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Abstract

This Perspective describes experimental and initial theoretical efforts in the field of simulating excited state 
photodynamic of rare earth metal complexes in polar solutions using Laser-induced fluorescence (LIF) in a quest to 
detect quantum size flumps in counterion-mediated long-range attraction of colloids by surfaces with surface potential 
Ψ0 greater than 70 mV. It presents the typical workflows starting from electronic structure methods suitable to describe 
the crystal and liquid complexes to approaches able to simulate their dynamics under the effect of stimulating light 
and/or magnetic fields. It gives particular attention to build a bridge between theory and experiment by discussing 
the different quantum field approached such as Dirac’s Legendre transformations to Hamiltonian densities in terms 
of complex fields as well as classical Poisson Boltzmann Hamiltonians. The former is adopted in the present work 
because it contains the acceleration terms that are not in thermodynamic equilibrium with environtment, and the 
latter is commonly adopted in the interpretation of experiments and the simulation of colloid removal from polar 
solutions using equilibrium thermodynamic approach. The Dirac’s dynamic approach is more suitable to experimental 
conditions that are far from the thermodynamic equilibrium and appears to be preferred for describing physical 
reality of the adsorption processes of removal colloids by surfaces with surface potential Ψ0 greater than 70 mV in 
polar solutions. It discusses excited state dynamics on these complexes in solution from reduced (1D- and 2D- Poisson-
Boltzmann equation) to full 4D (3D + time) dimensionality.
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(cm-1) [1-4]. The radial wavefunctions for 4f- 
and 5f- are all within the outer 6s, 6p and 7s, 7p 
orbitals respectively. Therefore, the environment 
surrounding the ions, that is, either vacuum, noble 
gases, liquids, or crystals has limited impact on 
the spectra of the ions [5,6]. We are using this 
property to predict spectra of rare earth ions in 
liquid and crystal environments based on their 

Introduction
Lanthanides and actinides among the rare 

earthsa elements provide a rich photochemistry 
due to partially filled f-shells with density of 
states up to one state per a reciprocal centimeter 

aThe name of “Rare earths” is reserved for Sc, Y, La and 
lanthanides [1].
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NanoCeram and Disruptor non-woven 
filter media: An electro adsorptive non-woven 
filter media called NanoCeram® (NC) have been 
developed under NASA contracts to develop a 
filter for removing pathogens from recycled water 
in space cabins [20,21] by dispersing the nano 
boehmite (γ-AlOOH)b fibers [22] onto a second 
fibrous structures [13-16] that attracts and tightly 
retains colloid particles including bacteria, viruses, 
bacteriophages, many biological molecules such as 
Ribonucleic acid (RNA) protein as well as PFOA/PFOS 
without the adverse high pressure of polymeric 
membranes that manufactured and sold by 
Ahlstrom-Munksjo as Disruptor® filter media under 
an exclusive, global license. The two-dimensional 
(2D) quantum-sized and one-dimensional (1D) 
nanometer size γ-AlOOH (Boehmite) structures [13-
16] and 2D atomically-thin β-FeOOH (Akaganeite) 
nanobelts [23] with a mean width of approximately 
10 nm were deposited onto siliceous substrates 
in aqueous processes at moderate temperatures. 
Low cost and large-scale manufacturing of siliceous 
substrates coated with 2D and 1D γ-AlOOH 
(Boehmite) crystallites of 2.7 ± 0.5 nm in diameter, 
with an average length of 2.9 ± 0.9 nm and 250 ± 50 
nm, respectively, that were further functionalized 
with atomically thin 2D β-FeOOH (Akaganeite) 
nanobelts [23] was demonstrated.

Diffusion coefficients of ions, viruses, bacteria 
in NaCl aqueous suspensions at 25 °C: The 
adsorption tests of pleated NanoCeram cartridges 
[23] and porous polymeric DEAL® [24] and DEAL-
FeOOH blocks were conducted in batches at 
temperature 25 ± 2 °C. Each individual batch was 
ten litre volume of microbial suspension of MS2 
bacteriophages (ATCC 15597-B1) and RT bacteria 
(ATCC 33257) mixed and filtered through a cartridge 
at different superficial velocity through the media 
with a desired solution chemistry (i.e., solution pH 
and NaCl concentration).

The diffusion coefficients as a function of NaCl 
concentration in suspensions at 25 ± 2 °C and pH7 
were calculated with the use of data in Ref. [25] for 
of Na+, Cl-, OH-, H+ ions, Ref. [26] for viruses, and 
Ref. [27].

spectra [5-7]. The splitting of an individual term in 
gaseous, liquid and crystal environments is rather 
different in details [1-6], such as in laser induced 
fluorescence (LIF) spectra (see Section 8.7 of Ref. 
[8]). The present project is aimed at combined use 
of the LIF and Hahn spin-echo Nuclear Magnetic 
Resonance (NMR) [9] technologies involving of 
pulses of different intensity or duration for remote 
sensing of large variety of densely packed electronic 
states with different electronic symmetry in 
different symmetry groups created in liquid or 
condensed phase [7,10]. The behavior of these 
metal complexes after light irradiation is controlled 
by short-lived or long lived excited states that may 
either emit light or go via nonradiative transitions 
to other electronic states ultimately decaying back 
to the ground state or return to the ground state 
or via luminescence when the molecule ends up 
in a state with no possibility of transition to any 
other state. The LIF technique on gas phase is a 
very powerful tool to probe the lower and excited 
states symmetries [7] and for viable laser-based 
enrichment procedure for the lighter isotope 
U-235 with a natural abundance of only 0.72% of 
lighter uranium that sustains a nuclear fusion chain 
reaction and is the material for nuclear reactors. 
This enrichment is easier to achieve with uranium 
oxide in gas phase rather than with atoms or ions 
since the difference between two band-heads 
of UO is greater than the linewidth of pulsed dye 
laser in visible region of the spectrum [11]. Ligand 
Field theory [12] is a powerful tool to assign the 
excited states of actinide monooxide [2], and 
lanthanide monohalides [3] diatomic molecules 
in C∞v symmetry. Crystal field [7] and Ligand Field 
[2,3,12] theories describe splitting of electronic 
terns of free ions [2].

An electric field of definite symmetry causes 
a splitting and reordering of the terms of the 
unperturbed ion. Therefore, the unperturbed free 
ion in vacuo, in water electrolyte, and in crystals 
could have similar excitation wavelengths and very 
different LIF spectra.

Experimental
Materials and methods

A family of sorbents with surface potential ψ0 
greater than 70 mV and ζ-potential greater than 50 mV 
at pH in the range from 3 to 10 that highly efficiently 
adsorb colloidal particles from salt water with salinity 
up to 3 M were recently described [13-19].

bAluminum oxide/hydroxide (γ-AlOOH) in current 
international nomenclature, was also known  as 
α-Al2O3·H2O according to the Alcoa system of 
nomenclature which was in general use in North 
Americas [21] in early 1950es when one of us (FT) was 
using it



• Page 3 of 10 •Kaledin. Int J Exp Spectroscopic Tech 2023, 8:032 ISSN: 2631-505X |

Citation: Kaledin LA (2023) Laser-Induced Fluorescence in a Quest to Detect Quantum Size Flumps in Counterion-Mediated Long-Range 
Attraction of Colloids by Surfaces with Surface Potential Ψ0 Greater than 70 mV. Int J Exp Spectroscopic Tech 8:032

sodium ion we are more likely to find the oxygen 
end, because the sodium is positive and the oxygen 
end of the water is negative, and they attract 
electrically”. Moreover, the quantum effects are 
shown to be substantial for the self-diffusion 
constant of water for the isomers of the water such 
as hexamer and several isomers such as 20-mers 
[31] and dimers [32,33].

Ise, et al. [34] studied “ordered” structures 
in dilute suspension of highly charged polymer 
lattices using an ultramicroscope with resolving 
power much higher than that of the ordinary 
optical microscope and concluded that [35] the 
like-likes-like attraction [36] appears for highly 
charge ones [37]. Ise [38] concluded that lattice-
like ionic distribution exists in the solutions because 
of interaction linkage through the intermediary 
of counterions following experimental supports 
for such an ordered structure have recently been 
documented.

Adsorption of inks: Removal efficiency of inkjet 
ink particles (Canon PGI-5/PGI-220 BK Pigment) by 
one layer of High Flow Disruptor at a flow velocity 
of 0.7 mm/s and at neutral pH from distilled water 
(DW) and salted waters was measured by Genesis-10 
UV spectrophotometer in a 1 cm long cuvette at 

The measurable Brownian diffusion velocity of 
colloidal particles and/or ions in a suspension is the 
mean square displacement of the particle given 
by the Einstein equation for a spherical particle 
suspended in liquids [28]:

2  = 2
Brownian

x Dt 			                       (1)

Where t is the time elapsed from the moment 
when particle or ion was in its initial position and 
D is translational diffusion coefficient in a liquid is 
defined by Stokes-Einstein relation (see equation 
1). Furthermore, the electrostatic attraction should 
not play significant role due to highly efficient 
shielding by the EDL layer with Debye length as 
short as 1.6 Å in the case of RT suspension in the 
3.0 M NaCl electrolyte [29].

The diffusion coefficients for MS2 bacteriophage 
and Raoultella Terrigena (RT) bacteria in 0.01 mM 
and 0.1 mM NaCl electrolytes [18,19] were found 
to be 1.4.10-7 and 4.8.10-9 cm2/s, that are within 
accuracy with corresponding diffusion coefficients 
for MS2 bacteriophage (1.47.10-7 cm2/s) and RT 
bacteria (3.0.10-9 cm2/s. According to Feynman (Ref. 
[30] Figure 1-6) in the case of NaCl electrolyte: “The 
hydrogen ends of the water molecules are more 
likely to be near the chlorine ion, while near the 
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Figure 1: Ink adsorption by non-woven high flow disruptor filter media with pore size of 8 µm and largest pore 
size of 20 µm.
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wavelength of 300 nm. Figure 1 shows removal 
efficiency of inkjet ink with mean particle size of 
127.49 nm and with zeta potential ζ = -32.1 mV [39] 
at dilution ratio of 10,000:1. At this dilution ratio 
the ionic strength of the suspension was measured 
to be 0.01 mM. Ink stock in distilled suspension was 
filtered through a polymeric membrane with rating 
of 0.22 µm and kept in polypropylene bottle with a 
cap to reduce CO2 acidification of the suspension. 
Salt was added just before the experiment. The 
filter disk was flushed with 50 mL of DW and the 
residual of DW water was removed out from filter 
the holder and partially from the filter disk flushing 
with 50 cm3 of air at flow velocity 0.7 mm/s. Average 
values of LRV = -log(Cout/Cin) were used based on at 
least three replicates at a given NaCl concentration.

Local potential of ink suspension in distilled 
water at 0.5 µm from the capillary wall assuming 
that it can be modeled by a flat surface is estimated 
to be 0.13 mV (See equation 12 in Table 10.4 of 
Ref. [40]) rising to ψ0 ≥ 70 mV close to the capillary 
surface.

Results of Figure 1 show that the intervening 

ions play a dominant role in removing ink particles 
allowing the clouds of counterions compress 
around charged ink particles around and between 
highly charge capillary wall and colloidal particle, 
generating attraction via the intervening Cl‑ 
counter-ions of NaCl electrolyte. The adsorption 
occurs in a stepwise fashion: (i) The nearby to the 
capillary wall ion clouds attract by the electrostatic 
forces at a given point of the capillary until the 
electrical double layer (EDL) is saturated, that is, 
for the case of NaCl electrolyte the ionic strength 
is up to 6.1 M at ambient temperature of 298 K; (ii) 
The closest to the removed ion cloud ions replace 
the space occupied by the adsorbed ions and so on.

Complex field extension: We define complex 
field (see Section 2.1.6) extension from boehmite 
nanofiber surface to be equal to a distance that 
colloidal particle with dimensions from 1 nm to 1 
µm (Ref. [41], Chapter 1.3. Page 37)] travels from 
the farthest point P in the plane of the assembly 
(Figure 1) with x = r0 at the center of colloidal 
particle and x = 0 to the surface of the assembly 
either as a much [18] or in the capillary pore [19] 

µm. 
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Figure 2: Schematic of setup for a scanning LIF experiment.
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role in removing colloidal particles allowing the 
clouds of counterions compress around charged 
colloidal particles and around and between the 
highly charged surfaces with surface potential 
greater than 70 mV in either the capillary wall or 
in the mulch suspension generating attraction via 
the intervening counter-ions. The NC assemblies 
with high surface area and high surface potential 
adsorb the nearby to the capillary wall ion clouds 
until the EDL layer is saturated, that is, in the case 
of NaCl 1:1 electrolyte it reaches ionic strength of 
6.1 M at 298 K (Ref. [49], page 5-199 With the use 
of mean field approach Sogami [42-44] formulated 
Langmuir's idea [50,51] and showed that the 
electrostatic Helmholtz free energy Fel is not equal 
to the corresponding Gibbs free energy Gel, at 
variance with the DLVO assumption Fel = Gel. Ise, et 
al. also found that the center-to-center interparticle 
distance decreased with increasing concentration 
of NaCl 1:1 coexisting salt with ionic strength from 
1.71 µM to 68.4 µM, and further increase in the 
ionic strength to still very dilute 0.137 mM naturally 
destroyed the ordered structure (see Table 2 of 
Ref. [35]) and particles showed Brownian motion 
(see Åbstract of Ref. [35]). These observations 
indicate that Sogami Ise theory has limitations 
at ka > 6.19 ± 0.14 where k-1 = lDebye ~ 367Å with 
type SS-37 latex particles with radius of a = 2270 
± 50 Å. Smalley [48] indicated that in the case of 
swelling clays the inverse Debye screening length in 
salt soaking solution kex significantly different (see 
Ref. [48], page 52, equations 3.4 and 3.15, Table 
3.5 and Figure 3.11) from these obtained from the 
least-squares fits referring to the internal kappa (kin 
inside the gel) with one point obtained at cex = 0.03 
M/L far outside the trend presented in Figure 3.11 
and Table 3.5 of Ref. [48].

during a certain time interval. This distance can be 
viewed as the complex field extension established 
via counterion-mediated electrostatic attractive 
interaction in macroionic solution that could be 
accounted for by using the Sogami pair potential 

G
mnU  with Rmin minimum defined by equation (42) of 

Ref. [42] that has depth well surpassing the thermal 
energy kT. However, at ka > 3.2 ordered structures 
are destroying (see below). Sogami-Ise theory [43-
45] combined with the Dirichlet boundary condition 
(constant surface potential) yields the prediction 
that the ratio(s) of the salt concentration in the 
supernatant fluid to the average salt concentration 
in the gel phase be constant. This is a central 
prediction of the Sogami-Ise theory, in which there 
is a weak attractive tail in the electrical interaction 
potential. The standard theory of colloid stability, 
the DLVO theory [46,47], is shown to be a limiting 
case of the Coulombic attraction theory [48], in the 
one-phase region.

Table 1 show counterion-mediated attractive 
interaction translational velocities for ink particles 
with mean dimension of 127 nm and MS2 
bacteriophage with mean dimension of 27 nm.

Results of Table 1 show that counterion-mediated 
attractive interaction translational velocities for ink 
particles and MS2 bacteriophages in the cases of 
0.1 mM and 0.01 mM NaCl electrolyte are equal to 
the average velocity V = 0.20 ± 0.05 µm/s within 
2σ of standard deviations within each other even 
though the sizes of colloidal particles are different 
by a factor of 5 and the travel distances by a 
factor of 129 ± 46 for 1 mM NaCl electrolyte and 
780 ± 135 for the 0.1 mM NaCl electrolyte. Figure 
1 suggests that counterion-mediated attractive 
interaction via the intervening ions play a dominant 

Table 1: Counterion-mediated attractive interaction between highly charged surfaces surface potential ψ0 greater 
than 70 mV and colloidal particles.

Inkjet black inksa MS2 bacteriophageb

Ionic 
strength

Complex field 
extension, r0, m

Particle velocity, 
V = r0/∆t, µm/s

Diffusion coefficient, 
D, cm2/s

Complex field 
extension, r0, µm

Particle velocity, 
V = r0/∆t, µm/s

1000 mM 2.12 ± 1.0 1.18 ± 0.56 1.2·10-8    
100 mM 3.0 ± 2.7 1.66 ± 1.50 2.5·10-8    
10 mM 1.15 ± 0.35 0.64 ± 0.19 3.7·10-9    
1 mM 0.83 ± 0.25 0.46 ± 0.14 1.9·10-9 88 ± 20 0.18 ± 0.04
0.1 mM 0.23 ± 0.03 0.13 ± 0.02 1.5·10-10 156 ± 26 0.33 ± 0.06
0.01 mM 0.18 ± 0.03 0.10 ± 0.02 9.0·10-11    

Notes: a) Ink particle with mean particle size of 127 nm [39]; b) MS2 particle size of 27 nm
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approximately 1 mm to where the flump links can 
reach from the sorbent surface (see Refs. [18,19]). 
The light source is suggested to be a continuous 
wave dye laser (e.g., Coherent ring dye laser) with 
a narrow laser beam rod. Dye lasers are available 
in either pulsed (up to 50-100 mJ) or continuous 
output (up to a few Watts) in table-top systems that 
are pumped by either flash lamps or lasers [53]. 
Schematic of setup for a scanning LIF experiment 
is presented in Figure 2. The continuous ring dye 
lasers are preferred to pulse lasers for the purpose 
of the present work since the angle of the radiation 
goes like the root of the relative width of the line and 
deviation from parallelism is related to the fact that 
laser radiation is not completely monochromatic 
(see, e.g., Ref. [54], page 242]). The laser rod will be 
adjusted by lifting the dye laser unit up and down 
while tilting the angle to direct the laser rod with 
the use of two prisms situated above the precoat 
and several lenses on the optical bench to be 
parallel to the precoat and propagated through 1 
mm deep supernatant. The precoat is created with 
the use of a Buckner funnel with a vacuum pump 
with a receiver (see Ref. [19] with diameter 38 
mm and surface area 11 cm2). The precoat build-
up is terminated when the supernatant depth 
reaches approximately 1 mm with total volume 
of the supernatant fluid of approximately 1 cm3. 
Then the two bottom prisms (entrance and exit) 
are immersed into the supernatant with the use of 
two independent micro-screws while the bottom 
parts of the prisms are touching the precoat. Then 
the laser rod is readjusted and approximately 0.1 
cm3 of a colloidal suspension that stays buoyant in 
each fluid, (for example, the porous spheres coated 
with a nanolayer of boehmite) is added carefully 
(not disturbing the precoat) on the top of a given 
supernatant fluid through multiple microjets from 
different directions. The laser induced fluorescence 
(LIF) light is collected with the use of double-convex 
lens and steered onto a fifth prism that images the 
focused LIF light from the laser rod propagated 
through the supernatant onto a photomultiplier 
equipped with a broad-band filter and onto an input 
slit of a monochromator. When the photomultiplier 
detects a fluorescent signal the signal is adjusted 
for both, the multiplier and the monochromator 
tilting the double-convex lens with the micrometre 
screws and the LIF spectra is recorded and the 
energy linkages of the lowest states and the 
symmetries of flumps are established.

Experimental results [24] for sorbents with 
surface potential ψ0 greater than 70 mV in aqueous 
solutions with ionic strength up to 4M, show the 
constancy of the ratio of Cfinal/Cinitial where Cinitial 
and Cfinal are the initial and final concentrations of 
colloidal particles as well as associated quantities 
such as removal efficiency = (1-Cfinal/Cinitial) 100% and 
logarithm reduction value LRV = -log10(Cfinal/Cinitial) 
for a given adsorptive media with surface potential 
ψ0 greater than 70 mV defined as:

Cfinal/Cinitial = Constant			          (2)

Where the constant is independent of electrolyte 
ionic strength in the range from 0.01 mM to 3M, of 
pH in the range from pH3 to pH10, of flow velocity 
in the capillary pores in the range from 0.1 mm/s 
to 10 mm/s [24] for 1:1 electrolyte and for either 
an adsorptive media or a device with average pore 
size less than 8 µm. Equation (2) is in disagreement 
with theory [52]. We argue in the present work that 
counterion-mediated quantum enhanced long range 
interaction contribute to the validity of equation 2. 
The proposed mechanism of adsorption is sketched 
in Figure 2 where negatively charged surface of a 
colloidal particle is linked with highly positively 
charged sorbent with surface potential greater 
than 70 mV in water via counterion-mediated 
quantum enhanced long range interaction that can 
be visualized as quantum size famous British flumps 
sweet which is a combination of long marshmallow 
cables, twisted together in a helix shape. It attaches 
itself by one side to negatively charged part of the 
colloidal surface (The entire colloidal particle could 
be positively charged in water at a given pH as e.g., 
the fr bacteriophage (ATCC 15767-B1) that is also 
effectively adsorbed by the highly positively charges 
surface with surface potential greater than 70 mV 
in water) and by the other side either attached in 
still water (Figure 2) or is sliding along the sorbent 
surface in moving water. When the strength of either 
of these bonds became weaker than the energy of 
the thermal motion kT, the flumps detach from the 
surfaces and ordered structure is destroying.

Scanning experiments with continuous wave 
ring dye laser: To clarify problems of this nature we 
propose to study some models of flumps formation 
in a static mode when colloidal particles are buoyant 
on a 2D surface (not as a 3D ordered structures) of 
a supernatant fluid above the 3-5 mm thick precoat 
layer made from a sorbent as described in Ref. [19].

The depth of the supernatant layer should be 
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equation fixes how such wave packet varies with 
time. We suppose that the time-dependent wave 
function in Schrodinger’s representation is of the 
form (Ref. [56] page 121):

( ) ( )  expqt A iS hΨ = 			          (3)

Where the S is the quantum analogue of the 
classical action function and equals it in the limit 
h→0. In classical mechanics a Gibbs ensemble 
is defined in the phase space, whose number 
of dimensions is twice the number of degrees 
of freedom of the system [Ref. [56] page 131]. 
Suppose that we are not given that the system is 
in a definite state at any time, but only that it is 
in one or other of several possible states according 
to a definite probability law. We should be able to 
represent it by fluid in the phase space, the mass 
of fluid in any volume of the phase space being the 
total probability of the system being in any state 
whose representative point lies in that volume. 
Each particle of the fluid will be moving according to 
the equation of motion. If we introduce the density 
ρ of the fluid at any point, equal to the probability 
per unit volume of phase space of the system being 
in the neighbourhood of the corresponding state, 
the equation of conservation is (Ref. [56] equation 
65):

[ ]  - ,  H
t
ρ ρ∂

=
∂

				             (4)

This may be considered as the equation of 
motion for the fluid, since it determines the density 
ρ for all time if ρ is given initially as a function of the 
q’s and p’s with normalizing condition for ρ

  1dqdpρ =∫∫ 				    (5)

In classical mechanics the Gibbs ensemble for a 
dynamical system in thermodynamic equilibrium 
with the surroundings at a given temperature T is 
represented by a density (Ref. [56] equation 74, 
page 74).

[ ].  expc H kTρ = − 			            (6)

𝐻 being the Hamiltonian independent of the 
time. Dirac described the above procedure in 
Reference [55].

LIF experimental methods: To clarify problems 
of this nature we propose to study some models 
of flumps formation not only in the static mode 
(Section 2.1.5 and Figure 2) when colloidal particles 
are buoyant on a 2D surface but also as a 3D 
ordered structures [35-37] with surface potential 

Quantization of Maxwell-Dirac field equations: 
The field laws arise from a Hamiltonian principle 
[55-57] which is analogous to the Hamiltonian 
principle of classical mechanics expressed in 
term of Lagrangian function L which depends 
on the position qi and their derivatives lq  with 
respect to time ([58], page 253). It is, however, 
more convenient to work with the momentum 
components instead of the velocity components 
[56] p.85]. Let us call the coordinates qr r going 
from 1 to 3 times the number of particles, and 
corresponding momentum components pr that are 
called canonical coordinates and moment a [56] 
p. 85]. An important concept in general dynamic 
theory is the Poisson Bracket (PB) [59] and quantum 
PB [59] of any two dynamical variables u and v. The 
equation of motion for generalized coordinates 
are expresse, d in three different but equivalent 
ways: The Lagrange equation formulation, the 
Hamilton’s equation formulation, and the Poisson 
bracket formulation (Ref. [59] equations 2-23 and 
2-24). Classical particle theories contain rarely 
used PB entities ([59] page 3). The process of 
extrapolating from classical theory to quantum 
theory becomes known as quantization (Ref. [59], 
page 4). Quantization for both non-relativistic and 
relativistic particle theories, entails (i) Using the 
classical form of the Hamiltonian as the quantum 
form of the Hamiltonian (Ref. [59] page 41]) and 
(ii) Changing PB to commutators. The classical non 
relativistic particle and non-relativistic quantum 
mechanics (NRQM) theories have the same 
relations except that the commutators of quantum 
theory correspond to PBs of classical theory times 
a factor of -i/h (Ref. [59] chapters 2.7.2 and 3.1.1, 
pp. 29 and 42). If we postulate that the solution 
ɸ of the Klein-Gordon equation describes a field 
instead of a particle (Ref. [59] page 48). Because 
the QFT describes the real world so well, it justifies 
the above postulate. We further postulate that the 
field ɸ to be complex. This means re-expressing 
values for Ĥ  and L̂  in term of a complex field, 
but such as Ĥ  and L̂  remain real (energy and 
energy density H, must be real numbers) (Ref. 
[59]). This yields the free complex field Lagrangian 
and Hamiltonian densities (Ref. [59] equations 
3-32, 3-33, 3-150, 3-151) For a dynamical system 
with classical analogue, the state for which the 
classical description is valid as an approximation 
is represented in quantum mechanics by a wave 
packet. The result is that Schrodinger’s wave 
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