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Compared to other forms of spectroscopy, the sensitivity of magnetic resonance exper-
iments is relatively low, so that large numbers of spins are necessary for an experiment.
This contrasts with related fields, most notably optical spectroscopy, where it has become
possible, in recent years, to obtain spectroscopic information from individual atomic and
molecular systems. This article investigates possible means for transferring some of this
sensitivity advantage to the domain of magnetic resonance and gives numerical estimates
of the expected signal-to-noise ratios, as well as experimental examples. © 1992 Academic
Press, Inc.

Magnetic resonance experiments have become an extremely useful tool in many
areas of chemistry, physics, and medicine, mainly because of the great versatility of
the method and the large information content of magnetic resonance spectra. One of
the few remaining problems is the relatively low sensitivity that can be achieved,
making it necessary to use samples with a large number of spins (typically =108 spins
for NMR). In other fields of spectroscopy, the number of atoms or molecules that
are needed for a successful experiments is considerably lower. In optical spectroscopy,
e.g., experiments with single atoms (1, 2) or molecules (3, 4) both in solution (3) and
in solids (4) have been demonstrated.

In the domain of magnetic resonance experiments, various techniques have been
developed to enhance the sensitivity, e.g., by using SQUIDS for detection (J5), using
polarized hydrogen to increase the magnetization (6), detecting spin polarization via
energetic photons (7), detecting optical transitions whose wavelength is shifted by
magnetic interactions (8), and optical pumping (9). These techniques basically aim
at boosting the sensitivity in two different ways, either by enhancing the amount of
polarized spins that is available in a given sample per unit of time (6, 9) or by improving
the efficiency of the detection of the magnetization present in the sample (5, 7, §).

Optical methods have been used for both purposes, with the first precursor exper-
iments ( 10) dating back even before the first “direct” magnetic resonance experiments
using radiofrequency fields. The basis for most of these methods is an exchange of
angular momentum between the optical photons and the atoms. On the side of ex-
citation, this transfer from the completely polarized optical field to the essentially
unpolarized spins is used to enhance the polarization of the spin system. In the case
of optical detection of magnetization, the transfer occurs in the opposite direction:
the angular momentum of the polarized atom is carried away by the emitted photons,
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thereby amplifying the signal energy from radiofrequency range to optical frequencies.
With this technique, the resulting photon energy becomes much higher than the noise
background so that highly efficient techniques, such as single photon counting, can
be used for detection.

While these methods have been used for some time, interest in them has been
revived recently (/1-13), largely due to the developments in laser technology. Nev-
ertheless, there is considerable uncertainty about the quantitative impact of such tech-
niques. The goal of this article is therefore an investigation into the possibilities offered
by these methods and the sketching of the limits that are given by physical properties
of the systems under study. The next section discusses the basic principle and shows
in which cases they can be used. The two following sections discuss two particular
aspects of the procedure, polarization of spin systems by optical pumping and detection
of magnetization by optical means.

PRINCIPLE

In general, the effect of a polarized optical field on a spin system depends strongly
on the energy level system involved ( 13). Figure 1 summarizes schematically the effect
in a simple atomic system. The ground state and the electronically excited state have
an angular momentum (spin plus orbital) of J = 1. The quantization axis has been
chosen parallel to the direction of propagation of the optical field so that the angular
momentum of the two ground-state sublevels is either parallel or antiparallel to the
direction of propagation of the laser beam. Since the photons have angular momentum
+1, only the transitions indicated by the dashed arrows couple to the laser field.

If circularly polarized light is used, as in the case of optical pumping, the optical
photons have definite angular momentum so that only a single transition couples to
the laser field, as indicated by the solid arrow. In this case only atoms in the m; = +§
ground state are excited by the field; via absorption of a photon with angular mo-
mentum — 1, they are temporarily excited into the m; = —} state. Since the excited
atoms decay spontaneously into either of the two ground states, repeated absorption /
emission cycles tend to depopulate the level to which the optical field is coupled and

m]=% mj="%

FIG. 1. Schematic representation of the effects of polarized light on a spin system. The two lower levels
represent an atomic or molecular ground state with angular momentum J = . The solid line represents
the effect of optical pumping and the dashed lines indicate the principle of optical detection of magnetization.
The quantization axis is parallel to the direction of propagation of the optical field.
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populate the other. In many cases, the optical pumping rate, which can in principle
approach the spontaneous emission rate of the excited state, significantly exceeds the
relaxation rate of the ground-state sublevels and it is therefore possible to achieve
almost complete polarization of the system.

The principle of optical detection of magnetization can also be illustrated by the
level scheme of Fig. 1. If the system is irradiated by linearly polarized light, both
transitions indicated by the dashed arrows are excited. If the populations of the two
ground-state sublevels are different, the two circularly polarized components of the
optical field experience different atomic densities and therefore different transition
strengths. This difference results in circular birefringence, i.e., different index of re-
fraction for the two circular components, and circular dichroism, i.e., different ab-
sorption. By measuring these effects it is possible to detect population differences
between the angular momentum substates. With this method, one directly measures
the magnetization component parallel to the laser beam, in contrast to the usual
solenoid (i.e., Faraday law) detectors that measure the time derivative of the same
quantity.

While the two methods discussed here can readily be combined in an experiment,
this is by no means necessary and in many cases only one of the two methods is used.
Since their impact on the experimental sensitivity is independent of each other, they
will be discussed separately in the following sections.

OPTICALLY ENHANCED POLARIZATION

The “raw material” for magnetic resonance is basically the excess in the number
of spins of a certain orientation over the number of spins with the opposite orientation.
Since this raw material is often used up in a resonance experiment, the sensitivity
depends strongly on the rate at which it is available, i.e., the amount of polarization
that is created in a unit of time. This rate can be factored into the total number of
spins available and the rate at which the individual spins are polarized. In the case of
“classical”” magnetic resonance, the polarization is given by the Boltzmann distribution
of the spins in a magnetic field and established by thermal relaxation. As a specific
example, the equilibrium polarization of a water sample at room temperature is

th
=N, —N_=2Ny —= 1
AN + N tot kT 3 [ ]

where N, and N_ represent the number of spins parallel and antiparallel to the field,
N,o represents the total number of spins, and w; represents the Larmor frequency.
Assuming for simplicity a Larmor frequency of w; /27 = 100 MHz and a sample size
of 1 cm3, the total number of spins becomes Ny, = 6.6912 X 10?2 and the difference
at room temperature is therefore AN = 2.15 X 10'3. This polarization is available at
a rate of approximately AN/ T, i.e., approximately 5 X 103 spins s™'.

An optically pumped system, on the other hand, is polarized at a rate that is de-
termined largely by the rate at which photons are absorbed from the optical field. If
the absorbed photons transfer their angular momentum to the spin system, the rate
of polarization is therefore
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FI1G. 2. Number of spins polarized per unit time as a function of the total number of spins. The curve
labeled “Na” represents Na atoms polarized by optical pumping via the D, transition with an assumed laser
power of 1 mW and a sample diameter of | mm. The curve labeled “Pr” represents the same data for
praseodymium. The third curve represents the 'H spins polarized by thermal relaxation of a 1 cm® sample.

Ty 15X 107 [2]

where P, represents the absorbed optical power. For the numerical example, we have
assumed an optical power P, = 1 W and an optical wavelength A\ = ¢/v of 600 nm.

For a more detailed analysis of the situation, we write the absorbed optical power
as

Pabs:PO(l_e_al) [3]

where Py represents the incident power and o the absorptivity of the sample. We are
now especially interested in the connection between the absorbed power and the total
number of spins and express the absorptivity by the absorption cross section «; of the
relevant optical transition and the number of atoms per volume N, /V as

431

Z s

! = Nt [4]
where A represents the sample cross section perpendicular to the laser beam. The
number of spins that can be polarized per unit time is therefore

dAN_IPabs_l& _ _ ﬂ
d 2 _2hv[l eXp( MMA)]' (51

Figure 2 shows this function for a range of the total number of spins in the sample.
The two curves labeled “Na’ and “Pr” represent the data for two optically pumped
systems, atomic sodium gas (e, = 2 X 107'® m?) and the rare-earth atom Pr in an
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ionic solid (a; = 1072 m?). In both cases, an incident laser power of 1 mW and a
sample cross section of 1 mm? are assumed. These two examples are intended to give
an idea of the effect of the transition strength.

These data are compared to the polarization generated by thermal relaxation for
the example given above, a 1 g sample of water, The amount of polarization that is
available per unit time is clearly higher with optical pumping as long as only a relatively
small number of spins is available. Under these conditions, the sample is optically
thin and the number of absorbed photons and therefore the amount of polarization
grows linearly with the total number of spins.

The situation changes when the sample becomes optically thick. In this case all the
radiation incident on the sample is absorbed and the polarization generated is limited
by the available laser power. This power is of course not only limited by the laser
itself, but also by the limits on the heat dissipation in the sample. For a large enough
number of spins, thermal relaxation becomes more efficient as a source of polarization,
while optical pumping appears interesting mainly for the case in which the number
of available spins is relatively small.

The effect of this rate of generation of polarization is most easily understood by
considering the dynamics of a spin system under the influence of optical pumping.
For an optically thin system of spins — 1, the polarization process can be described
by the equation of motion (13)

dAN

e Py Niot — Yer AN [6]
with
P() 9]
=—— = + P,. 7
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FIG. 3. Experimental measurement of the polarization of Na atoms. The polarization of the sample is
measured as a function of time. The lower trace represents the pump laser intensity, and the upper trace
the polarization.
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Here, P, is the rate at which individual atoms absorb photons, v, the decay rate in
the absence of irradiation, and v.g the total decay rate. Starting from an unpolarized
sample, the evolution of the system thus proceeds as

AN(t) = AN, (1 — ™), [8)
where
AN, = Ny 2% (9]
73ff

represents the equilibrium polarization.

In many cases of optical pumping, it is possible to reach the limit P, > v, so that,
according to Eq. [9], the system becomes fully polarized (AN, ~ N,;). An experi-
mental example is shown in Fig. 3, where the polarization of a sample of Na atoms
is monitored before, during, and after a pulse of polarized laser light applied to the
D, transition (A = 589 nm). The population difference was determined by an optical
detection scheme discussed in the next section. The growth of the magnetization at
the beginning of the pulse is determined by the rate vy.4, while the decay after the
pulse occurs at the rate vo. From the experimental data, the rates can be determined
asyo = 3.5 X 103s7 ' and y.g= 1.2 X 10°s™'. According to the formula given above,
the equilibrium magnetization should therefore be >99%, slightly more than the ex-
perimental value of 96%. The difference can be attributed to incomplete overlap of
pump and probe beam in the experimental setup, resulting in an inhomogeneous
system with regions where the optical pump rate is considerably lower than the average.
The same effect is also responsible for the nonexponential behavior of the magneti-
zation: the growth rate of the magnetization decreases during the pulse.

As can be seen from the figure, the buildup of the spin polarization is much faster
than that in typical cases of thermal relaxation. According to Eq. [7], this rate is
determined primarily by the number of photons passing through the probe volume
per unit time, i.e., by the pump laser intensity. Since these data were recorded with a
relatively weak cw laser beam (P = 1.5 mW), they by no means represent an upper
limit. If pulsed lasers are used, the polarization is established virtually instantly (on
the time scale of a typical magnetic resonance experiment). Since a single laser pulse
can consist of as many as 10'® photons, it is in principle possible to polarize completely
a spin system within a few picoseconds. It is clear that such an approach has a con-
siderable potential, especially for systems in which the difference between transverse
and longitudinal relaxation rates is large, so that the increase in the relaxation rate
would be most pronounced and the optical pulses could be applied at a relatively high
repetition rate.

The polarization in a given system can be maximized by increasing the laser intensity.
Since the total available laser power cannot be increased arbitrarily, the only alternative
is the reduction of the diameter of the laser beam. Focusing the laser beam increases
the absorption probability for the individual photons, given by the ratio «; /A4, if the
system under study can be confined to these dimensions and remains optically thin.
Another alternative is the use of optical cavities to enhance the power density of the
optical field and thereby the rate of polarization.
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OPTICAL DETECTION

Detecting spin polarization by optical means usually relies on changes in the po-
larization of the light. The light that is detected can originate either from the fluores-
cence emitted by the system or from light transmitted through the system. Both methods
have their advantages and disadvantages: The fluorescence light can be detected free
of any background signal in the sense that every photon that is detected has been
emitted by one of the atoms being studied and therefore carries information on the
system of interest. The disadvantage of this method is that the collection efficiency of
the detection system is usually relatively low. The second method uses a coherent
laser beam that propagates through the system of interest and is subsequently analyzed
in a polarization-sensitive detector. In this case, the collection efficiency can be max-
imized, but the detector also receives light that has not interacted with the atoms.
These “background photons™ carry no information but contribute to the detec-
tor noise.

An optical measurement of magnetization via polarization-selective detection of
the transmitted light can rely on changes in either the absorption or the dispersion of
the sample. The physical process as well as the experimental setup for both types of
measurement is very similar. The main difference is the dependence of the sensitivity
on the detuning of the laser frequency from the optical resonance. If the laser wavelength
is near the optical line center, absorption measurements provide usually the higher
sensitivity, but if the laser is tuned far from resonance, dispersion measurements are
more sensitive.

A possible experimental setup for an absorption-type measurement is shown in Fig.
4: the transmitted light is passed through a A /4 retardation plate which converts circular
into linear polarization. The two orthogonal polarizations are then separated by the
polarizing beam splitter (13). The two photodetectors measure intensities that cor-
respond to the circularly polarized components of the light. If the laser light is at exact
resonance with the optical transition and the sample is completely polarized (all atoms
are in the same ground-state sublevel ), the absorption of (say) right circularly polarized
light goes to zero, while the absorption of left circularly polarized light becomes twice
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FI1G. 4. Schematic representation of the experimental setup used for optical detection of a magnetic dipole
moment. BS, polarizing beam splitter; PD, photodiode; AMP, amplifier.
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the absorption of the unpolarized sample og. For the experimental setup of Fig. 4,
the number of photons arriving on the two photodiodes is therefore

1 —agl(1+
R12 = 5 Mager€ ol +mz)’ [10]

where 7., Tepresents the total number of photons, the different signs refer to the two
photodetectors, and m, (—1 < m, < 1) is the relative population difference between
the two ground-state sublevels. Since the quantization axis is parallel to the direction
of propagation, Eq. [10] can be derived readily from inspection of Fig. 1. Expressing
the signal in terms of photon numbers has the advantage that the analysis is independent
of the actual detector used. The numbers can easily be converted into signal energy
by multiplying them with the photon energy Av and the conversion efficiency of the
photodetector. In most cases it is advantageous to measure not directly the intensity
of one partial beam, but to make a difference measurement, as shown in Fig. 4. The
actual signal then becomes

— —agl
An = 0y — Ny = —Higger€™ ™ Ololmz =~ _nlaseraolmz, [1 1]

where the successive approximations are valid in the case of weak absorption, i.e., g/
< 1. In order to see the dependence on the number of spins more clearly, it is useful
to express the absorptivity o again in terms of the transition cross section of the
individual atoms «;,

o
An = —nlaserNtot j mg, [12]

which is again valid if the sample is optically thin (ay/ < 1), i.e., if the number of
atoms is small. The signal is therefore directly proportional to the magnetization com-
ponent parallel to the propagation axis of the light and to the laser intensity. However,
while a higher laser intensity can lead to a higher signal, it should not exceed the level
at which the spin system is significantly damped by the interaction with the laser field.
Under the condition that the number of photons scattered by an individual spin should
not exceed 1/ T, the total number of photons passing through the sample with lateral
dimension A during the measurement time 7., is therefore

A Teas

='a—1 T, [13]

Maser

The signal Ar for a completely polarized spin system (1, = 1) then becomes

AT, o T,
Hgignal = nlaseral = &_; —%{s Ntot -/_11 = ]Vtot ;::as . [14]

The maximum signal is therefore independent of the transition cross section «; and
determined simply by the fact that each atom scatters one photon during the lifetime
of the spin state. Figure 5 shows the expected number of signal photons as a function
of the total number of spins for the two examples used before, atomic sodium and Pr
in an ionic solid. The function was calculated for a laser beam diameter 4 = 0.5 mm?
and Tes = T2. The graph does not use the approximation [11] so that the signal
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FIG. 5. Signal and noise in optically detected magnetic resonance experiments: The number of photons
collected during an experimental period 7., = T- is plotted as a function of the total number of spins.
The curves labeled “Na” refer to atomic sodium gas and those labeled “Pr” to praseodymium. The full
horizontal lines indicate the corresponding shot-noise level, the dashed line indicates the experimentally
determined noise level for Na, and the other curves indicate the theoretical signal.

saturates when the sample becomes optically thick for one polarization component,
while the other is transmitted without attenuation.

In order to determine the sensitivity of the detection scheme, the signal must be
compared to the noise recorded by the detector. With the experimental setup described
above, the signal is in first order independent of the fluctuations in the laser intensity,
but in higher order they can also affect the signal. In addition, thermal noise is of
course always present as well as electronic noise. However, while these sources of noise
can, at least in principle, be reduced or eliminated, there is always shot noise from
the optical field itself which is anticorrelated between the two detectors and therefore
adds in the signal. If the optical field can be described as a coherent state, the shot
noise should be equal to the square root of the total number of photons arriving at
the detector. As a function of the number of spins, it is therefore

22!
1+ exp(—No —)
. not+n A Teas 4 s
noise 2 al T2 4 b [ ]

where n, , represent the number of photons arriving at the two photodetectors. This
function is represented graphically in Fig. 5, again for the two examples Na and Pr.
It is almost independent of the number of spins; only a small drop indicates where
the sample becomes optically thick for one polarization so that half of the photons
are absorbed. The dashed line represents the experimentally determined noise level
of our detector, expressed in terms of the equivalent photon flux. It is approximately
an order of magnitude above the shot-noise level. The difference is due to thermal
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noise, electronic noise from the amplifier, residual laser intensity fluctuations, and the
guantum efhiciency of the photodiodes (~50%).

In the optically thin region (N, < 4/a;), the signal-to-noise ratio can now be
calculated as

(s 4] Tmeas Tmeas

=\ Mol T2 [16]
An experimental example is shown in Fig. 6: the spectrum was obtained as the Fourier
transform of an average of 22,000 FIDs recorded at the D, transition of atomic sodium
at a temperature of 64°C with a probe beam power of 10 uW and a beam diameter
of 0.5 mm?, The average number of atoms in the laser beam can be calculated from
the absorption signal and is of the order of 22,000. The repetition rate was 500 Hz
and the strength of the magnetic field, which was applied perpendicular to the direction
of the laser beam, was | B| = 8.6 uT. For details of the experimental procedure, see
Ref. (13).

For a given system, the experimenter can enhance the detection sensitivity by max-
imizing the ratio /4, i.€., by tuning the laser on resonance with the optical transition
(maximizing «,) and focusing the laser beam (minimizing 4). In the limit of a strong
optical resonance line, the absorption cross section is of the order of the square of the
optical wavelength. Since an optical beam can in principle be focused into a spot of
the size of the wavelength, this ratio can reach values near unity. Experiments with
single atoms or molecules may well be possible if the spins can be located at the focus
of a laser beam.

Instead of measuring magnetization via changes in the polarization of the transmitted
light, it is also possible to use polarization-selective detection of the fluorescence light
as the signal. This scheme has the advantage that, in an ideal experiment, photons
that have not interacted with the atoms do not reach the detector, so that the shot
noise due to the noninteracting photons can be reduced. If the laser intensity is again
set so that the atoms scatter on average less than one photon during the lifetime of

nsignal/ Pnoise = Niot 2

differential absorption (nW)

30 0 50 6 70 8 % 100
frequency (kHz)
FIG. 6. Experimental spectrum obtained from Na vapor at a temperature of 64°C with a probe beam

power of 10 uW and a beam diameter of 0.5 mm?. The average number of atoms in the laser beam was
about 22,000. Number of accumulations = 22,000, repetition rate = 1 kHz, magnetic field | B| = 8.6 uT.
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the spin state, photons may then be collected at a rate of
S = Niod, [17]

where 7 represents the collection efficiency of the detection system and 6 the magnetic
resonance linewidth. If the noise present in this system is determined by shot noise,
it is proportional to VS and the sensitivity is largely determined by the collection
efficiency 5 which is of the order of 107 in typical systems. The signal-to-noise ratio
can therefore exceed unity even for a relatively small number of atoms.

CONCLUSION

Both schemes for the enhancement of the sensitivity of magnetic resonance exper-
iments that were discussed here have already been applied to a wide variety of systems
(13). The main purpose of the discussion presented here is to summarize the possi-
bilities and requirements on the system and to show in what systems optical methods
show the greatest promise. For polarization enhancement by optical pumping, the
limits are determined by the optical properties of the sample as well as the available
laser power which limits the amount of angular momentum that can be transferred
to the spin system. In a continuous experiment, the laser power will usually be limited
to values of less than approximately 1 W: brighter cw lasers are not only hard to obtain,
they would also lead to an unacceptable heating of the sample. Under these conditions,
optical pumping will usually not be an interesting alternative to conventional methods
if the number of available spins is larger than approximately 10'%, as long as the main
criterion is the rate of polarization available in a unit time. Other considerations, like
the degree of polarization that can be achieved, may modify this range.

The situation is different in the case of pulsed experiments. Not only are the available
laser powers larger in this case, but also the sample heating problem is greatly reduced.
In the continuous as well as in the pulsed case, if the total number of spins available
is too small for conventional magnetic resonance experiments, such as in gases, dilute
solids, or quasi-two-dimensional systems, optical pumping can increase the number
of polarized spins to levels near 100%, much higher than the level that can be achieved
by thermal population relaxation, and thereby make experiments feasible (12, /4).

Other systems of interest are those with extremely long relaxation times or low
Larmor frequencies: in these cases, the rate at which polarization is generated becomes
too small for a classical magnetic resonance experiment. Optical pumping, on the
other hand, can often still produce polarization at a rate that makes the experiment
feasible. The rate of production of magnetization is then determined essentially by
the rate at which photons pass through the system, i.e., by the optical power. If a
pulsed laser system is used, the optical peak power can considerably exceed the level
of the examples shown here. It is then possible to completely polarize spin systems
within the duration of the optical pulse, which may be of the order of picoseconds.
In any case, not only the available laser power limits the production of polarization
but also the heat dissipation capability of the sample. However, as long as the transfer
of polarization from the photons to the spin system has a high enough sensitivity, this
limitation should not be a serious one: 1 W of visible laser radiation carries enough
angular momentum to polarize more than 10'® spins per second.
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The experiments described here all rely on the availability of an optical transition
coupled to the magnetic resonance transitions under investigation. Nevertheless, optical
methods can also be applied to some systems in which this condition is not fulfilled.
As an example, it is also possible to optically pump a different spin system and sub-
sequently transfer the polarization to the system under study (2, 11, 12, 15). If high-
power pulsed laser systems are used, the requirements on matching the resonance
frequency and on the strength of the optical transition are further reduced.

In the case of optical detection, the advantage that is gained over direct detection
of the precessing magnetic moment depends strongly on the type of the system, es-
pecially on the availability of an allowed optical transition. Under favorable conditions,
systems with as few as 10° spins can be investigated and in the future it may well be
possible to perform experiments on individual atomic or molecular systems.

Of course, the methods presented here are by no means the only alternatives to
“classical” magnetic resonance. They should always be evaluated not only against the
conventional experiments but also against other alternatives, such as using SQUIDs
for detection (5). Nevertheless, optical methods not only have a long history but have
become even more popular recently, especially thanks to the rapid progress in the
field of laser technology, such as the availability of relatively cheap and efficient semi-
conductor lasers.
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