
nucleus on the surface by alpha particle emission resulting in 
the recoil momentum towards gas-filled channel, the history 
of the daughter atom after the beta-decay could begin with the 
adsorption step, rather than a "jump" as the first step. There-
fore, the random residence time is calculated as the initial step 
in the process. Especially for non-volatile daughter atoms like 
211Bi, the distribution of bismuth would resemble the distri-
bution of its mother lead, because it is almost certain, that the 
atom will remain adsorbed until its lifetime has elapsed. Since 
it is not clear, which fraction of atoms adsorb or jump first, 
both cases have to be considered and discussed. In cases where 
the precursor is volatile, the mother atom may have already 
exited the column before decaying into the daughter. The mean 
adsorption time (Eq. (1)), �a , for the “mother” and “daughter” 
nucleus has to be calculated with the adsorption enthalpy val-
ues ΔHads(mother) and ΔHads(daughter) for mother and daugh-
ter species, respectively. In general, both species likely have 
a different interaction strength, and thus, different enthalpy 
values should be taken for the residence time calculation.

Results obtained with the extended Monte 
Carlo simulation code and discussion

Chemical reactions superimposing the mobile 
adsorption process

The following examples demonstrate the effects of the 
processes that were explicitly added in the extended MCS 
code, including a potential transition over an activation 
barrier to a stronger binding state. Assuming the following 
experimental observation: A species is relatively volatile 
at ambient temperature in isothermal experiments, but 
exhibits lower volatility at elevated temperatures. These 
observations suggest a conversion of the volatile species 
into a less-volatile one at temperature, in which the surface 
reaction is likely. The conventional Monte Carlo simula-
tion fails to account for this behavior, since only one spe-
cies can be simulated. However, if a strongly bound state 
can be reached only by passing an activation barrier Ea, 
higher than the adsorption enthalpy ΔHads,1, the enhanced 
simulations can reproduce this behavior. At high tempera-
tures, the volatile species undergoes a reaction with the 
surface, leading to the formation of a less volatile second 
species. This second species becomes strongly bound to 
the surface, causing it to be immobilized even at elevated 
temperatures. Upon further heating, this second non-vol-
atile species is eventually desorbed. In contrast, at room 
temperature, the probability of surpassing the activation 
barrier is low and thus, the species can be desorbed with-
out any chemical interaction with the surface taking place 
or before diffusing to a strongly binding site. Additionally, 
it is possible that at high temperature regimes, surface dif-
fusion is fast, transporting the adsorbed species to stronger 
binding sites, while the desorption process might be faster 
than the transport on the surface at lower temperature. 
More information about surface diffusion can be found in 
[20], which discusses the most recent experiment with ele-
ment 114. Our extended MCS code is also able to describe 
the appearance of two deposition peaks at different tem-
peratures in a thermochromatographic setup. In higher 
temperatures, the probability of overcoming the activa-
tion barrier increases, facilitating a strong bond with the 
surface. However, if some of these atoms get transported 
to colder regions, the barrier is too high and only ΔHads,1 
contributes to the deposition time.

For these example simulations, a hypothetical species of 
200 u atomic weight and with a half-life of 1 h was chosen. 
The change in mass of the reacted species was neglected, 
since mainly the difference in the adsorption enthalpy has 
an influence on the obtained distributions. Helium gas was 
used at a flow rate of 100 mL/min. A 100-cm long circular 
quartz column with inner radius of 2 mm was used. In 
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Fig. 4a, the atoms deposit and undergo decay within the 
same temperature zone. The atoms promptly react in the 
hot temperature regime, leading to the formation of the 
less volatile species 2, which then deposits around 160 °C. 
In the case of the TC with positive gradient (Fig. 4b) the 
opposite holds true: While the species with the mobile 
adsorption mechanism deposits immediately in the cold 
temperature regime (not displayed), the advanced simula-
tion shows the species remaining volatile until it reaches 
the reaction temperature. Here, the reaction product, which 
is non-volatile at these temperatures, remains deposited 
at the reaction site. These examples highlight that relying 
on a single thermochromatography experiment will lead 
to erroneous interpretations if chemical reactions, which 
may occur in some chemical systems, are not considered 
in the analysis by MCS.

The simulation showcased here is a tool to describe unex-
plained phenomena and enhances our understanding of how 
volatile and non-volatile species behave at varying tempera-
tures. By considering the effects of chemical reactions and 
temperature-dependent interactions with the surface, the 
simulation offers a deeper understanding of the complex 
dynamics in thermochromatography experiments.

Precursor effect and implantation probability

Simulations using the extended MCS code were performed 
for the genetically linked 211Pb → 211Bi case using both, the 
original MCS algorithm [23] and the extended one, which 
includes the precursor effect. Figure 5 shows the distribu-
tions of Bi at the positions of the radioactive decay from 
the original MCS code and from the extended one. In these 
simulations, a gas flow rate of 3 L/min of pure Ar was used; 

circular quartz chromatography columns with an inner of 
2 mm and a length of 15 cm were assumed. Standard tem-
perature and pressure (STP) conditions were used.

In the simulations including the precursor effect, two life-
times, for the mother and the daughter atom respectively, 
were generated from the individual lifetime probability 
distribution. The 211Bi daughter atoms originating from the 
beta-decay of 211Pb can desorb for further travelling in the 
gas stream unless they become implanted and immobilized.

One can see that the distributions of the daughter atoms 
including the precursor effect are broader, especially if no 
implantation takes place. This effect becomes more pro-
nounced for smaller absolute values of ΔHads. of the daugh-
ter species, as can be seen in Fig. 6, where this value was 
reduced to − 50 kJ/mol compared to − 100 kJ/mol in Fig. 5. 
The lower absolute value, corresponding to higher volatility, 
increases the likelihood of multiple jumps during the life-
time and allows daughter atoms to exit the column after the 
decay of the mother species. Figure 6 shows a comparison 
of distributions obtained with different adsorption enthalp-
ies for the mother and daughter nuclei. The mother is non-
volatile, while the daughter is volatile.

Without implantation, the volatile daughter atom can 
exit the column following the decay of the non-volatile 
mother atoms (Fig. 6a). Figure 6b shows the implantation 
of the daughter atoms following the precursors decay and 
the subsequent immobilization of the volatile daughter 
atoms, which would otherwise exit the column (6a). If the 
implantation probability is set to 50%, only half of the vol-
atile daughter atoms can travel further down the column. 
In simulations with the original MCS code, this could lead 
to incorrect interpretations of experimental results, as the 
deposition in the column caused by implantation suggests 

(a) (b)

Fig. 4   a Comparison of simulated thermochromatography experi-
ments (with negative temperature gradient) using both mobile adsorp-
tion and the activated adsorption mechanism. b Simulation results 
of thermochromatography experiments (with positive temperature 

gradient) utilizing the activated adsorption mechanism. In the mobile 
adsorption case, 100% deposition occurs within the initial centimeter 
(not shown). The gas carrying the analyte enters the column from the 
left. Parameters in kJ/mol: ΔHads,1 = 50; Ea = 100; ΔHads,2 = 300
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a strongly interacting species. If the direct measurement 
of the mother atoms decay is not possible, the distribu-
tion of the daughter can provide a reasonable estimation 

for the reactivity of the mother atom. If the detection of 
the mother atom is not possible, the registered distribu-
tion of daughter atoms can reflect the mother distribution, 

(a) (b)

Fig. 5   Results of Monte Carlo simulations of an isothermal gas chro-
matography experiment with 211Pb, which decays into 211Bi, per-
formed inside of a 15-cm long quartz column with 2 mm inner diam-
eter held at room temperature and using 3 L/min of pure Ar as carrier 
gas. Results indicating the position where 211Bi atoms decay obtained 
with the original MCS code (black bars) as well as with the extended 
MCS code that includes the precursor effect (red bars) are shown. 
The results of the extended MCS code in 4a) neglects the possibility 

that progenies of 211Pb might get implanted into the column in the 
211Pb β−-decay process—corresponding to all daughter atoms starting 
adsorbed or desorbed (“in flight”), while 4b) assumes that 50% of the 
decays lead to implanted and thus immobile progenies. For Pb as well 
as for Bi atoms, the value of the adsorption enthalpy, ΔHads, was set 
to − 100 kJ/mol to demonstrate the peak-broadening for non-volatile 
species

(a)
(b)

Fig. 6   Comparison of the distribution of decay activity of the non-
volatile mother and volatile daughter atoms in the column with 0% 
and 50% implantation of the daughter with experimental param-

eters similar to Fig. 5. This figure shows the difference between the 
mothers and the daughters distribution, simulated with the code that 
includes the precursor effect
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if the daughter atoms interact strongly with the surface. 
There would certainly be no exponential distribution of 
the daughter atoms, if the mother is volatile and only ran-
domly decays in-flight. This effect was used in L. Lens 
et. al [33] to determine the adsorption enthalpy of Tl by 
detection of the Hg distribution on the SiO2 surface, where 
Hg atoms were partially immobilized on the surface due 
to implantation after the decay of Tl. If the mother was 
volatile, while the daughter was non-volatile or reactive, 
the distribution of both atoms would appear flat. Mother 
atoms only decay randomly in-flight while passing through 
the column, and the daughter atom adsorbs at the posi-
tion where its mother decayed. Implantation or recoiling 
effects can be neglected due to the short residence time 
of the mother on the surface. The same holds true, if both 
species are volatile, as both mother and daughter atoms 
undergo random decay in the gas stream. If the adsorption 
enthalpy of the daughter is well known and the experimen-
tal data has sufficient statistical significance, it is possible 
to reconstruct the distribution of the precursor and esti-
mate its adsorption enthalpy.

Outlook and possible applications

With of the MCS including the precursor effect, experi-
ments searching for new decay modes, that are challenging 
to detect in modern setups could be evaluated. In the long 
alpha-chain following the 288Mc chain, all species (Nh, 
Rg, Mt) are rather non-volatile. The characteristics of this 
long chain are well known [35–37]. But also shorter decay 
chains were detected, in which the origin of the fission is 
unclear. A possible electron catch (transition from odd-Z 
to even-Z elements) in a shorter decay chain of moscovium 
could end with the fission of copernicium or darmstad-
tium. If this EC occurs in Mc (presumably non-volatile 
[38]), it would lead to the more volatile flerovium [15, 20]. 
If the EC occurs in element 113, nihonium [17, 39, 40], 
it decays to the more volatile copernicium, element 112 
[18, 19]. In contrast to the odd Z elements of the decay 
chain of moscovium, flerovium and copernicium are more 
volatile and can be separated from non-volatile elements 
of the Mc-chain by gas chromatography and detected in 
a different place than their precursor. Such an experiment 
has to be evaluated using the new MCS with the precursor 
effect. If the detection places of the fission fragments are 
in agreement with the results from the MCS simulation, 
the electron catch in 288Mc or 284Nh can be proven.
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