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Identification of optical magnetic resonances generated in a neon
discharge by coherent transitions of spatially separated isotopically

different atoms
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Infrared (IR) transitions are identified in the neon spectrum in the range 0.76—15.8 um, they generate resonances
due to quadrature field synchronization of spatially separated isotopically different atoms. The use of numerical
methods for the analysis of low-contrast IR resonances made it possible to estimate the previously unknown isotopic
shifts of their parent transitions levels. A change in the amplitude sign of quadrature optical-magnetic resonances
with a change in the isotopic shift sign of the transitions that generate them is found, and the dependence of
the lifetime of such coherent atom pairs on the transitions wavelength is recorded, showing an unusual reaching
the plateau as the wavelength decreases. It is assumed that this is due to expansion of the response time of the
neighboring excited atoms of the isotopic pair to their fields interference.
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Introduction

Previously, it was reported about discovery of unusual
optical magnetic resonances, shifted relative to the magnetic
field zero, in radiation of a neon discharge placed in
longitudinal magnetic field with varying intensity [1,2].
They occur in a mixture of even neon isotopes and are
not related to crossing of atom hyperfine structure (HFS)
levels in the odd isotope **Ne [3,4]. These isotopic
resonances (IR) appeared in magnetic fields compensating
the isotopic shift (IS) of the lines, and were called
optical-magnetic frequency crossing resonances (OMFCR)
of the Zeeman line components. This phenomenon is little
studied, and we will turn our attention to the mechanism
of its occurrence, since earlier in the authors’ publications
its nature was interpreted ambiguously [5-10].

Initially, it seemed natural to associate the effect with
crossing of the frequencies of linearly polarized o-line
components at Am = 2, described by the expression

A
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where gm — Lande factor, ug — Bohr magneton, A — in
this case, IS, and we are talking about the interference of
fields propagating across the magnetic field direction. How-
ever, identification of IRs (determination of the transitions
that generate them) showed that the position of IRs in the
magnetic fields scale is described by the expression with
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But for this, one should admit the possibility of interference
of orthogonally polarized s7- and o-radiation components,
which is impossible in wave optics. Namely in this con-
nection it was suggested in [8] that the effect is due to the
interference of quasistatic fields (QSFs) of overlapping near
zones of isotopes, where the oscillations of dipoles? electric
field contain both longitudinal and transverse components
with respect to the magnetic field direction [12]. Therefore,
in this zone there is a possibility of interference of QSFs
generating orthogonally polarized wave fields.

When identifying the nature of OMFCR, interpreta-
tion of the most contrasting resonance in the region of
1300—1400 severely shifted in the magnetic field scale Oe
(OMRFC-1350) turned out to be fundamental. According
to (1) from its shift, ISs follow, exceeding the values
registered in neon. And application (2) showed that this
resonance is generated by the transition from the level 2s,4
(Paschen notations) to the neon ground state [11].

In [10] 4 types of OMFCR are presented: in-phase,
quadrature, difference, cooperative resonances, and a con-
ceptually unified model of their origin is proposed, in
which their shape is associated with different types of phase
synchronization of emitter fields. Physically, it describes
non-stationary interference of oscillations of two frequencies
(amplitude beating) with time restriction of its registration

IHe| =

(2)

! Negative IRs lead to negative signs of magnetic fields and OMFCR
sign change [11].
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(averaging the beats over time), which depends on the
frequency difference 2 for different stationary oscillations
phase shifts.

The interference of QSFs of spaced isotope atoms begins
as a result of synchronization of the atomic dipoles fields
in the overlapping near zones of an atoms pair, transferring
them to a superposition coherent state, and continues until
step-like photon emission with recoil momentum transfer
to the atom. In this case, the interference of pairs? QSF
leads to deactivation of other excited atoms close to the
pair with overlapping zones in resonance magnetic fields,
converting the interference fields? intensities of the pairs
into changes in the population of the neighboring excited
atoms, accompanied by a decrease in the discharge radiation
intensity along H.

In this connection, it becomes possible to obtain infor-
mation about the duration of the fields interference of an
isotope pair (about the lifetime of the isotope pair superpo-
sition state), and about the preparation time of a separate
atom for photon emission. However, these possibilities
can only be implemented if the characteristics of parent
transitions are known: g-level factors and wavelengths, ic.
after IR identification. In this case, the spectral filtering
of radiation confirmed that the coherent process manifests
itself in the form of an incoherent resonant change in the
level population. As a result, these nonequilibrium popu-
lation changes are transferred to many other levels of the
gas-discharge plasma, which complicates IR identification,
but opens the way to the study of phenomena generated
by ultraviolet (UV) and infrared (IR) transitions beyond
the spectral sensitivity of the radiation detectors used, if
identification is implemented.

Previously, in the article [8], OMFCRs were identified
based on visual estimates of their position in the magnetic
field scale. Now the mechanism of resonance generation
has become clearer, description models have been built,
algorithms for programs for their numerical analysis have
been developed, and it is possible to continue the work [8],
returning to the analysis of archival experiments and to
develop procedures for analyzing new experiments with
OMEFCR in the IR spectrum range.

Modeling resonances with trigonometric
sinc functions

Isotopic resonances with the shape of the central struc-
ture, similar to the dispersion contour, were associated
with initiation of forced oscillations of the isotopic partner
with a phase lagging by s/2. In physics, this type of
interference does not change the total intensity of the fields
at the resonance center, since the field amplitudes squares
add up during interference. Therefore, such IRs are called
quadrature OMFCRs. When describing them, we proceeded
from the general form of the trigonometric function sinc(x)
with an arbitrary stationary phase difference of field os-

cillations A@ at time t = 0%, displayed by the function F,
which was obtained as a result of averaging over the time
interval Ty of non-stationary interference of two harmonic
electric fields of equal amplitudes, differing in frequencies
and phases:?

sin(QTip + Ap) — sin Ap
QTint ’

F =

Ap = (@1 — @2). (3)

Resonance is centered at the frequency difference zero €2
of oscillations of electric fields with frequencies w; and
3, Tint) — - the duration of the fields beating averaging
over the time of their coexistence. The resonance contour
described by this function depending on the value 2 is
a sharp structure (dispersive or peak) at the zero of the
frequency splitting with a shape depending on Ag. For
induced radiation with phase lagging by /2, the function K,
describing the quadrature OMFCR is a dispersion-like
central structure:

Q= ((1)1 —0)2),

sin (QTiw + %) — 1
o QTin ’

Q= ((1)1 — (1)2). (4)

with decaying satellites of the constructive and destructive
wings adjoining it during detuning. In this case, in contrast
to phenomena like the effect Dicke with Ap = 0, where
the pair?s atoms must be slow enough so that their relative
position does not have time to change during establishment
of their internal state [13-15 ], quadrature OMFCRs are
generated only by atoms moving relative to each other.

According to the experiment, quadrature OMFCRs are
generated by applying a resonance magnetic field H,, which
ensures equality of frequency difference of emitters €2 and
the isotopic shift of the transition corresponding to atoms
that are immobile relative to each other. In this case, the to-
tal intensity of the fields does not change, since the squares
of the field amplitudes are added. Deviation from frequency
equality leads to the impossibility of stimulated radiation
and to noncoherent combining of intensities. Therefore,
no resonant singularity near frequency coalescence with
immobile atoms should be generated. But if the atoms
move in a direction transverse to the magnetic field with
a relative velocity Av that compensates for the detuning
from resonance

kév = ugg(H| — Hy), (5)

2 Standard trigonometric in-phase function with Ap = 0 to describe
the results [1,2] was originally used in the article [13], and then a clear
demonstration of a similar sinc form in a helium discharge with residual
traces of a neon isotopes mixture (Fig. 10 was found in [10]). But
all subsequent experiments have shown that resonance forms with many
satellites are the exception, not the rule.

3 In this case, the field amplitudes were taken out of the integral sign,
which is a greatly simplifying approximation for the near zone. But since
the fields are averaged during atom motion, and the regions with the
maximum fields? amplitude provides the main contribution, (3) provides
good agreement with experiment.
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due to the Doppler frequency shift, the resonance conditions
for stimulated emission in magnetic fields H # H; are
restored, maintaining a coherent bond between isotopes.
In this case, in the vicinity of H,, a quadrature OMRFC
is formed, which is described by expression (4) in the
frequency representation. In the derivative signal, it has an
extremum on the field H, with a resonance sign depending
on the sign 2 in expression (4), i.e. on the IS sign of the
parent transition.

But in quantum optics, the presence of quadrature
interference in the radiation direction excludes the appear-
ance of non-stationary interference (beatings) both in this
direction due to the absence of a difference in the emitted
frequencies €2, and in the opposite direction due to the
absence of backward radiation, since photons are emitted
Hneedle-like“. It is possible to understand the reason for
beating appearance by considering the QSF interference
of the radiation near zones propagating in accordance
with the circular distribution diagram of the static dipole
electric field. Here, the field that initiates synchronization
propagates not only in the direction of the atom, which
is forced to emit at the same frequency, but also in the
opposite direction. In the same way, QSF of a forcedly
radiating atom also propagates in both directions. However,
if in the forward direction the Doppler shift, set by the
difference in the emitters? velocities in the medium,
compensated for the frequency difference introduced by the
magnetic field (detuning from H, ), in the opposite direction,
the Doppler shifts no longer compensate for the frequency
difference, but double it, providing QSF frequency splitting
of atoms 2 necessary for beating existence. In this case, the
sign of the phase shift predicted by (4) should also change.*
As a result, instead of the expected quadrature function (4)
in the experiments, a function with a changed sign of the
oscillations phase shift appeared:

_sin (QTi — 3) +1 )
o QT ’

which in the first experiments caused bewilderment. In (6)
the frequency splitting €2 corresponds to a certain relative
velocity of isotopically different atoms in a plane orthogonal
to the magnetic field, which compensates for the detuning
from the resonance center. In this case, each atom of the
impurity isotope finds a partner in the velocity distribution
of atoms of the buffer isotope, which moves at speed that
compensates for detuning from resonance. However, in
each isotopic pair of a discharge cell with such a velocity
difference, the spatial separation of isotopes is different,
which leads to different amplitudes of the interfering fields.
As a result, averaging of the pairs? fields over the cell
volume corresponds to a certain averaged field, which is
consistent with the approximation made in the derivation
of (3).

4 Speaking about the direction of the isotopic atoms? velocity vectors,
we recall that we are talking about its projection in a plane orthogonal to
the magnetic field direction.
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Due to the reactive nature of QSFs that do not transfer
energy and their rapid attenuation, it is impossible to detect
the interference of moving oscillators pairs at the output of
an atom ensemble. In a discharge, it manifests itself due to
microresponse of the environment to the field of pair non-
stationary interference, which can initiate decomposition of
excited atoms of the close surrounding with appearance
of new noncoherent reactive fields of these atoms already.
The latter, in turn, initiate decomposition of the next
layers of surrounding atoms, and so on, decreasing their
concentration along the chain. To describe the response
nonlinear nature, we used the simplest model of the
medium response amplitude with a power parameter Kg;:

I~ (1 4 Fq)/2)Kst- (7)

Increase in response in the constructive wing of the
quadrature OMFCR is more efficient than in the destructive
one, and this leads to deformation of the IR shape.’ In the
signal derivative, the observed peak form of the resonance
can then be transformed into a form approaching the
dispersive (in-phase) form. As noted earlier, satellites of the
central structure of quadrature OMFCRs were found only
in cooperative IRs generated by transitions with population
inversion. The main reason for the suppression of satellites
is the time spread T, from pair to pair of isotopes due
to different delays of the buffer isotope forced oscillation
relative to the appearance of QSF, which initiates the process
of the impurity isotope.®

When passing to cyclic frequencies (MHz), which are
accepted in the literature for IS lines, and converting (6) to
the magnetic fields scale, a function was used that takes into
account the symmetry of the problem of the magnetic field
sign (to reduce the computation time, all numerical coeffi-
cients including the factor 2 of the difference (JH| — H,),
the Bohr magneton, the unknown g-degerate level factor,
and Tiy are combined into parameter Gs = 1/(4usQmTint),
expressed in oersteds (Oe) and characterizing a specific
OMFCR):

sin (H] —Hy)/Gs — Z) + 1
A @

FalH) =

Finally, Ty (in ns) was calculated based on the results
of fitting the width of Gs and resonance identification
giving information about the g-transition factor using the
expression

3 In the first experiments, deformation of the quadrature OMFCRs was
mistakenly taken for in-phase OMFCRs.

6In practice, the procedure for leveling the theoretical function
derivative satellites by multiplying it by a near-rectangular cutting contour
(see (8) in [11]) with a width parameter (kk) expressed in units of
resonance width (Gs).
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Experiment

The first identification of resonances centered on 1360
and 836 Oe (OMFCR1400 and OMFCR-900) assumed that
they are generated by transitions to the ground state from
levels 1s; and 1s;4} [2]. This was a consequence of the
roughness of the results [16] on estimating IS of the ground
state of neon (2 +3GHz), which allowed for such an
option. Subsequently, it turned out that in the visible neon
spectrum, observation of IR generated by such transitions
is impossible. This is a consequence of the fact that their
levels decay directly into the ground state, bypassing the
metastable states, which accumulate the resonant arrival of
the nonequilibrium population generated by isotopic pairs
and increase it compared to the equilibrium population in
nonresonance magnetic fields.

To detect IR generated by radiation from the 1s; and
1s4 levels, it was necessary to carry out special experiments
with absorption of laser radiation from levels close to them,
where the nonequilibrium population is directly transferred
by inelastic collisions (specifically, from level 2ps [11]).
They showed small shifts of OMFCR(1s4—1S) = 200 Oe
and OMFCR(1s;—15) =70 Oe, and the latter had the
IR sign opposite to the other observed OMFCRs. This is a
consequence of the negative IS of this transition and was the
first experiment demonstrating the change of the OMFCR
sign in such a process, which will be confirmed further on
the example of IR transitions. This is one of the goals of
this work.

OMFCR-1400 could not be identified in [§8]. Three
transitions to the ground state claimed this role, but the
IS error of the latter did not enable to make a choice.
The reason is that although in this case modern ground
state IS estimates from [17] were used, they themselves
were obtained using [18], which limits their accuracy. To
identify the parent transition, the total probabilities of three
transitions from these levels to metastable states and then
upwards were compared. The transition 2s;—'Sy turned
out to be a priority and, using it, IS of the neon ground
state [19] was refined.

In this article, we will study the possibilities of identifying
OMFCRs generated by IR transitions. Its complexity lies
in the lack of information about their IS, the forces of the
transition oscillators, and the Lande factors of highly excited
levels. It is necessary to figure out to what extent the
extrapolation estimates following from the known data for
the underlying states can help in these matters. Since we are
talking about a numerical analysis of the experiments that
have already been described in [6,8], we will only repeat the
key characteristics of the experiments, supplementing them
with some details identified later.

Radiation intensity from the end face of a capillary
(diameter 2.5mm) with a direct current discharge, water
cooled and placed in a longitudinal magnetic field, was
studied as a function of its intensity, which varied within
+£16000e. The discharge glow was recorded by a pho-
todetector consisting of a silicon photodiode and a current-

to—voltage converter. Spectral sensitivity region of the
photodetector was 0.4—1.15 yum with a maximum at 0.9 ym.
Infrared glass light filters (IRLF) and interference filters
were used.

The automated control system for magnetic field scanning
and signal recording ensured accumulation of many scan-
ning passes of the integral signal and its derivative obtained
using the modulation method and synchronous detection.
An alternating magnetic field was created by an internal
short solenoid located in the zone of uniform field of an
external scanning solenoid. The amplitude of the magnetic
field deviation with frequency of 450 Hz could vary. To
increase discharge stability in the low current region, a low-
current keep-alive discharge was used, and to reduce noise
level, a microwave discharge which destroyed the striations
was applied to the discharge sections located outside the
solenoids.

The ?°Ne isotope enriched to 99.8%, the 2*Ne isotope
with content of 2°Ne impurity of 7.8%, and their mixtures
were used in the experiments. Gas pressure was measured
with a thermocouple manometric lamp when gas was
admitted into the cell with its subsequent cut-off by a cock
and was of an estimated nature. This is a consequence of
gas sorption and desorption by the heated porous cathode,
which change isotope concentration in the discharge channel
and isotope ratio depending on the gas sorbed by the
cathode in previous experiments.’

To improve accuracy of the information obtained in
experiments with OMFCR, it is important to correctly
calibrate the magnetic scale, which establishes relationship
between the current in the solenoid winding and the
magnetic field intensity. This procedure can be easily
performed provided that the magnetic field is uniform and
is the same for all coordinates of the cell effective volume.
In our articles, a large-diameter solenoid was used, and the
magnetic field was non-homogeneous. Characteristics of
magnetic fields generated by scanning solenoids and field
deviations, as well as the emission OMR measurement
procedure in the glow signal of the gas-discharge cell end
face, are described in [5]. It is noted that the difference
in magnetic scale calibration for different sections of the
cell can lead not only to resonance shift, but also to
deformation of their shape. The results of subsequent
experiments [6,8-11] showed that the longitudinal spatial
nonuniformity of magnetic fields can lead to a sharp
dependence of the OMFCR characteristics on the discharge
parameters and the detected radiation spectrum. Thus,
if emission of strongly reabsorbed lines is detected, then
the situation is possible when the signal is determined by
the cell end closest to the photodetector with a reduced
magnetic scale, and OMFCRs appear at high solenoid
currents. Thus, their shift is overestimated compared to what
is expected from IS of parent transitions. This circumstance
dictates the need to detect radiation at low absorbing

7 1t was also possible to increase concentration of excited impurity atoms
compared to the concentration in the ground state due to optical buffer
isotope pumping [20].
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transitions between highly excited low-populated levels,
where the result is determined by the average magnetic
field, using IR filters for this. Initially, the magnetic field
coupling coefficient with the discharge current was set for
its maximum at the solenoid center. The axes of magnetic
field intensities in the figures of our publications are plotted
on this scale. But in the numerical approximation of the
diagrams, based on the data of the article [5], with IR
filters, a correcting scaling factor k, for transition from the
maximum magnetic field to the average one, equal to 0.954,
was used.

In terms of averaging magnetic field nonuniformities,
experiments with absorption of monochromatic laser radi-
ation should have given a result, that does not depend on
line reabsorption. Such an experiment was set up in the
article [11] at the 3s—2p; transition in order to refine IS of
the neon ground state. This is the case when there were
no issues with resonance identification, and measurement
accuracy needed to be improved, so special attention was
paid to the magnetic field calibration. The experiments
are notable in that in addition to OMFCRs recorded in
the visible spectrum range, OMFCRs were observed and
identified in the IR spectrum range. Comparison of their
shifts in the magnetic field scale with the IS of their
parent transitions led to a value of 0.955, close to the
calculated one, and indicated a uniform spatial distribution
of the OMFCR amplitudes generated by IR transitions.
At the same time, the correction factor for shifting the
Doppler contours at the 3s—2p4 transition, determined
in additional experiments, was estimated at 1.01 £ 0.02.
This fact indicated that the central part of the positive
discharge column, which was previously considered to
be homogeneous, provides predominant contribution to
the signal. This unusual phenomenon is associated with
saturation of transitions with the field of the discharge’s
intrinsic radiation, which increases level population and
OMFCR amplitude in the central part of the cell with the
discharge. It was later discussed in more detail in [21].

Results of numerical analysis of
experiments

The main physical interest in the OMFCR characteristics
is their widths Gs. They make it possible to estimate
the residence time of isotope atom pairs in superposition
states determined by the presence of interfering QSFs in
their overlapping near zones. To do this, it is necessary
to know the g-level factors and the wavelengths of the
parent transitions. In 2014 we presented the first results on
IR identification in a mixture of neon isotopes [8], where
we appealed to the published ISs of neon lines. Then,
thanks to a specific difference form, it was possible to
identify the IR resonance of OMFCR-350, generated by the
3p1—2s; transition, (Fig. 5, 6 in [8]). In this article, by
applying numerical processing of the experimental results
and estimating the unknown IS levels following from the
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known IS lines, we succeeded in refining the position and
widths of several more resonances, determining transitions
claiming to generate them, and detecting the sign inversion
of some of them.

The results of the presented experiments are shown in
Fig. 1-5. In Fig. 1, the blue circles mark the contours
with the amplitude sign corresponding to the positive IS
of transitions, and the red circles — corresponding to the
negative IS. The presence of IRs of different signs might be
surprising if it had not already been shown earlier in [11]
that when the IS transition sign changes, the resonances
change sign too. Another surprising thing is why, among
the published neon lines? ISs, a negative IS was found only
for the 2s,—'S, line?

In experiment 1 (Fig. 1), OMFCR-90, centered on a
magnetic field of 91.8 Oe with a width of Gs = 9.88 Oe,
is adjacent to IR of similar amplitude, but with opposite
sign centered on 1100e with width of 8.10e. Then,
resonances of the opposite sign will be denoted by the
negative sign of the OMFCR-(—110) magnetic field. The
OMFCR parameters and assumed parent transitions are
displayed in Table 1. Table 2 summarizes the expected
ISs of levels with J =0, 1 (numbers in brackets) that can
generate IRs obtained by extrapolating the known ISs of
highly excited levels to their zero values at the ionization
thresholds. Bold text indicates the values obtained from the
literature or during IR identification.

OMEFCR data-90 of experiment 1 are given in the first line
of Table 1. It is generated by the 4ds—3p; transition with
wavelength of 2.8 um and an oscillator force of f = 0.22.
Identification reliability is determined by the fact that the
ISs of the states 4ds (106.86 MHz) and 3p; (285.6 MHz)
are calculated based on the published data on the lines?

600

400

200

Derivative, rel. units
=
T

-400

—600

—400

1 L 1 L 1 L 1
-200 0 200 400
H, Oe

Figure 1. Experiment 1. OMFCRs, centered on 90, 110, 200
and 280 Oe. Neon-20, p < 0.1Torr, i = 29mA, deviation 26 Gs,
IRLF LF-1, 22 scan region passes. The blue circles indicate
OMFCR corresponding to positive IS, and the red circles —
corresponding to negative IS. Horizontal curve — deviations of
the experimental diagram from the model curve increased by a
factor of 10 (,,residuals™).
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Table 1. OMFCR identification
Ne | OMFCR | experiment | H;, | Amplitude | ks | Kk, | Gs, Parent IS, A, |g-fact-| gG, | T, T, f
Oe Gs | Oe | transition | Oe pum tor Oe ns ns
1 2 3 4 5 6 7 8 9 10 11 12 13 14 16
1 1 90 91.76 -1.1 142 3 | 988 | 4ds—3p; | 91.8 28 | 1.391 |13.74| 165 | 34 | 022
2 3,a 1348 18.75 | 12.08
3 1 —110 —110 0.695 1 3 | 810 | 5ds—4ps | —110 | 6.17 | 1.383 | 11.2 | 20.26 | 49.8
4 3,a 1.156 1.6 |3.22| 945 13.07 | 17.34
5 3,b 0.147 12213.06| 82 11.34 | 20.00
6 1 —200 —198.9 0.51 1 3 | 789 | 5s)’—4p; | —187 | 585 | 0.809 | 644 | 352 | 96.6
7 5 —184 04 1 3 | 134 | 5dh,—4ps | —188 | 6.06 | 0.791 | 10.06 | 214 | 34.7
8 1 280 276.4 —0.94 1 3 | 1774 | 3p—2ss | 277 | 231 | 1.397 | 2478 | 457 | 114 | 05
9 2 276 —0.37 10.5| 15.58 2713 | 1042
10 4 276.2 —2.34 6.87 | 10.76 15.03 | 15.08
11 2 130 1293 —1.64 |1.08|10.5| 825 | 5ps—4s; | 130 |11.38| 0.699 | 5.77 | 39.3 | 150
11.0 7.69 | 29.5
12 5 129.6 —025 1.03]| 36 | 85 594 |38.18
13 2 50 50.7 043 1.1 | 10.5] 455
14 2 250 239 —0.24 |166| 10 | 526 |3ds—2pio| 250 | 0.75 | 1.984 | 1043|2172 | 184 | 0.14
7.46 148 | 154
15 4 250 255 -0.73 1 3 | 646 1281 | 17.7
—0.51 9.15 18.85 | 12.04
16 3,a -10 —11.3 0.39 1.02| 3 | 237 | 55,—5p | —11.3|1576| 1.315 | 3.12 | 72.8
17 3,b —17.56 033 1.00 | 2.85| 2.14 -7.6 2.81 | 80.8
18 [10] 1330 1330 —1.69 15| 3 11 | 2s4—'Sy | 1330 | 0.063 | 1.276 | 6.38 | 164 | 10.07 | 0.012
—1.37 2.6 21 14.04 | 846

Note. T — parent transition high level lifetime 23], f — parent transition degenerate level oscillator force [23].

ISs. The OMFCR-90 resonance also manifested itself in
experiment 3 (Fig. 3,a) with width equal to 13.48 Oe
(Table 1, line 2). Based on the widths, the interference
time Ty was determined as (16.5—12.08) ns (Table 1). In
this case, the value of 12.08 ns is in better agreement with
the dependence of the interference time of the isotope pair
fields on the transition wavelength (curve I, Fig. 6).

The 5ds—4p; transition with wavelength of 6.17 um
(Table 1, lines 3—5) is selected as a transition generating
OMFCR-(-110).  The unknown IS of level 4p; was
extrapolated from IS of levels 4pgg obtained from IS
of transitions to levels 3ss and 3s; as 30MHz, and
the unknown IS of level 5ds was determined based on
the OMFCR-(—110) shift recorded in this experiment as
243.04MHz (g(5ds) = 1.383). At the same time, it
turned out to be close to the values of (238—242) MHz
of levels 5d,, 5d;”, 55,”” from the article [22], if an
error in the IS sign of the transition lines from these
levels to the levels 4p;6.5, which are actually negative, is
fixed in this article. The remaining 16 IR lines of this
article were measured correctly, so finding the error and
identifying its cause was not easy. As a result, lifetime of

the superposition state of an isotopic pair at wavelength of
6.17 um turned out to be equal to 20.26 ns. That is, as in
reason, with a value greater than a value at the transition
with wavelength of 2.8 um. The same OMFCR-(—110)
appeared in experiment 3 with width of 9.450e, which
leads to Ty = 17.34ns (Fig. 3,a, Table 1, line 4), and
with width of 820e and Ty = 20ns (Fig. 3, ,b, table 1,
line 5). A candidate for generation of OMFCR-(—200)
with shift —198.9Oe (Table 1, lines 6,7) is a transition
5s1’—4p; with wavelength of 5.85um. Here, if we set IS
of level 4p; equal to 30 MHz, as above, then with IS of
level 5s;’ equal to 242 MHz (close to IS of levels 5d-),
the OMFCR shift at g(5s;’) =0.809 is expected to be
close to (—187Gs). But at the same time Ty = 35.2ns,
which is excessive when compared with the curve 7 in
Fig. 6. Therefore, the data obtained for the resonance
width (7.890e¢) and the time Ty can not be considered
acceptable, despite the admissibility of such an identification.
A similar situation occurred with OMFCR-(—200), as well
as with experiments 2 (Fig. 2) and 4 (Fig. 4) (not reflected
in Table 1), also narrowed. It cannot be ruled out that
the reason for data distortion over width of OMFCR-(200)
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Table 2. Estimates of the IS of neon levels that form
OMFCR (MHz)
s-levels d-levels p-levels
2s4(1) 851.0 3ds(0) 483.63 | 3pio(1) 350
2s,(1)  818.73 3ds(1) 500.0 3ps(1) 350
25;(0)  798.34 3d,(1) 514.20 3ps3(0) 285.6
3s4(1)  261.63 | 3s,'(1)  398.58 3ps(1) 255.2
3s,(1) 172.73 4ds(0) 101.47 3p(1) 256.4
3s;(0)  147.33 4ds(1) 106.86 3pi(0) 222.6
4s4(1) 102.90 4d,(1) 12543 | 4pio(1) 30
4s,(1) 103.77 | 4s/'(1) 29.53 4p7(1) 30
4s3(0)  137.57 5ds(0) 223.68 4p3(0) 30
5s4(1) 674 5ds(1) 243.04 4ps(1) 30
5s,(1) 24.4 5d,(1) 237.90 42 (1) 30
5s3(0) 30 551'(1)  241.80 4p1(0) 30
6s4(1) 10 6ds(1) 100 5pio(1) 20
6s2(1) 10 6ds(1) 100 5p7(1) 20
6s3(0) 10 6s1'(1) 75 5p3(0) 10
5ps(1) 10
5p1(0) 10
6 Pio ( 1 ) 5
6 P1 (0) 5

Note. Numbers in brackets are total angular momentum of the level.

may be IR with the opposite sign with a close shift that
is not taken into account by the model. This OMFCR can
be generated by the 3p;—3d, transition with wavelength of
5.67 um, g(3d,) = 1.356 and the expected shift of 190 Gs.
The addition of two resonances with different signs can
be the cause of sharpening of the narrower one. In this
case (at close wavelengths) — a level with a smaller Lande
factor, i.e. OMFCR-(—200). And only experiment 5 (Fig. 5,
Table 1, line 7) with isolated OMFCR-(—200) and increased
accumulation time showed more acceptable results both
in terms of shift (—188Gs), and width (11.7—13.4) Oe.
As a result, the 5d,—4p; transition with wavelength of
6.06 um, and Ty = 21.4 ,ns over the width upper limit is
adopted as a parent transition. In this case, IS of level 5d,
was determined to be 237.9 MHz based on the results of
measuring IS of the 5d,—4p; transition in [22].

The 3p,—2s; transition with wavelength of 2.31um
was considered as a parent of OMFCR-280, the widest
resonance of experiment 1 (Table 1, lines 8§—10). In
this case, IS of level 3p, is known exactly based on
IS measurements of neon lines (256.43 MHz), and IS of
level 2s3, equal to 798 MHz, is determined based on the
data of these measurements, which is in good agreement
with the experimental estimates of IS of other levels
2s-. However, large width of OMFCR (17.74 Oe) may
indicate the contribution of other transitions with shorter
wavelengths, centered in close magnetic fields. Taking into
account low contrast of OMFCR-280, there is no point in
trying to resolve its structure in experiment 1 by numerical
methods. However, it manifested itself - differently in other
experiments, in particular, in experiment 2 (Table 1, line 9,
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Figure 2. Experiment 2. I — OMFCRs, centered on 50,

130, 200, 240 and 2800e. Neon-20, p ~ 0.1Torr, i = 30mA,
deviation 12Gs, IRLF LF-7, 3 passes. 2 — deviations of the
experimental diagram from the model curve increased by a factor
of 10 (,residuals®).

Fig. 2) and in experiment 4 (Table 1, line 10, Fig. 4).
Numerical analysis made it possible to extract OMFCR-250
from its structure, which led to narrowing of OMFCR-280
in experiment 4 (Table 1, line 10) and corresponded to the
value of T = 15.08 ns, which was used for correction in
Fig. 6. Visually invisible IR near 400 Oe finalizes the IR list
of experiment 1, it is successfully contrasted in Fig. 6 of the
article [8]. Here, the use of coefficients correcting the scale
of the abscissa scale made it possible to estimate its shift as
~ 3800e?

Numerical analysis of experiment 2 (Fig. 2) identified
new IRs in the vicinity of 130, 50 and 250 Oe (Table 1,
lines 11, 13, 14). The OMFCR-130 shift was 129.3 Oe
at width of Gs = (8.25—11.0) Oe. The 5ps—4s; transition
with wavelength of 11.38 um was identified as a parent.
There are no measured lines? ISs in the literature that
would include levels 5p, so we had to focus on ISs of
levels 4p (30 MHz) confirmed above. Taking into account
ISs of levels np tending to zero as their energy decreases,
we adopted IS of level 5ps to be less than 30 MHz (equal
to 10 MHz). Then, using the resulting shift of OMFCR -130
and g(5ps) = 0.699, we calculated IS(4s3) = 137.57 MHz.

Based on the spread of OMFCR widths -130 (8.25-
11.0) Oe, the transition time Ty 5ps—4s; was determined
to be (39.3—29.5) ns with the value of 39.3 ns closer to the
diagram [ in Fig. 6. OMFCR-130 also manifested itself
in experiment 4 with width scatter from 7 to 9.20Oe, and
in experiment 5 with width scatter from 8.17 to 8.76 Oe
(Table 1, line 12). The latter is made with a signal
accumulation time that is longer compared to the previous

8 However, it was not possible to find candidates for generation of this
OMFCR. Perhaps this is a faint transition between ,hatched“ and ,non-
hatched” neon levels.
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choice of IS(3dg) = 483.6 MHz, close to the known IS of
other levels 3d- acts as a parent transition, providing max-
imum width of 9.150e and T,y = 12.04ns in accordance
with the curve / in Fig. 6.

The next experiment 3 (lines 16,17), carried out under
close conditions for pressure and discharge current, but with
different spectral filtering of radiation, identified OMFCR
near 100e. When using an IRLF light filter (LF)-7, the
curve was similar to the curve in Fig. 2 in terms of the shape
of the wide structure near the magnetic field zero. However,
when setting SF 725nm, it changed to a narrower
one and of a different sign. Pumping of the mixture
supplemented the experiment with a structure near 100 Oe
(Fig. 3,a), similar to a dispersion contour, copying the same
pair structure of the diagram of experiment 1. Therefore,
there is no doubt that these resonances are generated by

400 -
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Figure 3. Experiment 3. LF 725 nm, neon-20, p < 0.1 Torr,
i =29 mA. Horizontal curve — deviations of the experimental
diagram from the model curve (,residuals). a) OMFCRs,
centered on 10, 90, 110, 200 Oe, deviation 17Gs, 16 passes;
b) OMFCRs, centered on 10, 110 and 200 Oe, deviation 10 Gs,
28 passes.

ones (16 passes versus three and five), so its Ty = 38.18 ns
was also used to correct the curve / in Fig. 6.

Numerical analysis of the low-contrast OMFCR-50 (Ta-
ble 1, line 13) determined its shift to be 50 Oe. In this case,
it was also possible to approximate the negative OMFCR
with other shift parameters, which calls reliability of the
experimentally registered OMFCR-50 and its identification
into question. Here, measurements are needed under other
conditions, with a large IR contrast and with a smaller
scanning step.

As a results of numerical analysis of experiment 2, within
the wide structure of OMFCR-280, hidden OMFCR-250
was identified, centered on 233—239 Oe with width of
(5.26—7.46) ,Oc (Table 1, line 14). Tt also appeared in
experiment 4 at 248—260 Oe with width of (6.46—9.15) Oe
(Table 1, line 15). The 3ds—2po transition with wavelength
of 0.75um with a known IS(2pjo) = 1178 MHz and the

=500
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Figure 4. Experiment 4. OMFCRs, centered on 50, 130, 200,
250 Oe. Neon-20, p ~ 0.1 Torr, i = 30mA, deviation 12 Gs, IRLF
LF-7, 5 passes.
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Figure 5. Experiment 5. OMFCRs, centered on 50, 130, 200 Oe.
Neon-20, p ~ 0.1 Torr, i = 27.6 mA, deviation 11 Gs, IRLF LF-7,
16 passes. Horizontal curve — deviations of the experimental
diagram from the model curve (,,residuals™).
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IR transitions between the same levels. However, these
experiments were carried out without an IR light filter, so
it cannot be guaranteed that the radiation of low absorbing
transitions is also recorded with an interference light filter,
and, indeed, it is possible to adopt the scale correction
factor for the magnetic scale km corresponding to the
average magnetic field (0.954). In this case, it is possible
to determine kmy, using the resonance shifts recorded in
experiment 1 as a reference value. Specifically, the shift
of the more contrast OMFCR-90 was used. The obtained
values of the parameter km ~ 0.96 turned out to be only
slightly larger than those obtained with IR filters. It -appears
that this is due to the fact that of the five lines that fall into
the LF-725 bandwidth, two lines from levels 2p to levels
1s;2} and 1s4 are so strongly absorbing that the signal is
determined only by three weak transitions, for which the
cell is transparent and the magnetic field is close to average.
The results of OMFCR approximation of this experiment are
shown in Fig. 3,a and in Table 1 (line 16). The shift of the
new IR was determined to be 11.30e ¢ Gg = 2.37 Oe. The
5s,—5p; transition with 4 = 15.76 um, with estimate of
IS(5s;) = 30.26 MHz, set at IS(5p;) = 10 MHz expected
for levels p- acts as a parent transition. In this case, the value
Tt = 72.8 ns was obtained, which is the maximum value
for the empirical dependence of T, on the wavelength.

In addition, in this series there was an experiment
where only a narrow OMFCR near H =0 was visually
visible. However, due to the longer signal accumulation time
(28 passes instead of 16), numerical processing identified
the presence of two more IRs in it — OMFCRO-(—110)
and OMFCR- (—200). The difference of this experiment
is also in smaller deviation of the magnetic field (10Gs
instead of 17 Gs), which makes it possible to estimate
the contribution of the deviation to the OMFCR-(—10)
width. Therefore, its analysis was also carried out using
the shift of OMFCR-(—110) determined in experiment 1

D [}
=) (=)

N
[e]

The lifetime
of a superposition couple, ns

[\
S
T

O L I I TR IS T I T— | | I T I T— |
0o 2 4 6 8 10 12 14 16 18
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Figure 6. Dependence of the interference duration of isotope
pair atoms on the transition wavelength: 1 is an experimental
dependence described by the function Ty = 13.144 + 0.0461>%%%;
2—5 — times of isotope atom scattering to a distance 1 in the
direction orthogonal to the pair axis due to multidirectional atoms
motion with velocities (M), 1/3(\M), 1/5(\) respectively.
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as a reference. In this case, two approaches were used:
with scale calibration based on the results of experiment 3,
Fig. 3,a (according to OMFCR-90), and according to
OMFCR-(—110). The results turned out to be close and
are shown in Fig. 3,b (Table 1, line 17). At the same
time, the parameters ki and Kk increased (0.988 and 0.999),
and this affected shift and width of OMFCR-(—10). The
main difference from the results in Fig. 3,a is that the
OMFCR-(—10) shift turned out to be somewhat smaller
(7.6 Oe), but still within the expected shift when correcting
IS (5s;) = 30MHz to 24 MHz, and the width of interest
was determined to be 2.14 Oe versus 2.37Oe (Fig. 3, a).
This leads to some increase in T, = 80.8 ns, but it does not
fundamentally affect the course of the curve I in Fig. 6.°

Thus, the experimental curve / in Fig. 6, as well as the
data on the IS of highly excited neon levels, obtained as a
result of identification of the presented OMFCRs, will be
useful in further studies of IR generated by IR transitions.
Their refinement will help to identify new OMFCRs and
clarify the dynamics of spectroscopic transitions in the
analysis of the fields of the atomic radiation near zone.

Finally, for comparison with Ty transitions in the UV
spectrum region, the curve 7/ in Fig. 6 contains the
results of approximation of the quadrature OMFCR-1330
(Table 1, line 18) generated by the 2s4—'S transition with
wavelength of 63nm from the article [10] (the points at
y-axis). They, like the entire curve I, do not show drive
towards the y-axis zero, which is due to the shortening of
the existence time of QSF of atoms with an increase in the
transition rate.

Discussion of results

One of the results of the article was the discovery
of IRs with the amplitudes’ sign opposite to those

of the OMFCRs, generated by transitions in the
visible spectrum range. Negative ISs were found
in three IR transitions: 5s1’—4p; (A =5.85um,
IS = —211.8 MHz, H, = —187Gs), 5ds—4p;
(A =6.17um, IS = —213.04 MHz, H = —110Gs),
55,—5p; (A = 15.76 um, IS = —24.36 MHz,
H, = —7.8Gs). In addition, it was found that among

the IR transitions measured in the article [22], there
are three more transitions with negative ISs.  These
are the 5d,—4p; (2 =5.3264um, IS = —207.9 MHz),
5d;"—4ps (A =5.3258um, IS=-207.9MHz) and
581" —4ps (A =5.17um, IS = —211.8 MHz) transitions,
whose ISs were erroneously identified as positive. These
transitions do not have a nondegenerate level and cannot
generate OMFCR, but they made it possible to refine the
extrapolation estimates for IS of highly excited d-levels.

9 Width of OMFCR-(—110), in this isolated experiment, was determined
to be 8.20e, which leads to the value Tj = 20.0ns (Table 1, line 5),
consistent with the curve / Fig. 6. And for OMFCR-(—200), the width was
determined to be narrower (11.50e¢) compared to experiment 5, Table 1,
line 7 (13.40e), which is typical for this resonance (see above).
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The results show that identification of OMRFCs gen-
erated by IR transitions, despite the lack of experimental
data on the parameters of highly excited levels, is possible.
This is helped by extrapolation of experimental data on the
levels? IS to more highly excited ones.

An important result of the article was building of an
empirical dependence of the interference time of the
coherently clumped isotope pair?s fields (the lifetime of pair
coherence) on the transition wavelength, represented by the
curve [ in Fig. 6. This makes it possible to use not only their
shifts in the magnetic field scale, but also a comparison of
their widths with the expected widths set by the transition
wavelength when identifying OMRFCs. This is the practical
utility of the diagram in terms of OMRFC identification. But
there is still a question: what physical information about the
superposition state of a coherently bound atoms pair this
dependence displays, and to what extent it is subject to
distortion in a moving atoms.

Even in the Dikke?s article [14] it was shown that
interatomic quantum correlations of spatially close excited
stationary atoms can lead not only to the acceleration of
their joint decomposition, which he called superradiation,
but also to its deceleration, later called subradiation. It
was noted in the article [13] that correlations can be of
both quantum and classical character. Being paraphrased
into ,the classical® processes in the generalized near zone,
superradiation corresponds to the in-phase synchronization
of the dipolar charge motion. In this case, the charges
add up, the total current of the dipole pair and radiation
velocity increase, and the time Ty decreases. Subradiation
corresponds to antiphase synchronization of charge motion,
when the charges are subtracted, the total current and
radiation velocity decrease, and the time T, must increase.
In the case of quadrature synchronization with phase shift
/2, which we are studying, the total oscillating charge and
current of dipoles do not change, and the time Tiy in the
limit is equal to the time during which a single atom is
in the superposition state of transition between stationary
states. In fact, it is, of course, less, since it is determined
by the time of co-existence of the fields of two such atoms,
which differs from pair to pair due to different delay of the
forced field relative to the forcing one.

In addition, the course of this curve is also determined by
the dependence of the isotopes? near zone overlap time on
the relative velocities of the pair?s atoms. It was necessary
to find out what finally determines the duration of field
interference: the lifetime of the superposition state Ty or
duration of near zone overlapping due to the motion of the
pair’s atoms. There are two mechanisms of motion influence
here.

In the first case, we are talking about velocity projections
lying in a plane orthogonal to the magnetic field and
providing a Doppler shift kAv, which compensates for
detuning of the magnetic field from the resonance center:

kAv = ugg(|H| — H,), (10)

when passing to velocities
Av = pgg(|H| — H)2/2m. (11)

It can be seen from (11) that run of a distance 1 equal
to the region corresponding to the maximum amplitudes of
isotopes? QSF takes time At, which does not depend on A:

At = 2/Av = 27/ [usg(JH] — H ). (12)

With detuning to the width Gs of OMFCR resonances
introduced in (8) and associated with Ty by the relation
Gs = 1/(4mugQmTint), we obtain, for ug = 1.404 MHz/Gs,
the estimate (in ns)

At = 637.2/(gmGs), (13)

that is 2.8 times higher than Ty following from (9).
Therefore, the time of crossing the isotopes? near zones
can not serve as a factor limiting Ty from above.

The second situation is implemented when considering
atom velocities projections directed orthogonally to the line
connecting the atoms of an isotopic pair, i.e., along the
magnetic field. Here, the isotope atoms relative velocity
is determined by their thermal velocity, which can exceed
the value given by (11), and there is no direct dependence
on the magnetic field intensity. However, wavelength is
included as a measure of the slope of the line connecting
the isotope atoms with respect to the plane orthogonal to the
magnetic field direction and its elongation. Therefore, here
we can expect the action of the difference in the isotopes?
transverse velocities, limiting Tiy. But At ~ 1/V;, and this
is a linear function of wavelength, inversely proportional to
the square root of gas temperature.

At the pair?s isotope velocities (Vi) ~ 0.5-10° cm/s,
equal to the average velocity of neon gas atoms under
normal conditions, but oppositely directed, At is represented
in Fig. 6 by the curve 2. This curve is below the curve I.
With such a large relative difference in the isotopes?
transverse velocities, the formation of coherent pairs with
large times Tiy, shown by the curve 7 in Fig. 6, is impossible.
Such a possibility appears for pairs with a lower isotopes?
transverse velocity. In Fig. 6, curve 3 corresponds to velocity
by 3 times less, and curve 5 — by five times less than that
for curve 2. But when At tends to zero with decreasing A
intersects the curve I, this should lead to decrease in Ty on
this segment of the absciss scale, whereas experimentally, a
stationary value of ~ 13.5ns is observed.

It was discussed above that growth of Ty can be inter-
preted as the transition of an isotope pair to a subradiative
state with slowdown in atoms radiation decomposition, but
this is surprising, since here we are studying OMFCR
with quadrature synchronization of oscillations, therefore, a
decrease in total charge and current of dipoles at antiphase
synchronization, leading to the subradiation effect, should
be absent. In addition, antiphase synchronization cannot be
ensured with the help of near-field radiation QSFs, for which
there is no delay effect, which promotes in-phase synchro-
nization and prevents antiphase synchronization. Therefore,
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it becomes necessary to involve the wave fields of the
emerging photon, which, until energy accumulation Aw are
also essentially reactive fields, since they are not capable of
energy transfer, but can provide oscillation synchronization.
However, in the case of quadrature OMFCRs, the 77/2 phase
shift is due to the initialization of the stimulated emission
of the isotopic partner and does not depend on the distance
between them. In all cases, the OMFCR quadrature form
(peak in the derivative) will be recorded. But in the case
of antiphase synchronization, the derivative should have a
dispersion-like form [10], which is not observed.

This indicates the presence of an effect whose nature
is unclear. There is an assumption that tending of the
curve I to a nonzero limit with shortening of wavelength is
not associated with subradiation, but is due to lengthening
of the time of non-coherent response of the surrounding
excited atoms to the coherent pair interference field. ILe.
deactivation of nearby excited atoms, which grows with an
increase in the transition probability in proportion to the
frequency cube and extended in time due to the successive
connection of more and more atom layers to the process.
This time is determined by the rate of deactivation process
propagation, which depends on the transition probability,
wavelength, and cell size.

Nonlinearity of increase in the superposition pair lifetime
with increase in wavelength, which should acquire a linear
character above certain wavelengths, also bepuzzles. It
is possible that these wavelengths were not reached in
these experiments. And to reduce the nonlinear response
duration, the concentration of excited atoms or cell diameter
should be reduced, which, of course, will reduce the IR
amplitude. To clarify these possibilities, development of a
theoretical process model and additional experiments with
OMFCRs generated by both IR and UV transitions are
required.

Conclusion

Thus, the results obtained laid the foundation for identi-
fication of new IRs using the experimental dependence of
the quadrature OMFCR widths on the wavelength of the
transitions that generate them, but at the same time raised
questions about the reasons for its formation.

It was found in the article that the residence time of
the superposition state reaches a plateau in the region of
short wavelengths with time much longer than expected
one for high transition frequencies. This was associated
with an increase in the duration of the medium response
to the isotope pair interference field. The probability of
deactivation of the surrounding excited atoms increases
cubically with an increase in the transition rate, and depends
on the concentration of excited atoms and the cell size.
But what can be the reason for the large times Ty in the
region of long-wavelength IR-transitions? Here both the
frequencies are low and the population of highly excited
levels is small. In this regard, the following questions arise.

Optics and Spectroscopy, 2022, Vol. 130, No. 2

What determines the experimentally measured finite
times Ty for a isotope pair to stay in a coherently bound
state, from which follows the finiteness of the times for atom
transition from one stationary state to another?

To what extent can they be related to the extended
rather than step-like nature of atomic transitions predicted
by Heisenberg?'®

What role do the reactive fields of the atom radiation near
zone play in identification of this extension?

These issues are beyond the scope of this article and will
be discussed later.
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