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The results of a study of molecular oxygen by magnetic rotation spectroscopy are presented. The experiment
is based on the use of a semiconductor diode laser operating near room temperature at A = 762 nm. The
dependence of the signal on a variety of parameters including magnetic-field strength, oxygen pressure, and
analyzing polarizer offset angle is investigated both theoretically and experimentally. © 1997 Optical Society

of America [S0740-3224(97)01408-2]

1. INTRODUCTION

For many years magnetic rotation spectroscopy (MRS)
has been used in investigations of paramagnetic molecu-
lar species.! In principle MRS is more sensitive than ab-
sorption spectroscopy and has the added characteristic of
being selective of paramagnetic species only. An early
series of papers on MRS described the spectroscopy of
various vibrational bands of NO.2~7 That NO was ini-
tially chosen seems to have been incidental; the technique
itself and comparison of theory with experiment were of
paramount importance. More recently, sensitive detec-
tion of NO has been of greater interest as awareness of its
role in atmospheric chemical processes has increased.
Blake et al.® have made a careful quantitative study of a
magnetic rotation spectrometer capable of making in situ
measurements of atmospheric NO concentration.

In addition, there have been studies of magnetic circu-
lar birefringence and dichroism effects in other species
such as ICI (Ref. 9) and, by use of an extension of MRS to
include frequency modulation, of PdH, PdD, NiH, and
CuH.1%! One reference in particular is oriented toward
the pedagogical purpose of demonstrating how MRS can
be used to simplify complex molecular spectra.!? Curi-
ously, however, one of the best-known paramagnetic spe-
cies, diatomic oxygen, to the best of our knowledge has
not been the subject of investigation by this technique.
In this paper we present a study of magnetic rotation
spectroscopy in O,, using the so-called atmospheric band
at A ~ 760 nm. Given the importance of oxygen in com-
bustion studies, for example, another sensitive detection
technique could be of some practical interest. Our aim in
the present study is to present a comparison of a simple
theoretical model and experimental results, using a mag-
netic rotation spectrometer based on a semiconductor di-
ode laser operating near room temperature.

MRS is based on the change in the state of the polar-
ization of light that is due to the passage of the light
through a gas cell immersed in a longitudinal magnetic
field. One can monitor this change by placing the gas cell
between two polarizers and detecting the light transmit-
ted by the system. An experimental schematic is shown
in Fig. 1. There are two contributors to the change in po-
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larization state, magnetic circular birefringence (MCB)
and magnetic circular dichroism (MCD). MCB (some-
times referred to as magnetic optical rotation) arises from
the different indices of refraction of the gas for left and
right circularly polarized (LCP and RCP, respectively)
light. Linearly polarized light, made up of RCP and LCP
components, will experience a rotation of the plane of po-
larization during its passage through the cell. The ab-
sorption coefficients for LCP and RCP light also differ for
a paramagnetic gas in a magnetic field; thus, after pass-
ing through the sample, light that is initially linearly po-
larized will in general be elliptically polarized.

Qualitative examples of MRS signals are illustrated in
Fig. 2. Figure 2(a) shows an energy-level diagram for a
transition between molecular angular momentum states
with J = 1 (magnetic sublevels m = —1,0, +1) and J
= 0 (m =0). With no magnetic field applied, the
lower-state energies are degenerate. As we are inter-
ested in the situation in which linearly polarized light is
incident, we have illustrated the respective absorption
transitions for RCP (o) light, which drives only the tran-
sition m = -1 - m = 0, and LCP (o_) light, which
drives only the transition m = +1 — m = 0. We plot in
Fig. 2(c) the indices of refraction n, for RCP light and
—n _ for LCP light as a function of frequency. The MCB
signal will be shown to be dependent on the relative
phase shifts experienced by RCP and LCP light and thus
on the difference between n, and n_. The net signal in
this case is simply zero, the sum of the two curves shown
in Fig. 2(c). For an applied magnetic field the energy-
level degeneracy for m = =1 is lifted, splitting the energy
levels by an amount &, as shown in Fig. 2(b). This split
leads to a shift in frequency of the respective index of re-
fraction curves, illustrated in Fig. 2(d). The MCB signal
is then as shown, with the maximum rotation of polariza-
tion occurring at the original unperturbed transition fre-
quency.

MCD can be qualitatively explained by similar argu-
ments. In Fig. 2(e) we plot the absorption coefficients
a, and —a_ for zero applied magnetic field. Again, the
signal for MCD depends on the difference between the
two and for zero applied field vanishes. With an applied
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B field the absorption peaks shift in opposite directions,
and the difference of the absorption coefficients gives the
curve shown in Fig. 2(f). For any real system there will
be a more-or-less complicated combination of the two
above-mentioned effects. In Section 2 we present a de-
tailed discussion applicable to our experiment.

Finally, in Figs. 2(g) and 2(h) we show the first deriva-
tive of the curves in Figs. 2(d) and 2(f), respectively. The
phase-sensitive detection used in the experiment de-
scribed below leads to a signal that is the derivative with
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Fig. 1. Schematic of the experimental setup used for magnetic
rotation spectroscopy. The important elements include the la-
ser diode; two polarizers (P’s), the second of which can be rotated
an angle of # measured with respect to the position at which the
two polarizers are crossed; a gas cell immersed in the longitudi-
nal magnetic field produced by a long tightly wrapped solenoid,;
the detector (D); and the data analysis system [lock-in amplifier,
oscilloscope, and computer (PC)].
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respect to frequency of the intensity at the detector. In
what follows we will be referring to the derivatives in all
discussions of theoretical and experimental results.

In this paper we concentrate on the oxygen absorption
band b 'S," — X 3%,” which is an N=0~N=1
transition as discussed above. We have investigated the
dependence of MRS signals on magnetic-field strength,
polarizer offsets, and oxygen pressure. The question of
ultimate detection capabilities and quantitative extrac-
tion of molecular parameters is deferred to future re-
search.

The oxygen transition of interest is doubly weak.
First, it is a magnetic dipole transition and thus is
roughly 5 orders of magnitude weaker than a normal elec-
tric dipole transition. Second, the transition is a singlet—
triplet intercombination band, making it 3 orders of mag-
nitude weaker still. In spite of the weakness of the
transition, this band has been well studied, and absorp-
tion signals are easily detectable for a path length of a
fraction of a meter at atmospheric pressure in room air.

2. THEORETICAL ANALYSIS

A. Modeling Magnetic Rotation Spectroscopy

The wave equation that governs the passage of an electro-
magnetic field through a gas cell in which the largest in-
teraction has magnetic dipole character is

1 #*E J
= — = — (VX M). D
2z Moyl )

Here, E is the electric field of the propagating wave, u is
the permeability of free space, c is the speed of light in the
gas, and M is the magnetization of the gas sample. It is
formed as a product of the number of molecules N per
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Fig. 2. Qualitative description of the two effects present in this system, MCB and MCD, and their characteristic signals. In (a) we
sketch the energy levels for a simpleJ = 1 — J = 0 transition with no applied field, and in (b) the same levels are shown with a B field
applied. The J = 1 level splits into three sublevels, which are shifted (Zeeman effect). The resulting difference between ny and nj,
(MCB signal) is shown without and with the applied field in (c) and (d), respectively. In (e) and (f) we likewise show the difference
between kg and «; (MCD signal) without and with the magnetic field, respectively. Finally, we show the first derivatives of the the

MCB and the MCD signals in (g) and (h), respectively.
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unit volume of the gas and the expectation value of the
magnetic dipole moment of the molecule (u) for the near-
resonant transition. The static magnetic field in the oxy-
gen cell causes a Zeeman splitting of levels of the oxygen
molecule nearly resonant with the driving electromag-
netic field. This in turn causes differing absorptions and
phase shifts for RCP and LCP light passing through the
cell. It is convenient, therefore, to decompose the electric
field that passes the first polarizer and emerges from the
oxygen cell into RCP and LPC components as

E = E 6, exp[—i(ot — bz + ¢;)]
+ Egegp exp[—i(wt — kz + ¢p)] + cc.  (2)
Here,
6, = 12(% — i9),
ep = 1/2(x + iy).

Note that for E; = Ep and ¢; = ¢p, Eq. (2) represents
light polarized along the x direction. We consider the
second polarizer to be set to pass light that is linearly po-
larized along a direction making an angle 6 with the y
axis. The intensity of light that passes the second polar-
izer and reaches the detector takes the form

I =12¢yc{E;%2 + Eg?2 — 2E ER cos[260 — (¢ — &1)]}.

(3)
The intensity at the detector will vanish for E; = Ep,
¢1 = ¢dr, and 6 = 0°. Any intensity that does arrive at
the detector after passing through the crossed polarizers
is either a consequence of the different interactions of the
LCP and RCP portions of the beam with the oxygen gas or
is due to imperfections in the polarizers. In our model
these effects are incorporated into Eq. (2) with the follow-
ing definitions:

EL = EO exp(*KgL) + d/2,
Er = E, exp(—kgp) — d/2,

brLr = KfLR-

The parameter

_ N,uo,u2cal
T2k

is a measure of the strength of interaction of the laser
light with the oxygen gas. In the definition of «, N rep-
resents the total number density of molecules in the
sample, u is the magnetic dipole matrix element coupling
the levels, «a is the initial population probability of the
lower atomic levels, [ is the length of the oxygen cell, and
the parameter d accounts for imperfect polarizers. The
remaining amplitude decay and phase-rotation factors
emerge from first-order time-dependent perturbation
theory as (see Appendix A)

* 1
—® \/;Aw

w(w— o)

fur = exp[—(0' — wg)Aw0?]

X ————— do’ 4
'yz-i-(w—w')zw’ (“4a)
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Ed 1
gLR = f exp[ — (o' — wg1)*/Aw?]
- \JTAw

Wy )
P (o) do'. (4b)
The Zeeman splitting is 6, and we define wg ;, = wy + 6.
Equations (4) include the effects of both inhomogeneous
Doppler broadening and homogeneous pressure broaden-
ing (see Appendix A). The integrals in Eqgs. (4) are re-
lated to the plasma dispersion function’ and can be
evaluated numerically. In these results the homoge-
neous full width at half-maximum is 2y and the width of
the Doppler distribution is

2VIn(2)Aw = {472 In(2)ET/m]V2}/\,

where T is the temperature of the sample, £ is Boltz-
mann’s constant, and m is the mass of the oxygen mol-
ecule. At room temperature the Doppler width is
~10° Hz. The square of the ratio d/E, is the intensity
extinction ratio of the crossed polarizers.

The phase-sensitive detection scheme used in the ex-
periment produces a signal that is proportional to the de-
rivative, with respect to the frequency of the driving field
w, of the intensity at the detector. Thus for all theoreti-
cal curves presented in this paper we show that the first
derivative of the actual magnetic rotation signal will per-
mit more direct comparison with experimental results.
In addition, each theoretical trace represents the signal at
zero magnetic field subtracted from that at a given
magnetic-field strength, again to permit direct compari-
son with the experimental traces.

Two interesting limiting regimes are the cases for
which the angle offset 6 is zero and that for which 6 is
larger than both the differential phase shift caused by the
presence of the magnetic field and the ratio d/E,. In the
first case, for small «, the signal reduces to

dI
To ~ 3o Uold2Eo) k(gL — gr)],

whereas in the second case we find that

(74 d
o = £[210K¢9(fL - fr)]

Note that in the first of these cases the signal at the de-
tector is proportional to the differential absorption,
whereas in the second case the transmitted signal is pro-
portional to the differential phase shift. These two cases
thus correspond to MCD and the MCB as discussed in
Section 1. The full form of the transmitted signal was
used to produce all the theoretical plots in this paper.
Note also that direct probing of the MCB signal is possible
only for an analyzer setting of § = 0°. Finally, for 6
= 0° the lowest-order contribution to the transmitted
signal is proportional to the field extinction coefficient.

B. Discussion of Theoretical Results

Several of the most important parametric dependencies
are addressed in the following subsections. They corre-
spond to those investigated in the experimental portion of



1924 J. Opt. Soc. Am. B/Vol. 14, No. 8/August 1997

+1.0° —=

- N w

N 4L o

Magnetic Rotation (arb. units)

2 0 1 2 3
Aw/Aw

Fig. 3. Theoretical first-derivative curves for the magnetic rota-
tion signal as a function of laser frequency for several analyzer
offset angles. The magnetic field was taken to have a value of
45 G and the pressure to be 75 Torr. Values of 6 are —1.0°,
—0.5°, 0.0°, 0.5°, and 1.0°, where 6 is defined in the text.
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this paper. Other studies, such as the investigation of
various rotational transitions, will be left for future re-
search.

1. Signal versus Polarizer Offset Angle

In Fig. 3 we present plots of the theoretical magnetic ro-
tation spectroscopy signal as a function of laser frequency
for various analyzer offset angles. A value of § = 0° rep-
resents crossed polarizers, but as mentioned above we
take into account polarizer imperfections by the factor
d/E,, which has the value 0.01 for the curves in Fig. 3.
Note that there is a qualitative change in shape of the
curve as the analyzing polarizer angle changes from an
offset on one side of # = 0° to the other. These plots rep-
resent the cases discussed in subsection 2.A, from which
one gains information about either the MCB or the MCD
signals. Only at the analyzer setting of § = 0° does one
probe the effect of magnetic circular dichroism alone.
Note as well that the signal is smallest at the § = 0° po-
sition.

2. Signal versus Magnetic Field Strength

A second parameter of interest is the applied magnetic
field. In Fig. 4 are shown several curves for the MRS sig-
nal as a function of laser frequency at several magnetic-
field strengths. Realistic experimental parameters of
d/Ey = 0.01, P = 50 Torr, and # = 1.0° have been cho-
sen. The steps in B-field strength correspond to those
used in the experiment.

For these curves the analyzer offset angle was chosen
to be # = 1.0°, as mentioned above. Other offset angles,
specifically 6 = 0°, result in the changes discussed in
subsection 2.B.1, but the nearly linear dependence of the
MRS signal on magnetic field is a constant feature, re-
gardless of the offset angle.

Qualitatively, one would expect that a maximum signal
would occur roughly when the Zeeman splitting became
comparable with the broadened transition linewidth.
Figure 5 shows three curves for magnetic fields such that
Aa)Z = ]./2A(1)B, AO)Z = AO)B, and sz = 2A(1)B, illus-
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trating such behavior. For a Zeeman splitting larger
than ~1/2A wp the MRS signal decreases slightly and de-
velops a structure more complicated than that seen at low
magnetic fields. These results are still easily explainable
by use of the simple heuristic model given in Section 1
when one considers that for large splittings one should
see simply the separate effects of LCP and RCP phase
shifts, with no mutual overlap.

3. Signal versus Pressure

A final parameter investigated both theoretically and ex-
perimentally is the pressure of the gas sample. Figure 6
shows a set of four curves of MRS signal versus frequency
for increasing values of the pressure. At low pressures,
for which the pressure broadening is much less than the
Doppler-broadened width of ~1 GHz, the MRS signal
grows with pressure because there are more molecules in
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Fig. 4. Theoretical first-derivative curves for the magnetic rota-
tion signal as a function of laser frequency for various magnetic-
field strengths. The analyzer offset angle is 1.0°, and the pres-
sure is taken to be 75 Torr. Values of B range from 23 to 138 G
in steps of 23 G. The resulting signal amplitude is linear in the
applied field for these relatively low fields.
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Fig. 5. Theoretical first-derivative curves for the magnetic rota-
tion signal as a function of laser frequency for three widely dif-
fering magnetic-field strengths: (i) B is such that the Zeeman
splitting is equal to one-half the Doppler width of the transition;
(i1) the Zeeman splitting is equal to the Doppler width; (iii) the
Zeeman splitting is equal to twice the Doppler width.
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Fig. 6. For 6 = 1.0° the theoretical first-derivative curves for
the magnetic rotation signal are plotted as a function of laser fre-
quency for oxygen pressures ranging from 21 Torr (Doppler-
broadening-dominated regime) to 420 Torr (pressure-
broadening-dominated regime). i) P =21Torr, (i) P
= 105 Torr, (iii)) P = 210 Torr, (iv) P = 420 Torr. The mag-
netic field has been taken to be 59 G.

the interaction region, and the linewidth of the signal re-
mains relatively constant. At a pressure somewhat less
than that for which the pressure- and Doppler-broadened
linewidths are equal (130 and 210 Torr, respectively), the
signal amplitude begins to decrease, and the linewidth in-
creases. Qualitatively this is a consequence of the com-
petition between two different processes. In the Doppler
limit the strength of interaction depends on the pressure
through the total number of atoms, which is linearly pro-
portional to the pressure. When pressure broadening be-
comes important there is also a dependence on the pres-
sure because the strength of interaction with an
individual atom at a given frequency depends on the
pressure-broadened width. We find that the signal is
overall a decreasing function of pressure in this limit.
For all the curves shown in Fig. 6 the analyzer offset
angle of # = 1° has been chosen, along with a magnetic
field of 59 G.

3. EXPERIMENT

Figure 1 is a block diagram of the experimental setup.
The diode laser used as a source is a Mitsubishi 4405-01
laser chosen at the time of purchase to have an emission
wavelength of 760 nm at 7' = 22 °C. Temperature sta-
bilization to ~10 mK is done with a commercial controller
(ILX Lightwave LDT-5412). The injection current source
is a battery-operated commercial unit (ILX Lightwave
LDX-3620). The diode laser has a threshold current of
47 mA and is operated at currents ranging from 60 to 80
mA, depending on the absorption line of interest. Wave-
length scanning and modulation of the laser are provided
by an external input to the current source. Typical val-
ues for the ramp scan of wavelength (H-P 33120A func-
tion generator) are 200 mV at a frequency of 100 mHz. A
small dither at a frequency of 8-10 kHz and 1.00 V (Tek-
tronix Model CFG280) is attenuated by a factor of 10
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(Tektronix 011-0059-02 attenuator) and added to the
ramp scan by an operational-amplifier-adding circuit.
The resulting output of the operational amplifier is at-
tenuated further by a factor of 2 and fed to the external
scan port of the current source, which has been modified
to provide a modulation of 0.3 mA/V. Wavelength mea-
surements are made with a wavemeter (Burleigh WA-
1000) with a resolution of 0.01 cm™! (0.001 nm) and an
absolute accuracy of 1 part in 108.

The Pyrex gas cell is 2.5 cm in diameter and has a
length of 40 cm. Two arms at one end are used for filling
and pumping and for attachment of a pressure gauge.
Pyrex windows are epoxied to the cell body and in the cur-
rent setup are not antireflection coated. The cell can be
evacuated with a cryosorption pump and filled with oxy-
gen gas from a small lecture bottle. The pressure is mea-
sured with a linear gauge that permits only approximate
measurements, especially at lower pressures of
<25 Torr.

We made a solenoid by closely wrapping 18-gauge
coated copper wire onto a 5.0-cm-diameter polyvinyl chlo-
ride tube. The total length of the solenoid is 48 cm. A
simple calculation shows that the solenoid should provide
a magnetic field of 11.7 G/A. We measured the magnetic
field independently with a Hall detector (uncalibrated) to
determine linearity. The solenoid is driven with a dc
power supply (Tenma 72-630). The solenoid is air cooled
and could reach a maximum magnetic field of ~140 G,
limited by the current supply.

The cell is placed inside the solenoid and then between
the two polarizers. The first polarizer (as seen by the in-
cident laser) is a broadband polarization beam splitter
(Newport 05FC16PB.5). The analyzing polarizer is a Po-
larcor polarizer mounted in a rotation stage (Newport
481A) that allows for an angular resolution of +5.0’. As
mounted, the position of minimum transmission @.e.,
crossed polarizers) is a setting of 0.0°25' as read from the
rotation stage. The extinction ratio of the polarizer pair
is 4.2 + 0.2 X 107°,

We collect data by first choosing an offset angle for the
analyzing polarizer and a fill pressure for the cell after
evacuation. The laser frequency is scanned across the
oxygen absorption feature, and the lock-in amplifier out-
put signal is recorded on an oscilloscope (H-P 54602A)
that can be used in either a single trace or an averaging
mode. The trace thus obtained is then saved as a set of
voltage-versus-time data points (1000 points per sweep).
These data are imported into a commercial spreadsheet
program for later analysis. The analysis consists mainly
of subtraction of an identical data trace taken with zero
magnetic field. In this case, “zero” means that no cur-
rent is flowing in the solenoid but that the Earth’s mag-
netic field has not been compensated for.

One final point should be made as to the comparison
between the experimental results and the theoretical pre-
dictions. The lock-in detection technique gives the free-
dom of choice of the relative phase used to optimize the
signal. In the theoretical treatment we have taken the
derivative of the intensity with respect to frequency for
comparison. The net result of these two processes is an
ambiguity in the overall phase of the predicted versus ex-
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perimental signals. We have, however, maintained the
same lock-in phase for all measurements.

4. EXPERIMENTAL RESULTS

Here we explore several different parametric dependen-
cies. First, the size and the shape of the magnetic rota-
tion signal as a function of the analyzing polarizer offset
angle are addressed. Signal size as a function of
magnetic-field strength is addressed next. Then, for a
given offset angle, the dependence of the signal’s ampli-
tude and shape on oxygen pressure is investigated. In
all cases the transition used for the data presented is
the b!3,(»'=0,N" =0,J =0) - X33, (=0,
N"=1,J" = 1) electronic transition. For complete-
ness, we give here as well the Zeeman splitting for the
transition above. In the Hund case (b) basis, the Zeeman
splitting is given by
S 1.001

5.8~ Ja s oI rDFSES D

- NN + 1)]Mpg
1.40 MHz/G,

where we have taken S = 1, N = 1, and J = 1 as appro-
priate for this transition.

A. Signal versus Analyzer Offset Angle

We present here a series of traces for the signal as a func-
tion of analyzer offset angle and compare the resulting
line shapes with the theoretical model given in Subsec-
tion 2.A. We show in Fig. 7 the output of the lock-in am-
plifier for a series of small polarizer offset angles. Most
noticeable is the change in shape of the signal as the off-
set angle #is changed from one side of the crossed polar-
izer setting to the other. All the data sets in Fig. 7 are
taken at a magnetic-field strength of 47 G and a pressure
of 88 Torr. The behavior displayed does not change
qualitatively for other values of magnetic field or pres-
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Fig. 7. Experimental results for the magnetic rotation signal as
a function of laser frequency for several analyzer settings. Val-
ues of § are —1.0°, —0.5°, 0.0°, and 0.5°, all with an uncertainty
of 0°5’. The pressure is 88 *= 10 Torr, and the magnetic field is
47 = 5 G. The signals shown are the output of the lock-in am-
plifier and represent 1f detection, with a subtraction of back-
ground run for zero applied magnetic field.
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Fig. 8. Experimental results for the magnetic rotation signal for
various magnetic-field strengths. The pressure is 75 Torr, and

the analyzer offset angle is 1.0°. Signals are the 1f lock-in out-
put, with a subtraction of a run with zero applied magnetic field.

sure. In each case in Fig. 7 the curve shown is the result
of a subtraction of the zero-magnetic-field trace as ex-
plained above.

Because of the uncertainty in determining the offset
angle of +5.0’, the curves shown in Fig. 7 do not corre-
spond exactly to those in Fig. 3. One could use the the-
oretical predictions to determine the offset angle by
matching curves and using the experimental values of
d, magnetic field, and pressure.

In previous research on magnetic rotation spectroscopy
there are discussions of the optimum polarizer offset
angle to maximize the signal-to-noise ratio. This optimi-
zation depends on the remanent transmission of the
crossed polarizers.” In one other investigation of this ef-
fect an optimum offset angle significantly larger than ex-
pected appeared to be found.® For the data shown below
at values of 6 other than 0° we have chosen an offset angle
that approximately maximizes the signal-to-noise ratio,
as determined experimentally. We have found that an
analyzer angle of approximately 1° gives the best signal-
to-noise ratio, defined here as the ratio of the peak-to-
peak signal amplitude to the peak-to-peak fluctuations of
the signal.

B. Signal versus Magnetic Field

As can be seen from Fig. 4, the growth of the MRS signal
as a function of the magnetic-field strength is nearly lin-
ear for the relatively low magnetic fields considered here.
In Fig. 8 we demonstrate this over a range of magnetic
fields from 23 to 140 G. Note the very good qualitative
agreement with Fig. 4, including the asymmetry in the
curves on either side of the large signal. Figure 9 shows
a plot of signal size versus the magnetic-field strength,
demonstrating the linear dependence. For the curves
shown the analyzer offset angle is § = 1.0° = 0.5’. The
pressure is 75 = 10 Torr. Uncertainty in the magnetic-
field strength is =5 G. From all curves an identical run
with zero applied magnetic field has been subtracted.

C. Signal versus Pressure
Figure 10 shows the MRS signal versus oxygen pressure
in the cell for an analyzing polarizer offset angle of 6
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= 1°. In Fig. 10 there is again a striking qualitative
change in the signal as the pressure is increased. A simi-
lar dependence was pointed out previously for a slightly
different detection method.” It is interesting to note that
the signal peak height first increases as a function of
pressure because the larger number of molecules present
contribute to the magnetic rotation signal. As collision
broadening begins to dominate, the signal size begins to
decrease, as was discussed in Section 2. In Fig. 11 we
plot the signal amplitude (lock-in output, 1/ ) as a func-
tion of the pressure for data similar to those in Fig. 10.
Also in this plot is the theoretical curve for signal ampli-
tude as a function of pressure. The theoretical plot has
been scaled to match the size of the experimental signal
at the maximum value. For the data points in the plot in
Fig. 11 the modulation amplitude has been kept constant
for all pressures, which possibly leads to some of the de-
viation of the experimental data from the theoretical pre-
diction.

The linewidth of the MRS signal as a function of pres-
sure shows linear behavior for pressure above
~100 Torr. Below this pressure the linewidth is nearly
constant at approximately the Doppler width of 1 GHz.

0.2 | e | —

20 40 60 80 100 120 140 160
B-field (Gauss)

Fig. 9. Plot of the peak-to-peak signal as a function of applied

magnetic field with the data in Fig. 8. The solid line is a least-
squares straight-line fit to the data.
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Fig. 10. Lock-in output signal 1f as a function of laser fre-
quency for various oxygen pressures. Analyzer offset angle 6
= 1.0°, magnetic-field strength B = 58 G. The pressures are
(i) 25 Torr, (i1) 100 Torr, (iii) 337 Torr, (iv) 625 Torr.
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Fig. 11. Plot of the magnetic rotation signal amplitude as a
function of pressure for data of Fig. 10. A graph of the theoret-
ical prediction has also been included, with the theory curve
scaled to match the experimental one at the maximum signal
value.

For data taken at lower pressures we find consistently
that the linewidth is such that we can be confident that
we are working in a regime of primarily Doppler-
broadened oxygen vapor.

5. CONCLUSIONS AND FUTURE
RESEARCH

We have presented experimental results for the magnetic
rotation spectrum of O,, along with a simple theoretical
model based on a self-consistent calculation of the magne-
tization for a sample of molecules used as a source term in
Maxwell’s equations. The qualitative agreement be-
tween theory and experiment is very good. In the course
of this study we investigated the signal dependence on
several parameters, with special emphasis placed on the
magnetic field, pressure, and polarization analyzer offset
angle dependence. The last-named parameter permits a
separation of MCD and MCB effects.

Future directions of research on this system include
more careful study of the rotational quantum number de-
pendence of the MRS signal. In the limit of Hund’s case
(b), angular momentum coupling, transitions from ground
states with angular momentum quantum numbers J”
= N”" * 1 have a Zeeman splitting that is roughly inde-
pendent of J, as opposed to the more usual [Hund’s case
(a)] Zeeman splitting dependence of 1/J(J + 1). As a
function of J the MRS signals for oxygen should therefore
also be roughly independent of J. The consequence of
large signals for high J quantum numbers would be the
possibility of using the magnetic rotation technique as a
temperature probe by taking ratios of signals for various
transitions and monitoring these as the temperature of
the gas sample is varied.

In addition, we have demonstrated that significant sig-
nals can be found even at high pressures, specifically, at
atmospheric pressure. Thus one could investigate the
possibility of inverting the problem as usually posed and
use the MRS signal as a magnetic-field probe. This will
be another focus of future research.

As mentioned in Section 1, MRS can be 2-3 orders of
magnitude more sensitive than modulated absorption
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spectroscopy. MRS could thus be used to improve on the
bounds recently set for the quantum-mechanical symme-
trization postulate.'1?

Finally, the pedagogical aspects of this experiment are
not to be ignored. The experimental setup is simple, re-
quiring only a diode laser, one polarizer (for a minimal
setup), and a detector (with lock-in amplifier). The diode
laser can be externally scanned and modulated with
simple function generators. Signals are easily detectable
in room air, thus obviating the need even for the glass
cell, although such a cell does allow for flexibility. The
experiment could conceivably be used in several ways for
advanced laboratory experiments, in a fashion similar to
the more common investigations of rubidium and cesium

vapors.'6

APPENDIX A: CALCULATION OF THE
MAGNETIZATION

Consider a three-state system |a), |b), and |c). Let |a)
designate the upper state of the system and |b) and |c)
designate the lower states of interest. These we will take
to be states that are degenerate in the absence of a mag-
netic field and are split by the Zeeman effect above and
below the original degenerate state in the presence of a
constant magnetic field. These are the states that couple
to level |a) by means of RCP and LCP light. We take the
optical input field to have frequency w and the energy dif-
ferences between states to be as indicated in Fig. 12.

1. Density Matrix Calculation of the Magnetization
The magnetization of the medium takes the form

M = N(m) = N Tr(pp) = N[pas(alplb) + ppo(b|pla)
+ paclalple) + pea(c|mla)], (AD

where p is the density matrix for the atom. The elements
of the density matrix are calculated by use of the relation

b= = [H, pl. (A2)

The Hamiltonian in this case is
H = H A + VI7
where the atomic Hamiltonian has the form

Hy = Egla)(al + Ey[b)b| + E[c){c|

2>
o —

Il —

Fig. 12. Schematic of the energy levels used in calculating the
magnetization. The triplet ground state consists of two levels
that interact with the circularly polarized light, [6) and |c). The
unshifted level | g) does not participate in the interaction. The
magnetic-field induced frequency shift in the ground-state en-
ergy levels is denoted by &.
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and the magnetic dipole interaction Hamiltonian is given
by

VI = — M- B
= —uBp exp(—iwt) — uB exp(—iwt) + H.c.
= Vab|a><b| + Vac|a'>(c| + Vba|b>
X (al + Vele)al.

The electromagnetic (laser) field is presumed to be po-
larized in the xy plane and propagating along the z direc-
tion. Projecting out the relevant off-diagonal density-
matrix element of Eq. (A2) and adding a decay term lead
to

. . i
Pap = ~i(@g = O)pap = YPab ~ 7 Vo (Poy = Paa)s
(A3)

i
g Vac(pcc - paa)‘
(Ad)

Taking the electric field to be initially x polarized, we can
write the electric and magnetic fields in the form

pac = _i((x)o + 5)pac — YPac —

E = exp(ikz)exp(—iwt)[Egrer exp(—igpp)
+ Ere€, exp(—i¢r)] + cc., (Aba)
B = exp(ikz)exp(—iwt)[Breg exp(—i¢r)
+ Brer exp(—i¢r)] + c.c. (A5b)
Here,
Bp = —iEg/c, B; =iE;/c.

If state |c) is coupled to the upper state by means of
RCP light only and state |b) is coupled to the upper state
by LCP light only, the matrix elements of the interaction
part of the Hamiltonian become, in the rotating-wave ap-
proximation,

—ipEL . . .
Vi = p exp(—i¢r)exp(—iwt)exp(ikz),

inER . . .
Ve = - exp(—i¢g)exp(—iwt)exp(ikz).

Inserting these two equations into Egs. (A3) and (A4)
gives
Pab = ~YPab — L(®o = O)pas

nE; . . .
= o exp(—idy)exp(—iwt)exp(ikz)(ppy = Paa),

pac = “YPac — i(wo + 5)pac
rER . . :
+ 7 exp(—i¢g)exp(—iwt)exp(ikz)(pec — Paa)-

(A6)

We take the atomic system to be in the state described
by

Paa = 05 Pbb = Pcc = @ = Pgg
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before the perturbing magnetic field is turned on. In the
spirit of first-order perturbation theory (i.e., ignoring
power broadening), we use the initial values of the diago-
nal elements in the equations of motion for the off-
diagonal elements of the density matrix. Using these
values in Egs. (A6) and integrating give

J1%:753
Pab = % exp(—i¢y)exp(—iwt)
c
y ” Yy +ilo = (09 = )]
) S T — (w0~ o1
pnaEp
Pac = T eXp(_i¢R)eXp(_iwt)
y+ilo — (wg + 5]
X exp(ikz)

Y o = (0o + O*
Inserting these two equations into Eq. (Al) leads to the
macroscopic magnetization

wa
M=N Fe exp[i(kz — wt)]
c

v+ ilo(wy + 8]

R P T o = (o + 0T

exp(—i¢dg)€g

ytilo — (0o — )]

~ B Y2+ (o — (0 — ]2 exp(—i¢r)e,| + c.c.

For convenience, we define
M = M€, exp[i(kz — wt)]exp(—i¢r)
+ Mpe expli(kz — wt)]exp(—ipgr).
Here,
p?aEp v+ i(w — wp)

Mp=N , A7
R ic 7+ (@ — op)? (A7)

w, =y EL YT ile e (ATb
= — , 7
L fic ¥+ (0 — wp)? )

with WR [ = W + 6.

2. Insertion of Magnetization into the Wave Equation
Using Egs. (A5) and (A7) in the wave equation [Eq. (1)]
and making the usual slowly varying phase and ampli-
tude approximations lead to the following equations,
which are valid for a temporal steady state:

ddr L Mo

. 5En. Im(Mg 1),
JER L Mo®
T~ 2 RelMro)

Using Eqgs. (A7) and integrating these relations across the
cell taken to have length [ give

or,L(l) = kFp (0, 0p L),

Erp = E; exp[—«Gp (0, 0og1)].

Here,
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1,

2h

o(o — wp 1)

2 PE
Y+ (0 — wgp)

Fgi(o, ogr) = (A8)

wy

Y+ (0 — wgp)?

Gr (o, wgy) = (A9)

3. Doppler Broadening

The expressions derived in the preceding subsection are
valid for a homogeneously broadened linewidth. In the
experimental setup the dominant mechanism that leads
to homogeneous broadening is pressure broadening. The
parameter y can be taken to be the pressure-broadened
linewidth. To include the effects of Doppler broadening,
Egs. (A8) and (A9) should be multiplied by the Gaussian
weighting factor

1
\/—A exp[ —(w’, wR’L)Z/Aa)2].
TAw

W((l),, wR,L) =

That is, Fr 1, and G 1, in Eqgs. (A8) and (A9) should be re-
placed by

fR,L = j W(o, wR,L)FR,L(w, o' )dw’

® 1
= exp[—(w' —

—® \/;Aw

o(w— o)

wg.1)*/Aw?]

do’,

y2 + (0 — )2

&gRrL = f W(o', wg )G (0, o )do’

exp[ (o’ — wR,L)2/Aw2]

fw 1
* N HA(,O

———dw’.
'yz + (0 — w')2

These relations are Eqgs. (4).
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