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Effect of rotation of the polarization plane of free induction decay in magnetic field is observed. Experi-
ments were performed using short pulse of terahertz Free Electron Laser in the region of pure rotation
transitions of NO molecule. Rotation of polarization was observed in real time using ultra-fast Schottky
diode detectors. Angle of rotation depends on time after the laser pulse and exceeds 180° in field <1 kG.

Observed effect could be used in time-domain spectroscopy for the selection of the free induction decay

of paramagnetic species.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

When a short optical pulse creates a coherent superposition
of two energy levels, this nonstationary state emits radiation that
continues as long as phase coherence exists. This effect is the well-
known optical free induction decay - FID [1]. If the optical pulse
excites many absorption lines, FID becomes more diverse due to
the interference of many emitters [2]. The FID signal contains com-
plete information about the spectrum of the absorbing medium.
Magnetic field can affect the FID signal in two ways. First, because
of the Zeeman splitting of the absorption lines, the number of differ-
ent emitter increases. This should cause an additional modulation
of the FID. Such modulation of the FID in external electric field
was observed in [3]. And second, magnetic field can change the
polarization of the FID.

Alongitudinal magnetic field can rotate the polarization plane of
the FID. The physical nature for this rotation is that the absorption
lines for right- and left-hand circular polarization become different.
A similar effect was observed in experiments with photon echo
[4] that was called ‘non-Faraday rotation’. It was shown that the
rotation angle of photon echo increases with time after the excit-
ing pulse. Photon echo and FID are closely related effects. Simply
speaking, the photon echo is the FID which cannot be observed
directly due to inhomogeneous broadening and which therefore
requires special techniques [5]. Based on this, one can expect a sim-
ilar dependence of the rotation angle of the FID on time. Therefore,
for long-duration FID signals [6] the rotation angle can be large.
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The effect of rotation of the polarization plane in longitudi-
nal magnetic field is often used to isolate lines of paramagnetic
molecules from the non-magnetic component. Faraday rotation
spectroscopy based on cw-lasers is often used for the sensitive and
selective detection of paramagnetic molecules or radicals in the gas
phase [7]. It utilizes the fact that the absorption frequency of radi-
cals is tunable with an external magnetic field and optical circular
dichroism arises in the longitudinal magnetic field. Most often this
technique is used in the mid-IR range of vibration-rotation spectra
to detect such molecules as NO [7-12], NO, [13-15] CoH [16], OH
[17,18]. Also it was used in the range of electronic transitions for
0, [19,20] and NO, [21] detection and in the pure rotation spectra
of OH and NO [22].

All studies with cw-lasers use the influence of the external mag-
netic field on molecular spectra in the frequency domain. In this
letter we report the first experimental observation of the effect of
rotation of the plane of FID polarization in the magnetic field that
should be regarded as the influence on molecular spectrain the time
domain. It should be stressed that in contrast with conventional
Faraday effect, which is typically very small, the rotation of polar-
ization of the FID is large. In our experiments the angle of rotation
reaches 180° in magnetic field <1 kG. Therefore the observed effect
is a promising approach in time-domain spectroscopy to isolate the
spectra of paramagnetic species.

2. Experimental

Experiments were performed on Novosibirsk Free Electron Laser
(NovoFEL) [23]. This laser is continuously tunable in the range
45-88 cm~! with a spectral width of 0.2 cm~!. It emits a sequence of
pulses atrepetition frequency of 5.6 MHz with the energy of 5-20 ]
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and duration of 100-150 ps. The laser beam is linearly polarized;
polarization is horizontal. The laser radiation passed through the
gas sample in the magnetic field to the detector. Self-made ultra-
fast Schottky diode detectors with the resolution <30 ps were used
[24]. Signals were accumulated by a 30 GHz LeCroy digital oscillo-
scope. Before entering the sample, a small fraction of the laser beam
was reflected by a flat 30 um polypropylene film to the second
Schottky diode detector, which was used to trigger the oscilloscope.

The sample was in the cylindrical gas cell 35cm long, 4cm
in diameter, fitted with polypropylene windows. The cell was
mounted inside the solenoid. The magnetic field was varied within
0-720G. The magnetic field inhomogeneity along the cell was
+20%.

The polarizer was placed after the gas cell in order to monitor
with the detector only vertical polarization. The polarizer attenu-
ates horizontal polarization on the detector by a factor of 300-500
and completely blocks the FID signal in the absence of the magnetic
field. In the magnetic field, the polarization of the FID depends on
time, and the vertical polarization of the FID could be observed. A
short incident laser pulse partially reached the detector and formed
some spurious signal. This signal was accumulated separately with
an empty cell and subtracted from the experimental signals.

3. Numerical simulation

Before starting a detailed description of the calculations, we will
make a qualitative picture of the non-Faraday rotation of the FID.
Let’s imagine a single absorption line corresponding to the transi-
tion between the states with J and J+ 1. Short laser pulse creates
a superposition of these lower and upper states and this nonsta-
tionary state emits FID radiation as long as the phase coherence
exists. If polarization of the laser pulse is linear, polarization of
the FID is linear too. In a longitudinal magnetic field absorption
line splits into two components o* and o~ corresponding to transi-
tions AM;=1 and AM;=—1. The linearly polarized laser pulses can
be presented as a superposition of two pulses with the right-hand
circular and left-hand circular polarization. The right-hand circu-
lar polarized pulse creates a superposition of the lower and upper
states according to AM;=1 selection rule and the left-hand cir-
cular polarized pulse according to AM;=—1. These superpositions
emit right-hand circular polarized FID and left-hand circular polar-
ized FID with slightly different frequencies due to Zeeman splitting.
After combination of two circular polarized waves with slightly dif-
ferent frequencies we will get linear polarized wave which plane
of polarization depends on time.

These qualitative considerations mean that in a longitudinal
magnetic field we expect rotation of the polarization plane of the
FID. The speed of rotation corresponds to the Zeeman splitting and
for a long-lived FID signal, the angle can be big. The rotation angle
of the FID depends only on spectroscopic parameters of individual
molecule in contrast with ordinary Faraday effect, where rotation
angle depends on molecule concentration.

The numerical simulation mostly follow the described qualita-
tive scheme. The difference is that even in the absence of a magnetic
field, we are dealing with the splitted absorption line. Another
complication arises from the large number o* and o~ components
because of different sensitivity to magnetic field of lower and upper
states.

All the experiments were made at the absorption lines of NO
that correspond to the transition J=18.5—J=19.5 in the ground
electronic state. Both lower and upper rotational states have two
spin-orbit components with €2 =3/2 and Q2 =1. Each component
has a small A-doublet splitting and hyperfine splitting. Hyperfine
splitting is <1 MHz and could be neglected in our experiments.

Therefore the rotation states are split into four components. The
frequencies of absorption lines [25] are listed in the Table 1.

The magnetic field causes the splitting of rotational levels by the
projection of the total angular momentum M;. In the small field,
splitting is linearly dependent on the magnetic field

AE:g]’QﬂH-Mj (1)

where g; o is g-factor of the rotational state of total moment J
and projection of electronic moment (2, B is Bohr magneton, H is
magnetic field. The values of g-factors were calculated using the
formulas from [26].

In the presence of the longitudinal magnetic field, selection rules
are AMj=+1. Signs ‘+' and ‘—’ correspond to the right-hand and
left-hand circular polarization (¢* and o~). According to (1), the
absorption line should split into 76 components in the magnetic
field: 38 with o* polarization and 38 with o~ polarization. The
splitting of lines €2 =3/2 and "2 =14 in the magnetic field of 720G
is shown in the upper part of Figure 1. The solid line in the figure
shows the total shape of absorption line arising due to collision
broadening. The width of the individual line was set 8 MHz, which
corresponds to the pressure of several Torr [27]. NO pressure in
experiments was varied within the range 2.5-10Torr, therefore
M; - structure of absorption lines was unresolved. The bottom
part of Figure 1 shows the total splitting of the absorption lines
of J=18.5 — J=19.5 transition into ¢* and o~ components. In both
cases Zeeman splitting is less than A-doubling. The spectral width
of the laser is 0.2 cm~!. Therefore the laser spectra can overlap four
lines near 65.17 cm~! or four lines near 66.80 cm~1.

Note that calculation predicts larger splitting of the I1;, term
than that of IT5,. This conclusion is somewhat unexpected, as the
states of the I1,, term are often considered magnetically insensi-
tive due to the compensation of spin and orbital magnetic moments
[28]. This is because for NO molecule the Hund'’s case a does not
work well for big values of J.

The next step in numerical simulation is calculation of the FID
signal depending on time F(t). Linearly polarized incident laser
pulse E(t) was presented as a superposition of right-hand and left-
hand circular polarized terms.

Ex(t)=ET(t)+E(¢)

Then the right-hand and left-hand circular polarized FID signals
were calculated separately. Calculation procedure is described in
[28]. In the calculations, the contributions of all 76 absorption lines
with AM=+1oralllineswith AM = —1 were taken into account. Asa
result of calculations, two complex functions F* (t) and F~ (t) were
obtained. These functions describe the amplitude and the phase of
right-hand and left-hand circular polarized waves. The total FID sig-
nal was obtained by summation of these circular polarized waves.
It can be shown that the following formula is valid for the intensity
of the FID polarized as the incident laser pulse:

I(t) = |FH(6) + F(0)° (2)

The similar formula for the intensity of the perpendicular polar-
ized FID is:

(3)

(O = [Fr0) - Fo)]’

And the angle of rotation of the polarization plane of FID can be
calculated using:

_Im(F*(t)" - F(t))
"~ Re(Ft(t)" - F~(1))’

where the asterisk denotes complex conjugation.

tg(2¢) (4)
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Table 1

Frequencies of the absorption lines of NO and g-factors of the corresponding rotation states. Letters ‘e’ and ‘f’ denote A-doublet components.

Line assignment Line positions

g Factor of the lower state g Factor of the upper state

2]71/2(19.5 < 18.5), 65.1661cm™! 0.025841 0.025537
2171/2(19.5 «— 18.5)f 65.1735cm™! 0.025841 0.025537
2[73/2(19.5 < 18.5), 66.7993 cm™! —0.0165262 —-0.0170329
2171/2(19.5 <« 18'5)f 66.8037cm™! —0.0165262 —0.0170329
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Figure 1. Splitting of the J=18.5 — J=19.5 absorption lines of NO in magnetic field 720 G. Bottom panels show total spectra. Letters ‘e’ and ‘f’ mark the position of A-doublet
components. Upper panels show splitting of individual lines in magnetic field. M;-structure is unresolved due to the collision broadening.

4. Experimental results

The signals observed for 21'13/2 states at 66.8cm~! are shown
in Figure 2. The upper panel shows FID signal in NO, recoded in
preliminary experiment without magnetic field and polarizer. The
oscillations of the FID signal correspond to A — doublet splitting of
absorption line 0.0044 cm~!. Numerical modeling of the FID (blue
dashed line) based on the data in Table 1 coincides exactly with the
experimental signal.

The lower panel shows the signals recorded after installing the
polarizer. Without magnetic field, the polarization of the FID is lin-
ear, and the polarizer after the sample completely blocks the signal.
In the magnetic field, the plane of FID polarization depends on time.
Immediately after the laser pulse, the FID polarization is the same
as laser polarization. With time after the pulse, polarization of the
FID rotates, and radiation comes to the detector.

The signals observed for another electronic state 211 2 are
shown in Figure 3. Like in the previous case, in the zero magnetic
field the polarizer completely blocks FID. In nonzero magnetic field
FID reaches the detector due to the rotation of the polarization
plane. The period of oscillations is shorter because A - doublet
splitting for this state is larger (0.0074cm™1).

Figure 4 shows the signals at 21'[1/2 state observed in different
magnetic field: 720 G and 360 G. The period of oscillations does not
depend on magnetic field, which confirms their origin from the A-
doublet splitting. The upper part of Figure 4 presents numerical
modeling of the FID using formula (3). For H=360G the simu-
lated and experimental signals are in good agreement. For H=720G
the agreement is good at t<12ns but at t>20ns the agreement

becomes poor, numerical calculation predicts the signal that was
not observed in experiment.

The speed of rotation of the FID polarization depends on mag-
netic field. This fact is clearly visible from the comparison of
experimental curves in Figure 4. The maximum of the experimen-
tal curve approximately corresponds to the moment when the
rotation angle is 90 degrees. In the field of 720G this happens in
8-10ns after the laser pulse, whereas in the field of 360G polar-
ization rotates slower and this moment comes in 13-15ns. Such
estimations from the peak position are very approximate because
they ignore the exponential decay of the FID over time. More accu-
rate values of the rotation angle can be obtained from simulation.
Figure 3 shows the polarization rotation angle of the FID, calculated
using formula (4) in the field of 720 G. Simulation shows that the
rotation angle reaches 180° at a time t = 18 ns. At this point, the sig-
nal should vanish, and upon further rotation reappear (the upper
part of Figure 4). In the experiment, the increase of the signal again
after 180° rotation could not be observed due to the high magnetic
field inhomogeneity along the length of the gas cell. At low mag-
netic field the rotation angle does not exceed 180° for the whole
time of signal decay.

In modeling the observed signals, we do not change any spec-
troscopic parameters except for the width of the absorption lines.
Under our experimental conditions, the width of the absorption
lines is determined by collision broadening. Broadening constants
for NO - NO collisions are available in [27] and are equal to 2.16 and
2.35 MHz/Torr for the lines at 65.17cm~! and 66.8 cm™~!, respec-
tively. To obtain agreement with the experimental signals, we had
to increase the value of the broadening constants significantly to
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Figure 4. Experimental signals at 65.17 cm™! for 21, state at different magnetic
0.0005 field. Lower part - experiment. Solid black line - H=720G, red dash line - H=360G.
Upper part — numerical simulation. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Figure 2. Experimental signals at 66.8 cm~! for 2[15, state. Upper panel - Prelimi-
nary measurements of the FID at zero magnetic field without polarizer. Lower panel
- FID signals at H=0, H=360 G and H=720 G recorded with polarizer. Blue dash line
- numerical modeling for both lower and upper panels. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Figure 3. Experimental signals at 65.17cm~! for 211y, state at H=0 and H=720.
Dash line shows the polarization rotation angle of the FID.

approximately 7-10 MHz/Torr. A possible explanation for this dif-
ference is that literature values are given in the absence of the
magnetic field. In the magnetic field, the absorption lines are spilt,
and broadening of the split components can occur in collisions that
do not lead to broadening of the nonsplit line.
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Figure 5. Experimental FID signals (solid black) for 2IT; , state at different pressures
of NO. Laser 66.8 cm~'. H=720G. Dash - blue lines - simulation. Width of the lines
10Torr - 70MHz; 5Torr - 45MHz; 2.5 Torr - 30 MHz. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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A qualitative picture of the effect of pressure on the observed
signal is shown in Figure 5. The dependence of the signal on time
is determined by two factors. The first factor is the rotation of the
plane of polarization, which increases linearly with time after the
pulse. Another factor is the exponential decay of the FID signal. At
high pressure the exponential decay is fast and only the initial part
of the signal is observed. At low pressure it is possible to observe
the later part of FID that has an advantage over the initial part due
to the larger rotation angle. Separate oscillations of the signal are
associated with A-doubling and their positions do not depend on
the magnetic field or gas pressure.

It will be useful to discuss the relationship of the observed effect
with the conventional Faraday effect. A characteristic feature of the
Faraday effect is an increase in the rotation angle with the concen-
tration of gas molecules. In contrast, the rotation of FID polarization
does not depend on concentration and is much bigger than Faraday
rotation. Therefore it is called ‘non-Faraday’ rotation [4]. To identify
the close connection between these two phenomena the input con-
tinuous wave can be presented as a sequence of short pulses. Each
short linearly polarized pulse after propagating through a medium
in the magnetic field will give a short pulse and a weak FID sig-
nal. The polarization of the short output pulse coincides with the
polarization of the input pulse, but FID polarization depends on
time. Averaging all of the output waves, will get continuous elec-
tromagnetic wave with a small angle of rotation of the polarization
plane that is equivalent to the ordinary Faraday effect. Moreover,
this small angle will increase with the concentration of molecules,
because the amplitude of the FID increases. This means that the
difference between conventional Faraday effect and ‘non-Faraday
rotation’ of the FID arises from the use of short pulses and real-time
monitoring.
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