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Preface

In recent years the words “optical pumping” have been used more and more
often, generally in connection with the operation of lasers and masers. However,
the concept of optical pumping and the techniques involved have a more general
applicability and have been responsible for the success of a large number of funda-
mental and aesthetically beautiful experiments. Because of this and because it has
become evident that an increasing diversity of problems can be investigated with
optical pumping, a general survey of the subject seems desirable.

This book contains an elementary discussion of optical pumping techniques and
theory suitable for physicists and chemists who wish an introduction to the subject.
The first sections of the book describe what optical pumping is and what basic phe-
nomena are involved in an optical pumping experiment. The latter sections of the
book are concerned with the application of optical pumping to the investigation of the
energy levels of atoms and molecules and with the effect of intermolecular interactions
on these energy levels. Most of the discussion is directed at the optical pumping of
gases; however, a chapter is included on optical pumping in solids. The emphasis
is on the investigation of energy levels, and the application of optical pumping to
lasers and masers is only briefly mentioned.

It is not intended that this be an exhaustive review but more a discussion of
elementary principles. It is hoped that the inclusion of reprints and a rather complete
bibliography will add to the usefulness of this volume.

The author wishes to express his appreciation to the many authors and to the
journals for permission to reprint the articles which appear in the last part of this
book. Unfortunately, space does not permit the reprinting of all the works that are
appropriate for a volume of this sort. As a result, many papers which played impor-
tant roles in the development of optical pumping could not be included. Likewise,
many papers which give the latest experimental and theoretical results do not appear.
The articles which are reprinted represent a diverse selection in that some ate an
extended development of the topics treated in the preceding pages, others contain
some thought-provoking ideas on data, while still others represent some of the mile-
stones in the history of optical pumping, The reader will have his own list of favorite
papers on this subject, but it is hoped that he will find some of them included here.

ROBERT BERNHEIM

University Park, Pennsylvania
July 1965
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1 / Introduction

1-1 WHAT IS OPTICAL PUMPING?

By “‘optical pumping’’ we mean the use of light to produce a population of a set
of energy levels of a system which is different from the normal Boltzmann disti-
bution at the temperature of the experiment. The energy levels in question might
be magnetic energy levels of an atom in which case the optical pumping would re-
fer to either the orientation or the alignment of the atoms by the light beam. On
the other hand, the levels might be electronic states which are fo be populated in
order to establish conditions for laser action, We should like to begin our discus-
sion with atoms and atomic resonance fluorescence as used for the optical pump-
ing of angular momentum subsiates. Once this process has been explained, various
applications will be discussed,

1—2 THE EARLY EXPERIMENTS IN OPTICAL PUMPING

Since a certain amount of the discussion involves the detection of radio-
frequency resonances by using the optical resonance transitions of atoms, it
might be appropriate to begin our introduction to optical pumping with men-
tion of the first workers to observe the effect of a radicfrequency field upon
atomic optical resonance radiation, There were E, Fermi and F, Rasetti
(1925 a, b) and G. Breit and A, Ellett (1925) who observed the change in
polarization of the resonance fluorescence of mercury vapor upon change in
frequency of an applied alternating magnetic field, From such experiments the
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g-factor and lifetime of the excited state could be determined (Mitchell, 1934,
p. 271).

In the following years a great deal of experimental work was done with
atomic fluorescence. The reader is referred to two excellent boocks which
describe the early theory and the extensive experimental work (Mitchell, 1934;
Pringsheim, 1949),

In the late nineteen forties microwave and radiofrequency spectroscopy began
to capture the attention of the physicist and chemist. Magnetic resonance, which
had heen detected in atomic and moelecular beams, had been detected in bulk ma-~
terial; molecular rotational transitions and nuclear electric quadrupole inter-
actions were being observed in the microwave spectra of the vapors of various
compounds, These new types of experiments produced many advances in the
elucidation of atomic and molecular structure. Another motivation for work in
these areas was the desire to be able to determine nuclear spins and moments
which, at that time, were two of the few quantities that could be obtained ex-
perimentally and which could be used in a discussion of nuclear structure, Most
of this work in microwave and radiofreguency spectroscopy was directed at
measurements upon the ground electronic states of atoms and molecules.

In 1949 Bitter called atiention to the possibility of the optical detection of a
radiofrequency resonance. However, the particular detection scheme he pro-
posed was shown to be impractical (Pryce, 1950). Also, Brossel and Kastler,
(1949; Kastler, 1950; see reprints) proposed a scheme for the optical orientation
of atoms and discussed different ways of detecting the orientation., Successful
optical pumping experiments were carried out on the °P, state of the mercury
isotopes by Brossel and Bitter {1952a) and on the ground state of Na*? by Brossel,
Kastler, and Winter {1952c¢) and by Hawking and Dicke (1953).

1—3 APPLICATIONS OF OPTICAL PUMPING

In the years following these early experiments the principles of optical pumping
led to valuable developments, both practical and theoretical, Among the practical
devices resulting from these concpets have been the development of various types
of frequency standards, the maser, the optical maser (laser), and very sensitive
magnetometers, to name a few, The contributions to fundamental knowledge are
numerous and include the determination of nuclear spins, magnetic moments, and
nuclear electric quadrupole moments; very accurate measurements of the elec-
tron magnetic moment and a determination of an upper limit to the electric dipole
moment of the electron; the determination of nuclear hyperfine interactions and
their ‘‘pressure shifts’’; the determination of hyperfine interactions and g-factors
for excited states of atoms; and the determination of diffusion constants, dis-
orientation cross sections, and spin-exchange cross sections for atomic col-
lisions.

As the field developed, experimental techniques were refined, and new effects
were observed. The transmission technigue of detecting magnetic resonances in
the ground state of alkali metal vapors was introduced (Dehmelt, 1957 a, b,
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1958 a, b). Energy level crossing technigues were introduced (Franken, 1958b);
the energy shift caused by the intensity of the pumping radiation was considered
theoretically (Barrat, 1960) and measured experimentally (Cohen-Tannoudji,

1961 a, b, ¢); optical masers were proposed (Schawlow, 1958) and made to work
{Maiman, 1961); and optical harmonic generation has been accomplished {Franken,
1961b).

In the following pages the fundamental concepts of some of these experiments
will be described. However, the emphasis will be on those experiments that yield
information about the energy levels of the ground and excited states of the sys-
tems considered.



2 / The Optical Pumping Experiment

2—1 A SIMPLE EXAMPLE

In order to describe the optical pumping process, we shall first make a few
simplifying assumptions which will later be removed, In this example, we shall
consider an alkali metal atom which has a 28,,, ground state and 2P,,, and *P,,,
excited states, The optical transitions between the ground state and these two ex-
cited states give rise to the D, and D, lines, respectively, of alkali metal atomic
spectra. For some cases, the D, line can be removed from a source of light by
means of an interference filter, We shall assume this to be the case for our ex-
ample,

If an alkali metal atom is placed in a magnetic field H,, and if the nuclear
spin is neglected, the energy levels of the atom pertinent to D, spectral lines
will be as shown in Figure 2-1, The spin magnetic moment of the valence elec-
tron will interact with the magnetic field with energy:

E = gBH,mg (2-1)

where g is the Lande g-factor, 8 is the Bohr magneton, and mg is the magnetic
quantum number of the atomic state, having a value of +{ for this example.

Next, consider the experimental arrangement shown schematically in Figure 2-2
and which is typical of one method, originally introduced by Dehmelt (1957a), of
optically pumping alkali metal atoms. The vapor cell, usually made from a 250-mi
flask, is illuminated by a spectral lamp which emits the D, ,D, resonance doublet

4
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Figure 2-1 Energy levels of a hypothetical
atom with a 281,2 ground state
and a ’Py,, excited state.

of the alkali metal atom being studied, The light is collimated or focused with
lenses through an interference filter where the D, component is attenuated, and
through a circular polarizer. The D, light then pases through the vapor cell
which contains the vapor of the alkali metal species. The cell is usually heated
to a temperature that will result in an alkali metal vapor pressure in the region

Interference
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-
2L
Vapor =
cell 2,
© £
T Photo <
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Spectral u | o —
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Circular
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Figure 2-2 Schematic of an optical pumping apparatus that uses transmission de-
tection.
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of 1075 mm Hg. Typical operating temperatures are 25°C for Cs, 45°C for Rb,
85°C for K, and 150°C for Na. The vapor cell is placed in a weak magnetic field,
H,, which is directed along the direction of the light path. The intensity of the D,
resonance radiation passing through the apparatus can be measured with the photo
tube.

What is the effect of the circularly polarized D, radiation upon the atoms in
the vapor cell with the above experimental arrangement? The well-known result
is that the atoms will be excited to the *P,, state with a selection rule of
Amg = 1. Furthermore, the selection rule will be either Am_ = +1 or
Ams = —1 but not both, Which one holds will depend upon the direction of the
magnetic field with respect to the direction of propagation of the light and the
direction of circular polarization. If the electric vector of the light portrays a
right-handed helix, the light is said to be right circularly polarized. This type
of circularly polarized light is given the notation ¢* if it produces Ams = +1
transitions,

Inspection of Figure 2-1 reveals that there is only one possible excitation that
can take place; this is shown in Figure 2-3, Excitation with Amg = +1 can oc-
cur only from energy level A to energy level D, The lifetimes of the *P,,, states
of alkali metal atoms are typically of the order of 10- sec. If we assume that no
disorientation occurs in the excited state of the atom (i.e., that state C is not pop-
ulated) the atom will fluoresce from state D to states A and B with equal transi-
tion probability. For an assembly of atoms the net effect in time will be a trans-
fer of population from state A to state B,
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Before the pumping radiation is turned on, the relative populations of states
A and B are given by the Boltzmann distribution:

"B
n exp[—(Eg — Ep )/KT]

b

which in a typical case gives an excess of about 1 part in 10% in state A over state
B at room temperature for weak magnetic fields, After the pumping radiation is
turned on ng, > n 4 and the final relative population will be determined by such
parameters as the pumping light intensity, relative transition probabilities, and
the relaxation time. A concentration of atoms in state B corresponds to a net
orientation of the angular momentum of the atoms, The process described

above is one example of optical pumping, the pumping being a transfer of atoms
from one energy level to another,

2—2 MAGNETIC RESONANCES

The intensity of light passing through the apparatus in Figure 2-2 will be a
function of the amount of orientation of the atoms in the vapor cell, If 100% of the
atoms were optically pumped into state B the alkali metal vapor would no longer
be able to absorb the D, radiation, and the bulb would become transparent. When
states A and B are occupied according to their normal Boltzmann distribution, the
vapor will absorb the circularly polarized resonance radiation, and the vapor cell
will become opaque to the pumping radiation. Thus, one can detect the amount of
orientation by simply observing the intensity of D, light passing through the ap-
paratus,

If an oscillating magnetic field is applied perpendicular to H, and if the fre-
quency of the oscillating field is

gBH,
h

Vo

(2-3)

i.e., the Larmor frequency of the alkali atom, transitions between states A and B
can take place, This frequency will fall in the radiofrequency region it H, is of
the order of 1 gauss. If the radiofrequency radiation is very intense the occupa-
tions of states A and B are equalized and the systems of spin energy levels are
said to be saturated,

Since the application of the radiofrequency field causes the population of state
A to increase, more D, resonance radiation will be absorbed, and the bulb will
appear to be opaque, If the frequency of the oscillating field is varied and the
intensity of D, light passing through the apparatus monitored, one will observe
the intensity vs, frequency dependence as shown in Figure 2-4. An absorption
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Figure 2-4 Magnetic resonance observed in the
intensity of light transmitted through
the optical pumping apparatus.

of light corresponding to a transition between states A and B will be observed.
The central frequency of this line, v,, can be measured with high accuracy.
The above experiment, then, is a way of performing radiofrequency spec-
troscopy.

2—3 A MORE GENERAL EXAMPLE

One of the simplifications of the above example was that the ground state of the
atom consisted of only two levels —the Zeeman levels of the electron-spin mag-
netic moment interacting with an externally applied magnetic field, More often,
the nucleus of the atom will also have spin angular momentum, and the magnetic
sublevels of the ground state of the atom are more complicated. In the case of
weak external magnetic fields the sublevels are described in terms of F and myp,
where F is the total angular momentum of an atom and my; is its projection
along an external magnetic field.

As an example, we shall consider an atom with nuclear spin I = £ and elec-
tron spin 8§ = § (Na?3, Rb#7). Here, F = I + 8, and the sublevels of the ground
state are shown in Figure 2-5 for the atom in a weak magnetic field, Optical
pumping can cause population differences between mp states and between F
states, There is now the opportunity of observing transitions between mp states
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Figure 2-5 Magnetic sublevels of an electironic state of an atom
with L =0,8=4%4,and I = g— . A positive nuclear
moment is agsumed.

(Zeeman transitions) and between F states (hyperfine transitions) by applying
radio or microwave radiation of the correct frequency te the vapor cell and ob-
serving the transmitted light intensity. A discussion of the energy levels and
their variation with applied magnetic field is given in Chapter 5.

The extent of the optical pumping or orientation will depend upon several fac-
tors. All transitions from the ground-state magnetic sublevels to the excited
states must be considered along with their relative transition probabilities, In
addition, there exists the possibility of disorientation of the atom in the excited
state. Two extreme situations, complete disorientation and no disorientation in
the excited state, have been considered by various workers (Franzen, 1957;
Hawkins, 1955, 1961). Another factor that influences the extent of orientation is
the relaxation among the magnetic sublevels of the ground state, Also, effects
arising from the spectral line shape of the pumping radiation must be considered,
In the following sections these various contributions to the more general case
will be discussed more fully.



3 / The Dynamics of Optical Pumping

3—1 PUMPING AND RELAXATION IN GROUND STATES

We are interested in examining how the occupation of a given magnetic sublevel
of the ground state of an atom changes with time, There are two simultaneous
rate processes which must be considered: pumping and relaxation, If we let by;
be the probability that the atom will be optically transferred from sublevel i to
subievel j, and wy: be the probability that the atom will be relaxed from sublevel
i to sublevel j, theén the rate of change of the population of state R will be given
by

an Q,

T = E (blR + WIR )Il
i=1
Q

1

[
H

where np is the occupation probability of state R, and it is normalized such that
2 ng =1 (3-2)
R=1

The summation indices i and j are over the magnetic sublevels of the ground

10
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electronic state of the atom which are Q in number, The prime on the summa-
tion signs indicates that the terms for j = R and i = R are omitted from the
sums. This merely means that processes which take an atom from state R and
return it to state R do not change the population of state R.

The first sum in Eq. 3-1 gives the rate at which atoms arrive in state R,
whereas the second sum gives the rate at which they leave state R. Equation 3-1
exists simultaneously for each magnetic sublevel, R, of the ground state of the
atom. If there are Q sublevels then the set of Eqs. 3-1 plus 3-2 gives Q — 1
independent equations, I the transition probabilities bij and Wjj are known the
time development of the occupation probability of each state can be computed
(Franzen, 1957).

The average probability that the atom will absorb light will be given by

1
B==2,2 by.n (3-3)
QR Rj"R

At thermal equilibrium the ngp’s are all nearly equal and Eq. 3-3 can be written

1
By = g 2 O b (3-4)
QRJ. Rj

B, is now the average absorption probability per unit time per atom for the non-
pumped species. When the atoms have been pumped to a certain degree their ab-
sorption will be given by Eq. 3-3., B, is a function of the initial light intensity and
can be estimated from classical dispersion theory.

In order to obtain the detailed time development of the occupation probabilities
of the sublevels, several approximations have to be introduced,

The first of these has to do with the relaxation probabilities in Eq. 3-1. The
simplest assumption to make is that the wij are all equal. Then for each w35 in
Eq. 3-1

. -
W—QT1 (3-5}

where T, is the spin-lattice relaxation time for the system, and Q is the total
number of magnetic sublevels of the system,
In the absence of optical pumping radiation

dn
R _ -1
& T, (ng — 1/Q) {(3-6)

In the presence of optical pumping radiation the final time-dependent equations
will also be dependent upon whether or not reorientation takes place in the excited



12 OPTICAL PUMPING: AN INTRODUCTION

state of the atom, The equations can be written down for two cases: (1) no re-
orientation in the excited state of the atom and (2) complete reorientation in the
excited state (Franzen, 1957). The general equation which holds for both cases is
found by using Eq. 3-5 and 3-1:

dn Q, Q n 1
<t =" ZbRiR * L PRD -7t gy (3-7)
i=1 i= : 1

The bij are then computed according to whether reorientation or no reorientation

occurs in the excited state.

The time development of ng has been solved for a I = §, J = § system, which
is the case for Na?® (Franzen, 1957), and for a I = &, J = 1 system, which is the
case for Cs'* (Hawkins, 1961). In these papers graphs show quite clearly how the
population for each state changes as a function of time for each of the two reori-
entation cases.

3—2 ORIENTATION AND ALIGNMENT

The distribution of atoms among the magnetic sublevels of the ground state is
determined by Eq. 3-7 and by the bjj. The bjj, in turn, are determined by the
various matrix elements for absorption and emission of the resonance radiation.
These will depend upon the given experimental conditions, i.e., whether circularly
or linearly polarized light is used, and the direction of magnetic fields at the ab-
sorption cell. Therefore, it is not too surprising that a variety of distributions
can be obtained with different experimental conditions. These fall into the two
main categories mentioned previously: (1) orientation and (2) alignment.

In optical orientation the atoms are pumped in one direction only with regard
to the sign of mp. The atoms can be concentrated in either the mp = +F level
or the my = —F level depending upon whether ¢* or ¢ excitation is utilized.
The result of orientation is a net angular momentum of the sample along the
light beam. The sample of oriented atoms can also be conveniently character-
ized by a magnetization,

In optical alignment the atoms are pumped into the highest and lowest mp
levels simultanecusly, In this case the net angular momentum along the light
beam is zero, and there is no net magnetization.

For the special case of Q = 2, optical alignment technigues are not very useful
because the most one would be able to do would be to equalize the populations of
the two levels; no large population differences would be possible, For Q = 2 and
optical orientation, Eq. 3-1 takes the form:
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dn
A
gt = ~ap * waplny + (bgp * Wpplng (3-8)
dnB
at - ~(bpa " Wpalng * (bap * Waplny

where the level notation of Figure 2-3 has been used, Neglecting the small Boltz-
mann difference in population at thermal equilibrium, one obtains in the absence
of pumping

dnA

_A_ 1 L -
T (3-9)
and in the presence of pumping

_ _ . 1
dnA/dt = bga g nA/Tl bypny + T, {3-10)

A similar set of equations holds for dnp /dt. ¥ the transition probabilities b AB
and bpa are known, the equations can be solved for ny (t) or ng (t). After a
time long compared to the ‘‘optical pumping time,’’ 7, a ‘*stationary state’’ is

reached where dnp /dt and dng /dt are both equal to zero, and the Egs. 3-8 be-
come

A

ng 1+ 20b, (3-11)

1_1—_ i+ 2T1bBA

ue]

If bapg = b, optical orientation cannot occur since the ratio n A /ng would be
unity. In order for optical pumping to take place by # by A - Two factors will
influence the relative magnitudes of bpyp and bps. These will be {1) the matrix
elements connecting the sublevels of the ground electronic state with those of the
excited electronic state and (2) the amount of reorientation that occurs while the
atom is in the excited electronic state,

For the special example illustrated in Figure 2-3 where only atoms in one of
the ground state sublevels are excited and where no disorientation takes place in

the excited state, i.e,, bBA = 0, Eq. 3-11 becomes
n
A 1
QSO S (3-12)
ng 1+ 2T‘bAB

Here again we see that the population difference between levels A and B becomes
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larger as T, becomes longer. In the case for which Eq. 3-12 holds the transiticn
probability b AB Gan be replaced by an alternative notation, 1/7, where T is

called the “‘optical pumping time,’” Equation 3-12 with this notation becomes

A 1

n
i, T TTET/m (3-19)

and holds for the steady-state situation. The optical pumping time, then, is associ-
ated with the relative transition probabilities between the sublevels of the ground
and excited electronic states of the system and the reorientation processes that
result from collisions of the atom while it is the excited state.

3—3 OPTICAL PUMPING OF EXCITED STATES

The orientation or alignment of an excited state can be accomplished in two
ways. One way is to first populate the excited state and then carry out a pumping
scheme similar to that just described for ground states utilizing some still higher
excited state, Alternatively, the orientation or alignment can be produced by the
same radiation that is used to populate the excited state.

An example of the first procedure is the optical pumping of helium in the 23,
metastable state (Colegrove, 1960), In this experiment helium atoms are excited
irom the 238, to the 23P states as shown in Figure 3-1. Even if the atoms are re-
distributed among the 2°P states before making the transition back to the 23§,
state, an inequality in population distribution of the 23S, sublevels can be achieved,
those levels with the smallest abscorption probahbility having the highest population.
If unpolarized resonance radiation is used, optical alignment in the 2 38, state is
produced. This experiment has been used for a magnetic-field stabilizing device
(Schearer, 1961), a very sensitive magnetometer, and, more recently, to produce
nuclear polarization in He® {Colegrove, 1963).

The second type of optical pumping in an excited state is illustrated by the im-
portant case of mercury, The very first optical pumping experiment was with
mercury vapor (Brossel, 1950, 1952a). Since that time the case of mercury has
been exhaustively examined, A typical experimental configuration for the optical
pumping of mercury is shown schematically in Figure 3-2, Mercury vapor is ir-
radiated with resonance radiation polarized in the direction of the magnetic field
at the vapor cell, The 7 radiation emitted at right angles to both the incident
radiation and the magnetic field passes through an analyzing prism, and its in-
tensity can be measured with a photomultiplier tube. The 7 resonance radiation
causes excitations in which there is no change of components of angular mo-
mentum, Am = 0. In this way only specific sublevels of the excited state are
populated as illustrated in Figure 3-3 for the case of the even isotopes of mer-
cury, i.e., those which have no nuclear spin, The emitted radiation from the
*P, state is polarized in the same direction as the incident radiation, If a
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Figure 3-1 Energy levels of the helium atom
pertinent to optical pumping in the
238, state.

transition is produced between magnetic sublevels of the excited state with an ap~-
plied radiofrequency field, the emitted radiation will contain some ¢ light, coming
from the my = #1 states, and the intensity of the 7 fluorescence from the mj; =0
state will be diminished. This change in intensity of emitted 7 radiation is, then,
a way of detecting magnetic resonances in the excited state of mercury.

The optical pumping of excited states and the detection of magnetic resonances
has been accomplished in other substances as well., The nuclear electric quad-
rupole moment of Zn®’ has been determined by optical methods in the 43P,
metastable state of zinc (Bochmann, 1957), Experiments have been performed on
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excited states of singly ionized helium mainly for the purpose of determing the
Lamb shift for that system (Series, 1958a). Experiments on the excited states

of the alkali metals are usually done for the purpose of determining the nuclear
electric quadrupole interaction and the nuclear electric quadrupole moment,

Such an experiment is, of course, impossible for the ground state because of the
spherical charge distribution of S-state atoms which produces no electric field
gradient at the nucleus and, therefore, no nuclear electric quadrupole interaction,
Experiments on the excited states of alkali metal vapors have been performed on

y

/l\ Photomultiplier

Analyzing prism

I
l

Vapor cell

H() -

Polarizing prism

X v Mercury lamp

Figure 3-2 Schematic of an apparatus for the optical pumping of the mercury
3
P, state.
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optical pumping
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Na?® {Kriiger, 1958; Sagalyn, 1954), K" (Bucka, 1962a), Rb®° and Rb®" (K13), and
Cs!®® (Althoff, 1954, 1955; Kriiger, 1955b; Bucka, 1956, 1958), It should also be
mentioned that the experiments on excited states of atoms were also proposed for
atomic beams (Rabi, 1952), Atomic beam experiments have been performed on
excited states of Na%?? (Perl, 1955), and K* (Ritter, 1957},

The nuclear electric quadrupcle interaction will be discussed in another sec-
tion.

In this section we have presented only a very general discussion of the optical
pumping process. The reader interested in a careful formalism in terms of the
density matrix is referred to the excellent thesis by Cohen-Tannoudji (1962),



4 / Optical Resonance Radiation

41 RESONANCE FLUORESCENCE AND LINE FLUORESCENCE

The resonance fluorescence of atoms was first observed in sodium vapor by
R. W. Wood about 60 years ago (Wood, 1913). The early explanation of this phe-
nomenon was made on the basis of the classical theory of oscillators whereby
light is scattered when its frequency is exactly in tune with a basic frequency of
the scattering center. However, the classical theory could not explain the ap-
pearance of light of longer wavelengths than that of the exciting light in a fluo-
rescence experiment. For example, it was inconsistent for sodium to emit the
yellow D lines when illuminated with ultraviolet light. The advent of the Bohr
theory and the concept of emission as a separate process distinct from absorp-
tion explained these as well as other anomalous observations in atomic spectra,

Strictly speaking, resonance radiation is produced when an excited state of a.
system emits light by making a transition to the ground state of the system.
This occurs for atoms where there is a single ground electronic state such as is
the case for S-state atoms (Hg, Na, Ca, etc.), but for systems which have low-
lying electronic states, as is usually the case for atoms with P ground states
(T1, Pb, etc.}), both resonance radiation and line fluorescence occur, The reso-
nance transition terminates in the ground state, and the line fluorescence occurs
when the transition terminates in a state that lies above the ground state. For
an S-state atom, irradiation by the resonance lines produces fluorescence of the
same lines, whereas for a P-state atom, irradiation by one of the exciting lines
will produce at least two lines in the fluorescence as shown in Figure 4-1.

18
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Figure 4-1 Examples showing the difference between resonance
fluorescence and line fluorescence.

An exception to our definition of resonance radiation might occur in the case
of an atom that has a metasiable state. I this state is sufficiently well populated
one could have the same situation as described above for resonance radiation
where the metastable state is the lower terminus for a resonance transition.

In order to observe resonance fluorescence one needs a light source and a
cell containing the vapors of the substance which will absork the light, This cell,
containing the vapors of the unexcited species is sometimes referred to as a
‘“‘resonance lamp.”” A typical experimental arrangement for observation of reso-
nance fluorescence is diagrammed in Figure 4-2. The horn shape of the resonance
lamp, due to R. W. Wood, prevents internal reflections from complicating the ob-
servation of the resonance radiation. In Wood’s early experiments with sodium,
the light source used for exciting the resonance radiation was a gas flame to which
a solution containing a sodium salt was added. This can be done by inserting into
the flame a piece of asbestos which has been soaked in a salt solution. In modern
experiments the light source is usually a discharge lamp which contains a few

Light source

[ Resonance
/ . lamp

= -
I\

. Photo cell

Filgure 4-2 Observation of resonance fluorescence.



20 OPTICAL PUMPING: AN INTRODUCTION

millimeters pressure of some inert gas and a small quantity of the element
whose resonance radiation is required,

It is, of course, beyond the scope of this brief discussion to review all the
aspects of resonance light, Instead, only a few topics of immediate consequence
to optical pumping will be mentioned, and the reader is referred to the excel-
lent work of Mitchell and Zemansky {1934) on the subject. In addition, a great
deal of information concerning experiments with resonance light and about flu~

orescence and phosphorescence in general can be found in the book by Pring-
sheim (1949),

4—2 ABSORPTION OF OPTICAL RESONANCE RADIATION

For any spectral absorption line of a gas one can define an absorption coef-
ficient k(v) by the relation

I(v) = Il,e“k('”)X (4~1)

where 1 is the intensity of light of frequency v transmitted through the absorb-
ing gas, I, is the incident light intensity, and x is the thickness of the absorbing

k(»)

v, v

Figure 4-3 Absorption coefficient of a resonance
transition.
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gas. If one examines k(1) as a function of ¥ one obtains the absorption line
shape as shown for an idealized case in Figure 4-3.

Using the Einstein theory of radiation the integral of the absorption coeffi-
cient, which determines the line intensity, is given by

_ Alg.N
k() dv = é*%g‘f‘? (4-2)

where A, is the wavelength of the center of the line; g, and g, are the statistical
weights of the excited and ground states, respectively; N is the number of ab-
sorbing gas atoms per cubic centimeter; and 7 is the lifetime of the excited
state, The above integral is a constant for a fixed N and can be used to deter-
mine 7. However, most tables of speciral lines and transition probabilities de-
scribe the line intensity in terms of the oscillator strength, f, defined by a re-
lation due to Landenburg:

2
mci, g,

f= Br2eZg, 7

(4-3)

where the additional constants are the mass of the electron, m; the speed of light,
¢; and the electronic charge, e. Again, the lifetime of the excited state may be
obiained from a measurement of the oscillator strength. However, oscillator
strengths and absorption coefficients are sometimes difficult to obtain unambigu-
ously. One must be certain that the spectral line is not broadened by mechanisms
other than that of the natural lifetime of the excited state. In the next section we
mention some of these other mechanisms of line broadening,

4—3 BROADENING OF OPTICAL RESONANCE LINES

The success of an optical pumping experiment very often hinges on differences
in the resonance line profile between the light source and the absorbing species,
In order to obtain a high degree of orientation in the my energy levels of the
ground state of an alkali metal atom one wishes to have maximum intensity of the
circularly polarized exciting light at exactly the center of the absorbing gas line
shape. For certain hyperfine pumping experiments, one hyperfine component in the
exciting light must be filtered out. In general, one has to consider and make use
of the various sources of broadening of resonance lines.

An arbitrary breakdown of the contributions to spectral line shapes and broad-
ening is as follows:

a. Uncertainty broadening due to the natural lifetime of the excited state of
the atom;

b. Doppler broadening due to the thermal motion of the gas;

¢. Lorenz broadening due to collisions with foreign buffer gases;

d. Holtsmark broadening due to collisions with like atoms;
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e, Stark broadening due to collisions with electrons and ions;

f. Zeeman broadening and splitting due to the presence of magnetic fields;
g. Hyperfine splitting,

A number of these contributions to the line width can be controlled by the ex-
perimental conditions, In the case of Doppler broadening a theorectical correc-
tion for its contribution can sometimes be made.

Under certain conditions where one has a dense gas the Doppler width of a mag-
netic dipole transition can be narrowed by the collisions between gas particles,
This effect was calculated by Dicke (1953; see reprint) who found that when the
mean free path of the gas is small compared to the wavelength of the transition,

a normal Doppler distribution plus a sharp non-Doppler broadened line results,
Very narrow lines are, indeed, found in magnetic resonances of gases and in hy-
perfine transitions in S-state atoms. This effect is present in solids and is also
responsible for the narrow lines found in experiments with the Mdssbauer effect,
Recently, it has been shown that the collision narrowing also occurs in the optical
specira of gases (Rank, 1963).

Another spectral line narrowing process can oceur in a system of atoms that
has the upper energy level of the resonance transition more densely populated than
the lower, This effect is cbserved in the emission from lasers and masers.

4—4 SELF- REVERSAL

A common occurrence in the production of resonance radiation by a discharge
lamp ig the self-reversal of the resonance lines. This usually happens when the
lamp is too hot or if there is a high pressure of a foreign gas present in the lamp,
A hypothetical self-reversed line profile is illustrated in Figure 4-4, In a situa-
tion where the excitation occurs in the central portion of a lamp the resonance
light will be absorbed by unexcited atoms surrounding the excitation region. In
addition, if the excitation region becomes very hot the resonance lines will be

Natural

R e -
line

Self
-—— reversed
line

Figure 4-4 Self-reversal.
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broadened, Sometimes cooling of the lamp will cause the discharge to be more
uniformly distributed. It should be pointed out that only resonance lines, defined
as above, will exhibit seli-reversal. This fact was used by the early workers in
identifying rescnance spectral lines.

The production of intense, unreversed, resonance lines for an optical pumping
experiment is a matter of considerable concern and has received some attention
{(Brewer, 1961; Franz, 1963a; Bell, 1961c). The seli-reversal preoblem is quite
serious with Rb, Cs, and Hg. If a commercial lamp is used it is helpful to blow
air over the discharge bulb; if one makes one’s own lamps, care should be taken
to assure a clean interior. An inert gas is usually present inside the lamp to sup-
port the discharge, If the pressure of this gas is too high, the emitted speciral
lines will be broadened. The pressure which gives the best results is a matter of

trial and error, although some guides have been established by those who have
studied this problem.



5 /Magnetic Interactions: Zeeman and
Hyperfine Splitting

5—1 THE HAMILTONIAN

The investigation of the Zeeman and hyperfine structure of an atomic state of
an atom by the optical pumping method differs from the atomic beam method mainly
in detection techniques, Sometimes, the optical pumping experiment is a more
simple approach, However, the analysis of the resulting radiofrequency spectrum
proceeds along the same lines as in the atomic beam case.

The Zeeman and hyperfine interactions of an atom in an external magnetic
field H, are described by the Hamiltonian

3 =al-J - ggBJ-H, — grByI'H, (5-1)

where J is the total electron angular-momentum operator composed of the sum
of the electron orbital angular momentum, L, and the electron-spin angular mo-
mentum, 8. I is the nuclear-spin angular-momentum operator, g1 and gy are the
electronic and nuclear spectroscopic splitting factors, § and BN are the Bohr and
nuclear magnetons, and a is the hyperfine splitting constant. The evaluation of the
energy level structure of the system is simplified for either very weak or very
strong external magnetic fields, i.e., if either the Zeeman or the hyperfine terms
dominate. When the two types of interaction are comparable, the complete sec-
ular equation for the system must be solved,

24
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5—-2 ENERGY LEVELS IN WEAK, STRONG,
AND INTERMEDIATE MAGNETIC FIELDS

In very weak external magnetic fields, I and J are strongly coupled to form

F=1+Jand the resulfant mp. The energy levels of the system are given in the
FmF representation by

E(F,mp) = %{F(F +1) - +1) - JJ + 1)

R FIF+1)+JJ +1) -l +1)
g5h SF(F + 1)
F(F +1) + (I +1) - JJ + 1
+ gIBN + ) +2F(|(F++)1) ( + )] mF HO (5_2)

Sometimes the term in the energy expression proportional to gI‘BN is neglected
due to its small size,

In very strong external magnetic fields, I and J are not coupled, and the sys-
tem is described in terms of the separate magnetic quantum numbers mjy and my.

E(mJ,mI) = ampmy — g;Am H, - gfymH, (5-3)

In the intermediate case the appropriate secular equation can be solved in
either the F,mp representation or the mj, m; representation. A solution for
the case of J = 4 (alkali metal atoms) and arbitrary I is given by the Breit-
Rabi formula:

- _a _
E(F,mF) =3 gIBNmF H,

2o+ 1) \J1+ o SR (5-4)
4 _ 21 + 1

where
2H°(gIBN - gJB)
a(2I+ 1)

X =

The (+) sign in Eq. 5-4 is used for F = I + %, and the (-) signfor F =1-—

1
o
An example of the energy level structure of an atom with J = £ and 1 = £
and gy positive is shown in Figure 5-1. This is the level structure one would
expect from a Na?® atom,
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Figure 5-1 Magnetic sublevels of an atom with J = 4 and I = § and
positive g, as a function of magnetic field strength, H.
Both the F,my and the my, my representations are used
to label the energy levels.

If J is greater than { or if there are other interactions present, such as the
nuclear electric quadrupole interaction, the derivation of the energy levels is com-

plex. The quadrupole coupling interaction will be treated in the next chapter.

5—3 DETERMINATION OF HYPERFINE CONSTANTS, g-FACTORS,
AND NUCLEAR SPINS BY OPTICAL PUMPING

As described earlier, optical pumping can be used to produce an orientation
or an alignment in the m.. states. It can also be used to populate preferentially
one of the hyperfine states., With an oscillator of the appropriate frequency,
Zeeman transitions or hyperfine transitions can be induced and can be detected
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optically. If the frequency of the oscillator is measured with an electronic counter
the energy of the transition can be accurately determined. By performing experi-
ments at different applied magnetic fields the unknown parameters in the pre-
c¢eding energy level expressions can be determined. The unknown parameters
are usually one or more of the quantities a, gy, gy, and L

The Hamiltonian as written in Eq, 5~1 represents the sum of the hyperfine
interaction, the Zeeman interaction of the electronic moment {spin plus orbital},
and the Zeeman interaction of the nuclear magnetic moment. The nuclear
g -factor, gy, and spin I are constants for a given nucleus in its ground state.
The electronic g-factor, gy, for a given atomic state characterized by a value
of J is usually thought of as a constant quantity given approximately by the Lande
formula
: 21 30D+ 86+ 1) - LI+ 1)
&g 23T + 1)

(5-5)

On the other hand, the hyperfine coupling constant a is dependent upon the
¢lectronic wave function of the atom and is subject to any perturbations of the
wave function that can occur. For atoms with an odd electron in states of zero
orbital angular momentum, e.g., *S,,, states, the hyperfine interaction is pro-
portional to the amount of electron magnetic moment density at the nucleus,
This is usually referred to as the Fermi contact interaction and is given by

16
al$ = =7 grBgiBy IS 8(r) (5-6)

where the delta-function operator &{r) picks out the value of the wave function at
the nucleus, r = 0. For an atom with one unpaired s electron described by a wave
function §, the energy levels results irom Eq, 5-6 are

E(mp) = 3 gy dolr = 01 mp (5-17)

If the unpaired electrons are not s electrons they will not have any electron
magnetic moment density at the nucleus. However, there will be an electron
orbital magnetic moment which, along with the electron-spin magnetic moment,
will produce a direct dipole-dipole interaction with the nucleus. In addition, the
unpaired electrons can interact with the filled inner shells of s electrons to pro-
duce an unpaired moment density at the nucleus. A rigorous evaluation of this
latter ‘‘core polarization’ effect can be quite complicated, but an approximate
formula for the hyperfine coupling constant due to dipolar interactions can be
derived in a semiclassical fashion (Ramsey, 1956, p. 74),

By 2L(L + 1) (Wl 1/r2] 45)
T J(T + 1)

a=8

{5-8)
273
thya Z g1

n*(L + 3)JJ + 1)(M/m)
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where n is the principal quantum number, Ry is the Rydberg constant
{me?*/47hi®c), @ is the fine structure constant, M/m is the proton-electron
mass ratio, and Z is the nuclear charge.

As will be seen in a later section, perturbation of the wave function by
nearby molecules or atoms can cause a change in the hyperfine constant.
These changes yield information about the intermolecular interaction ener-
gies between optically pumped species and buffer species,



6 / Electric Interactions:
Nuclear Electric Quadrupole
and Stark Splitting

6—1 NUCLEAR ELECTRIC QUADRUPOLE COUPLING CONSTANTS

Nuclei with spin angular momentum I = 1 can possess a nuclear eleciric
quadrupole moment, @, which is a measure of the departure from spherical
symmetry of the nuclear charge distribution. The nuclear electric guadrupole
moment can undergo an electrostatic interaction with any surrounding electronic
charges that are present, resulting in a guantization of the components of nu-

. clear-spin angular momentum with respect to the surrounding charge distribu-
tion. The form of the interaction energy is such that it vanishes if the surround-
ing distribution of charges has tetrahedral, cubic, or spherical symmetry. Thus,
for an alkali metal atom with a nucleus having an electric quadrupole moment,
there will be no quadrupole interaction in the ground or S state, but there is the
possibility for a finite interaction in some excited non-8 states. This interaction
energy is usually expressed in terms of a nuclear electric quadrupole coupling
constant, e?2qQ@, where e is the electronic charge, @ is the nuclear electric
quadrupole moment, and g is the electric field gradient at the nucleus. In actual
fact the nuclear electric quadrupole moment and the electric field gradient are
tensor quantities, but we deal here with scalar quantities which are related to the

29
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irreducible components of the nuclear eleciric quadrupole moment and electric
field gradient tensors. Q is a constant quantity for a given nucleus in its ground
state, but q is a function of the electronic wave function for the particular atomic
state being considered. In a molecule, q at the site of a given nucleus would be a
function of the electronic distribution about that nucleus due to nonbonding elec-
trons, bonding electrons, and other nuclear charges.

6—2 ELECTRIC FIELD GRADIENTS IN ATOMS

In an atom where the field gradient arises solely from one electron, q is
axially symmetric and can be calculated from

= [gw (3 cos? Bﬁl) § dr (6-1)

where @ is the electronic wave function defined for the state my = J. The angu-
lar factors in Eq. 6-1 cause q = 0 for the ®S,, and ®P,, states but do yield a
finite value of g in the ?P,, state.

In order to determine experimentally a nuclear electric quadrupole moment it
is not only necessary to know the coupling constant e?qQ, but also the electric
field gradient q. In the alkali metal atoms the quadrupole coupling constant is
usually measured in the *P,,, state, However, the field gradient at the nucleus
calculated for a single p-valence electron is not the true field gradient. Besides
a small relativistic correction {(Casimir, 1936) there is an effect which comes
from the filled inner shells of electrons in the atom. A filled inner shell would
be expected to make zero contributions to g. However, the nuclear electric
quadrupole moment can induce a quadrupole moment in these inner shells of
electrons which, in turn, interacts with the field gradient due to the valence elec-
tron, The total effect of the inner shells is one of shielding or antishielding (de-
pending upon the sign of the effect) of the field gradient due to a valence electron.
This effect has been examined by Sternheimer (1956) who finds that the effective
field gradient seen by the nucleus is equal to that given by Eq. 6-1 multiplied by
a correction factor [1 —v (R)] , where y (R) is called the ‘‘quadrupole antishield-
ing factor.”” The aforementioned quadrupole coupling constant would then be
expressed as [1 —y (R)]e®qQ if q is to retain the definition given in Eq. 6-1,
Values of y (R) must be obtained by a calculation and require a knowledge of the
atomic wave functions.

6—3 DETERMINATION OF NUCLEAR ELECTRIC
QUADRUPOLE MOMENTS

In the determination of @ from a measurement of the quadrupole coupling con-
stant one must know both g and |1 —y (R)}. Any uncertainty in either q or
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|1 —% (R)] will be reflected by an uncertainty in Q. In order to test the reliability
of a quadrupole moment determination one can measure the coupling constant in
two different electronic states of an atom, calculate ¥ (R} and g for each state, and
.examine the two resulting values of Q for consistency.
The quadrupole coupling constant can be determined in the excited states of

atoms by optical pumping methods. The experimental arrangement is essentially
that described in Chapter 3 for the case of mercury. The energy level separations
in the excited state are determined by observing the polarization of resonance
fluorescence when a radio or microwave frequency oscillating field is applied to
the optically pumped atoms, A change in polarization of the fluorescence is ob-
served when the applied oscillating field is in resonance with one of the transitions
between the sublevels of the excited state of the atom, Early work of this nature
was performed on the ?P,,, state of sodium (Sagalyn, 1954). Numerous other ele-
ments have been examined by Kopfermann, Bucka, and co-workers at Heidelberg.

6—4 ENERGY LEVELS

With the addition of the nuclear electric quadrupole interaction the Hamiltonian
for the atom bhecomes

& = alJ - gJﬁJ-HO - gI,BNI-HO

b3LJ(2FI +1) — I+ 1)J(J + 1) (6-2)
4121 - HJ(RI-1)

where the first three terms on the right have the same definition as given in Eq.
5-1, b is the quadrupole coupling constant, and I and J are the nuclear-spin and
total electron angular momentum of the atom, respectively. Often, the terms in
Eq. 6-2 can be of comparable magnitude which precludes the use of simple first-
order perturbation theory in the derivation of the energy levels of the atom. In
such a case the complete secular equation must be solved. On the other hand,
when one of the terms is very large or small compared to the others the problem
can be treated by perturbation theory. In the case where the hyperfine interaction
and quadrupole interactions are comparable and where there are no externally ap-
plied magnetic fields the expression for the energy levels becomes (Davis, 1949)

_ac . 3lccry aena@iy
E(F) = 5 * by 1EI-1)3(20-1)

(6-3)

where C= F(F+1)—I{I+1) —J(J+1). A measurement of the energy level sepa-
rations would enable one to determine a and b in Eq. 6-3.

A complicating factor that can arise is the broadening of the energy states by
the very short lifetime of the excited electronic state of the atom. This lifetime
broadening can interfere with the accuracy of the measurement and in some cases
prevent the experiment from being performed at all.
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6—5 STARK EFFECT

The magnetic sublevels of an atom can also be split by an electric field or
Stark effect. The additional term which must be added to the Hamiltonian when
an electric field E; is present is

se = eEz§zi (6-4)

where e is the electronic charge and 2z is the z component of r., the position
vector of the i-th electron. In the situation where all the other interactions that
have been discussed above are either very large or very small compared to 3,
the Stark effect may be treated with perturbation theory., When this is done for
atoms where the £ degeneracy has been lifted, i.e., for noncentral Coulomb field
atoms, the first-order energy correction is zero and the Stark effect appears in
second order, the change in energy being dependent only on the absolute value of

mJ:

l<olzi ziln,J>|2

= 2 -
AE (Im,}) = e*E_ 2, B(0) — E(n.d) (6-5)
n,J
for an atom whose magnetic sublevels can be described in the m 3 representation,
My My
1 [
~~ _} AE(m; = 1)
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Figure 6-1 (a) Stark splitting of the energy levels of a mercury atom
with nuclear spin I = (. (b) Zeeman splitting. (¢} Zeeman
splitting plus weak Stark effect.
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The summation over n and J represents a sum over all excited states of the atom.
When the Stark effect becomes comparable to one of the other interactions that
splits magnetic sublevels the complete secular equation must be solved.

Optical pumping has been used to investigate the 6 *P, state of the mercury
atom in an electric field (Blamont, 1954, 1956, 1957a,b). The actual experiment
was performed in parallel electric and magnetic fields which produce the energy
level splitting shown in Figure 6-1. I a magnetic resonance is observed, using
the method described for mercury in Section 7-4 in the next chapter, the reso-
nance line will be gplit into two lines separated by an energy of 2¢, where

=0)-AE (m_=1) (6-6)

€ = AE (m I

J

The case where a hyperfine interaction is also present in addition to the Zeeman
and Stark effects has also been treated (Blamont, 1957b).
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7—1 THE MAGNETIC RESONANCE CONDITION

Many applications of optical pumping involve the detection of a radio or micro-
wave frequency resonance. Measurement of this frequency allows one to deter-
mine a hyperfine, quadrupole, Zeeman, or Stark interaction. Consequently, a few
words are in order concerning the magnetic resonance condition, methods of de-
tection, and the effect of oscillating magnetic fields upon the energy level separa-
tions themselves,

With the discovery of nuclear and electron magnetic resonance in bulk material
shortly after World War II the subject of magnetic resonances received widespread
attention and led to developments in physics and chemistry of far-reaching impor-
tance, The development and basic theory of magnetic resonances can be found in
numerous places. Three recent books {Abragam, 1961; Pake, 1962; Slichter, 1963}
are recommended to the reader as sources. Much of the discussion of nuclear and
electron resonance phenomena can be carried over directly to their counterpart
in optical pumping phenomena.

In a magnetic resonance experiment one is concerned with the reorientation of
a component of angular momentum of a species by allowing it to interact with an
oscillating magnetic field, If the frequency of the oscillating magnetic field is in
resonance with an energy level separation of the species, transitions between the
levels can occur. The probabilities of the transitions will follow the magnetic di-

pole selection rules and will be given by the usual result from first-order perturba-
tion theory:

34
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where Wy, .y is the transition probability per unit time from state m to state
m', H, is the amplitude of the oscillating magnetic field, ¢ is the magnetogyric
ratio, M, is the operator corresponding to the x component of angular momen-
tum, and Aw is given by

Aw = W — W, {7-2)

where w is the frequency of H, and w, is the frequency corresponding to the
energy level separation, The resonance condition is satisfied for w = w,.

The classical discussion of magnetic resonance starts with the equation of mo-
tion of a magnetic moment @ in a magnetic field H, This is obtained by equating
the torque exerted on the magnetic moment to the rate of change of angular mo-
mentum,; M, of the system:

dM_ = -
M -y xw (7-3)

The ratio of magnetic moment to angular momentum is the magnetogyric ratio
¥ which, when substituted into Eq. 7-3, yields

-y x om (7-4)

This equation describes the precession of the magnetic moment about the direction
of the magnetic field.

In a magnetic resonance experiment the magnetic field H is composed of a
static magnetic field H, and an oscillating magnetic field H, {t) which is a function
of time. Upon introduction of H, and H, (t), Eq. 7-4 becomes

L - b xylH, + B ) (7-5)

The magnetic moment now precesses about the resultant field composed of H, and
H, {t). The resultant field is also time-dependent, When the frequency at which
H, (t) rotates about H, is equal to the precessional frequency of the magnetic mo-
ment an additional torque is exerted on p which turns it away from the direction
of H,, and the resonance condition is satisfied. I the frequency of H,(t) is dif-
ferent from the Larmor frequency the additional torque will vary with time accord-
ing to the variation of the relative phases of H, (t} and the precession of g, and
the resonance condition is not satisfied.

In order to proceed further with the classical description of magnetic resonance
experiments it is useful to transform the equation of motion to a rotating coordinate
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system that rotates about the direction of H, with an angular frequency identical
to that of H,{t}). In this way the time dependence of H, can be eliminated and fu~
ture mathematical manipulation simplified, This procedure is described in the
references mentioned above.

7—2 OPTICAL DETECTION OF MAGNETIC RESONANCES

The role of optical pumping in magnetic resonance experiments is one of cre-
ating a situation which makes the detection of the resonance possible under condi-
tions where other methods would fail or would not give accurate information. One
factor that must be considered is the concentration of resonant species, In a con-
ventional nuclear magnetic resonance experiment the sensitivity is limited to sam-
ples that have of the order of 10'® resonant nuclei per cubic centimeter or more.
In electron resonance experiments the lower concentration limit is of the order of
10'2 spins per cubic centimeter. Of course, these numbers are subject to reso-
nance line-width and apparatus design consideration. In optical pumping experi-
ments one can obtain a very high sensitivity. With improved techniques it would
be possible to make measurements on systems with 10® species per cubic centi-
meter. The reason for this increased sensitivity is due to the double rescnance
nature of the experiment, One uses an optical transition to detect a radiofrequency
transition, and the extinction coefficient of an optical resonance absorption is ex-
tremely high, Therefore, only a very small concentration of absorbing atoms is
needed to detect a change in intensity or polarization of the resonance radiation,

Some of the detection schemes have been mentioned earlier in order to illus-
trate the principles of optical pumping. These plus some additional ways of
studying magnetic resonances are summarized in Table 7-1. The techniques
separate into two categories: optically pumped vapors and optically pumped atomic
beams. Optical pumping of atomic beams is generally worth while for situations
that are definitely not tractable by optical pumping of a vapor contained in an akb-
sorption cell, Such cases usually occur if the ground state of the atom being
studied has a net electronic orbital angular momentum. An optical pumping exper-
iment in which such an atom is placed in an absorption cell with a buffer gas to
prevent wall collisions will generally fail owing to fast spin-relaxation processes,

Table 7-1 Methods of Detection of Magnetic Resconances in Optically Pumped Systems

Vapor cells Transmitted radiation
Scattered radiation; change in polarization
Scattered radiation; change in frequency
Modulation of a crossed light beam
Modulation of pumping light
Spin exchange .

Atomic beams Scattered radiation
Beam intensity
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Fast spin relaxation is encountered for these states because the electron orbital
motion is easily perturbed by atomic collisions, and the spin angular momentum,
being coupled to the orbital angular momentum, will also be aiffected strongly by
collisions, providing a mechanism for relaxation. Such a resonance experiment
must then be performed in a time short compared to the time between collisions
of the species. This situation can be obtained in an atomic beam or in the case
where the lifetime of the state being studied is very short. An example of a
species that has been studied by both beam and vapor-cell methods is the 2P,,
state of Na where the nuclear electric quadrupole interaction was measured
{Perl, 1955; Sagalyn, 1954). A brief summary of the methods listed in Table 7-1
follows.

7-—-3 TRANSMITTED RADIATION THROUGH VAPOR CELLS

This method which is due to Dehmelt {1957a) was described in Chapter 2. It
marked a major advance in optical pumping techniques because it is simple and
easy to use. Its application has been mainly to alkali metal atoms in their ground
electronic state. In this experiment the intensity of circularly polarized radiation
passing through a vapor cell is dependent upon the degree of orientation of the
atomic species. At resonance the degree of orientation changes and, likewise, the
intensity of transmitted light. This change can be detected with a photocell, Both
Zeeman and hyperfine transitions can be studied in this way,

7-—4 SCATTERED RADIATION FROM VAPOR CELLS;
CHANGE IN POLARIZATION

This type of experiment is illustrated by the famous case of mercury also de-
scribed in Chapter 2, The atoms are illuminated with 7 resonance radiation to pro-
duce pumping in the sublevels of the P, state, The intensity of scattered 7 radi-
ation is monitored at 90° to the incident beam and is a measure of orientation of
angular momentum in the ®*P, state. At resonance Am =1 transitions occur in-
the P, state resuliing in a change in the intensity of the scattered 7 radiation,
Since the early proposals by Kastler {1950, 1951) and the experiments by Brossel
and Bitter {1952a; see reprint) this technique has been used for the studies of the
mercury isotopes and for the excited states of the alkali metals, helium, zinc,
cadmium, and some of the alkaline earth metals.

7—5 SCATTERED RADIATION; CHANGE IN FREQUENCY
AND SELECTIVE READSORPTION

In some cases a microwave resonance can be detected by a change in frequency
of the scattered light from an atomic system rather than a change in polarization.
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The method depends upon the availability of sharp-line light sources and filters
which have a narrow band width and uses selective readsoption principles., In

one example of this method (Kohler, 1961) use was made of the optical resonance
transition in Hg'®® to excite a transition to the F = ; level of the 3P, state of
Hg?% . The scattered light was passed through a filter cell filled with Hg!'%8, H
transitions to the F = ; or 3 states of Hg2 are induced by microwave radiation,
the scattered light can pass through the Hg!®® filter and be detected with a photo-
multiplier, This method has also been used by Bucka (1958) in an investigation

of the 7 2P,,, level of cesium and for detection of resonances in solids by optical
means (Geschwind, 1959; see reprint).

7—6 CROSSED LIGHT BEAMS

The previous methods described above yielded a measure of the z component
of angular momentum, Mg . This is a measure of the degree of orientation of
the species being studied, Radiofrequency resonances can also be detected by
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Figure 7-1 Schematic of an experimental arrangement
to observe radiofrequency resonances of a
vapor in a crossed light beam experiment.
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measuring M, instead of M {Bell, 1957), A method for doing this is shown in
Figure 7-1 and employs two light beams: a circularly polarized beam in the z
direction which optically pumps an alkali metal vapor and which can be used to
monitor My, and an additional circularly polarized beam in the x direction which
is used to monitor My . At resonance the x beam is modulated at the Larmor fre-
quency, and the intensity of the modulated signal will depend upon the magnitude of
Mx . In addition to monitoring My the beam will have two effects: it will tend to
produce an orientation in the x direction, and it will produce a relaxation in the

z direction. These points have been treated with the Bloch equations by Bell and
Bloom (1957) whose experiment was based on a suggestion by Dehmelt (1957b),
Other modulation effects have been extensively treated by G, W, Series and co-
workers,

7—7 MODULATION OF OPTICAL PUMPING LIGHT

If circularly polarized resonance radiation is applied to a vapor cell at right
angles to a magnetic field and if the light intensity is modulated, a change in the
total transmitted light intensity can be observed when the modulation frequency is
equal to the Larmor frequency of the absorbing species. This method of mag-
netic resonance detection has been observed and discussed for rubidium, cesium,
and helium (Bell, 1961a,b) and also for cadmium (Corney, 1964b, ¢) and mercury
(Dodd, 1963).

7—8 SPIN-EXCHANGE METHOD

The phenomenon of spin exchange will be discussed in Chapter 10. Briefly,
spin exchange makes possible the orientation of spin angular momentum of a sec-
ond species through a coupling interaction with the optically pumped species.

Thus, cesium atoms can be oriented if they can collide with oriented rubidium
atoms. In a like manner, disorientation can be transmitted by spin exchange and
can be optically detected. For example, if one has a vapor cell containing rubidium
and cesium with the rubidium being optically pumped, the cesium will be oriented
by means of spin exchange. Upon application of a strong radiofrequency field at a
cesium resonance the rubidium will be disoriented as well as the cesium, the dis-
orientation being transmitted by spin exchange. One can do radiofrequency spectro-
scopy experiments on the cesium by detecting changes in the rubidium orientation
with an experimental apparatus of the type introduced by Dehmelt (195%a).

7—9 SCATTERED RADIATION FROM ATOMIC BEAMS

Ground-~state radiofrequency resonances can also be detected by observation of
the scattered resonance radiation from an atomic beam (Hawkins, 1955), One
method (Brossel, 1954) uses a beam of sodium atoms which is illuminated by o*
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resonance radiation in one region to produce an accumulation of sodium atoms in
an mg = +3 state, In a second region the beam of oriented atoms is irradiated
with 7 light, and the ratio of infensities of ¢* and ¢~ scattered light is measured.
This ratio-yields the degree of orientation of atoms at that point, If a radiofre-
quency resonance is excited in between the above two regions, the atomic orienta-
tion as measured by the scattered light will change, However, it is more conven-
ient to perform magnetic resonance experiments on the ground states of the alkali
metals in vapor-cell experiments rather than beams. Indeed, one can sometimes
achieve more narrow magnetic resonance lines in a vapor to which a buffer gas
has been added. This effect was predicted by Dicke (1953) and has been observed
in numerous experiments,

7-10 DEFLECTION OF OPTICALLY PUMPED ATOMIC BEAMS

Radiofrequency resonances in excited states may also be detected by a combina-
tion of atomic beam and optical pumping methods. The nuclear electric equadrupole
moment of Na?* has been determined by this method. A beam of sodium atoms are
first state selected by deflection in a Stern-Gerlach magnet. The beam is then il-
luminated with optical rescnance radiation and sent through a second Stern-Gerlach
magnet where the beam is again state selected; the intensity of the beam being a
measure of the relative population of the selected state. A radiofrequency field can
be applied at the point at which the beam is illuminated, and if transitions between
the magnetic sublevels of the excited state are induced during its 10™® sec lifetime
the relative population of the selected state will change and can be detected by a
change in beam intensity (Perl, 1955). Again, it is possible to make this measure-
ment in a resonance fluorescence experiment,

In experiments where a magnetic resonance transition must be excited during
the short lifetime of some excited electronic state, a high flux of radic or micro-
wave frequency photons must be present, This eorresponds to a large H,(t).
Otherwise, the excited state will fluoresce before a magnetic resonance transition
has occurred. When a magnetic resonance is excited in a ground electronic state
the problem is not as serious, However, the mere presence of H,(t) can perturb
the magnetic energy level separations and introduce a small error in some types
of experiments (Bloch, 1940), We shall briefly turn our attention to this effect.

7—11 THE BLOCH-SIEGERT SHIFT

In a magnetic resonance experiment transitions between magnetic energy levels
are caused by the interaction of the spin system with a magnetic field H, (t) which
oscillates about H, at the Larmor frequency., The oscillating magnetic field is com-
posed of two magnetic fields rotating in opposite directions as indicated in Figure
7-2. The spin system interacts with only one of the two rotating fields regardless
of whether absorption or stimulated emission is taking place. Which component
is effective depends only upon the sign of the g-factor for the spin system involved,



MAGNETIC RESONANCE DETECTION 41

C)+()

Figure 7-2 Decomposition of a linear
oscillating H,; into two ro-
tating components.

The remaining rotating component of the oscillating H, does not participate
in causing transitions to occur, but it can have an effect upon the experimental
measurement of a resonance frequency. In the early days of atomic beam mag-
netic resonance there was some concern about this effect. i a resonance fre-
quency were displaced by the presence of this second H, component there would
be a corresponding error in the determination of the magnetic moment heing
studied,

In 1940, Bloch and Siegert calculated the effect and showed that the experi-
mental resonance frequency is given by

_ H,)*
= Mooy S -
@ = wo Tk (7-6)

where w, is the true Larmor frequency. If H, (the magnitude of the radiofre-
quency field) is small the shift is negligible,

Ramsey (1955) has shown that if H, is small and if there is an additional field
of magnitude H, rotating about H, with frequency w,, the resonance will occur
at

- rH) ;
w wy + Z(wo—w ) {(7-7)
This general result is identical with the Bloch-Siegert result when W, = — w,

More recently, an additional small shift in the magnetic energy levels has been
investigated. This displacement is caused by light itself., The effect has been in-
vestigated theoretically (Barrat, 1961a,b, ¢, e} and has been experimentally ob-
served (Cohen-Tannoudji, 1961a, b, ¢, 1962). It is also discussed in a review by
Kastler (1963a), is referred to as the ““lamp shift,”’ and is caused by a reduc-
tion of the hyperfine structure of the excited state over that of the ground state.



8 / Phenomenological Description of
Oriented Systems

8-—1 ORIENTATION AS A BULK MAGNETIZATION

In Chapter 3 expressions were derived for the degree of orientation or align-
ment of the magnetic moments of a simple system being optically pumped. In the
case of optical orientation it is reasonable to characterize the population differ-
ences among the magnetic sublevels of the system by a macroscopic magnetiza-
tion, In addition, relaxation terms are present in the orientation expressions
that describe the rate at which the atoms regain their normal Boltzmann dis-
tribution among the sublevels.

Since the ensemble of atoms can be characterized by a magnetization and by
relaxation it is reasonable that the macroscopic magnetic properties of the sys-
tem be described by expressions similar to the phenomenological equations of
Bloch (1946} which were formulated to describe the motion of nuclear moments
in the presence of external magnetic fields, The solutions of these equations
would then describe the behavior of the system of optically pumped atoms. The
boundary values for the equations could be specified by a given set of experi-
mental conditions.

In the absence of a pumping process or relaxation, the time variation of the
magnetization per unit volume M of an ensemble of atoms is given by an equation
similar to Eq. 7-4:

42
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dM .
a— =M X ('}/H) (8-1)
where H is the magnetic field acting on the atoms and y is the magnetogyric ra-
tio for the magnetic moment of the atom. The magnetogyric ratio is related to
the spectroscopic splitting factor, gp, of the atom, by the relation yvh = gFB,
where § is the Bohr magneton. In the case of nuclear magnetism the Bloch equa-
tions are obtained by adding relaxation terms to Eq. 8-1 which then becomes
Mi+MJ] M -M

dM _ X y'_ =z o _

Tt—nyH— T, T k (8-2)
Here i, j, k are unit vectors in the laboratory coordinate system, and My, M.,
My are the components of M in this coordinate system. M, is the z-component
value of the magnetization when the ensemble of magnetic moments has achieved
a normal Boltzmann distribution. It is assumed that a steady external magnetic
field is applied along the k direction. T; and T, are the longitudinal and trans-
verse relaxation times, respectively, and describe the rate at which the com-
ponents of M relax along their respective directions,

The usual procedure is to solve Eq. 8-2 for My, My, M, with particular
boundary conditions. These are usually dictated by the experimental conditions
and the range of t in which one is interested, H is generally composed of a
steady magnetic field H; applied along the K direction plus a magnetic field
H, (t) oscillating perpendicular to k at some frequency w, The magnitude of H,
and H, plus the frequency w are experimental variables contained in the ex-
pressions for My, My, and M, .

8—2 EQUATIONS OF MOTION WITH OPTICAL PUMPING

When optical pumping is also taking place the state populations and, hence,
the magnetization are changed from the normal Boltzmann value, This change
can be introduced by simply adding the contribution that comes from pumping,
If the pumping is such that it changes the total z component of angular momen-
tum of the ensemble of atoms the contributions to be added will be

P
M, — Mg K
P
where MOP is the maximum equilibrium value of M, while pumping is taking
place and 7p is the ‘“‘optical pumping time’’ for this process to occur. It must

be noted that ME) is a constant determined by three factors: T,, the transition
probabilities for excitation of the atom, and the intensity of light used for the
pumping process. Usually MDP is much larger than the normal Boltzmann
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%TM = M % (yH) (8-1)

where H is the magnetic field acting on the atoms and y is the magnetogyric ra-
tio for the magnetic moment of the atom, The magnetogyric ratio is related to
the spectroscopic splitting factor, gg, of the atom, by the relation % = gp8,
where £ is the Bohr magneton. In the case of nuclear magnetism the Bloch equa-
tions are obtained by adding relaxation terms to Eq. 8-1 which then becomes

Mi+Mj M —-M
dM _ X y'* = o -
at yM x H T, T, k (8-2)
Here i, j, k are unit vectors in the laboratory coordinate system, and M, My,

My are the components of M in this coordinate system., M, is the z-component
value of the magnetization when the ensemble of magnetic moments has achieved
a normal Boltzmann distribution. It is assumed that a steady external magnetic
field is applied along the k direction. T, and T, are the longitudinal and trans-
verse relaxation times, respectively, and describe the rate at which the com-
ponents of M relax along their respective directions,

The usual procedure is to solve Eq. 8-2 for My, My, M, with particular
boundary conditions. These are usually dictated by the experimental conditions
and the range of t in which one is interested. H is generally composed of a
steady magnetic field H, applied along the Kk direction plus a magnetic field
H, (t) oscillating perpendicular to k at some frequency «. The magnitude of H,
and H, plus the frequency w are experimental variables contained in the ex-
pressions for M., My, and M, .

8—2 EQUATIONS OF MOTION WITH OPTICAL PUMPING

When optical pumping is also taking place the state populations and, hence,
the magnetization are changed from the normal Boltzmann value. This change
can be introduced by simply adding the contribution that comes from pumping.
If the pumping is such that it changes the total z component of angular momen-
tum of the ensemble of atoms the contributions to be added will be

P
M, - Mz

where MOP is the maximum equilibrium value of M, while pumping is taking
place and 7p is the ‘‘optical pumping time’’ for this process to occur. It must

be noted that MF is a constant determined by three factors: T,, the transition

probabilities for excitation of the atom, and the intensity of light used for the
pumping process. Usually MOP is much larger than the normal Boltzmann
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distribution, which enables one to neglect the M, term for most problems, Equa-
tion 8-2 for the optical pumping case now becomes

. Mi+Mj M ME -~ M
M oMxm--E ¥ Zp 0 Tz (8-3)
at T, T, -

As was mentioned in the previous chapter if H is composed of a static field
H, of magnitude

rotating at a frequency w close to w,, an effective static magnetic field Heff may
be described in a coordinate system which rotates about H, at the frequency w:

Wy, i
Hegs = (Ho + ;)k + Hyi
_ K — w i
- {w "-'-’o)-r w1 : (8-4)
_ Awk —w ¥

'J/

where the primes indicate that the unit vectors are now taken in the rotating co-
ordinate system. Hgg is illustrated in Figure 8-1 for the situation where the
rotating coordinate system has the same frequency as does H,. In such a case
it-is convenient to transform Eq. 8-3 to the rotating coordinate system:

M _ del . dMy] X szk
dt dt dt dt
= (M i + Mgrj' + Mzk) X (Awk — w, 1)
MY+ M Y Mk My - M,
- T, o ™ k (8-5)

Since the coordinate system rotates about H,, k' = k and M = M;, which have
been taken into account accordingly in Eq. 8-5. The resulting time variations of
the components of magnetization in the rotating coordinate system are
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’
de_ M;I

- = = L
I T, + AwMy
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5 BMy — ot~ w0, M (8-6)
M, M, My -M,
—_— ey M -t —
dt 1%y T P

Equation 8-6 can be solved for a given set of experimental conditions according
to the same procedures that have been used in the nuclear magnetic case, How-
ever, it must be pointed out that the usuval experimental arrangement sometimes
utilizes an H, which is a fraction of a gauss. This means that H, can easily be
comparable to H,. Under these conditions the validity of the Bloch equations and
their solutions must be carefully examined, In these cases T, and T, become
equal, and it would be preferable to moedify the Bloch equations such that M re-
laxes toward the instantaneous value of H rather than along fixed component
directions of M. In these circumstances the Bloch equations for nuclear mag-
netism become (Abragam, 1961)

dM _ _M-xH -
W—'}/MxH Tl (8 7)

where T, is equal to T,, and ¥, is the spin magnetic susceptibility. The validity
of the modified Bloch equation in situations where H, is low or even equal to zero
has been justified experimentally,

k’

<lg
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Figure 8-1 Effective magnetic field, H g, ina
rotating coordinate system.
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It seems reasonable that in the optical pumping case the production of mag-
netization by optical pumping may be simply added to Eq. 8-7 as before to yield

_ P _
M=nyH_(M XOH)+M M
dt T, Tp

{8-8)

In actual fact the details of the pumping term must be derived for the particular
type of experiment being performed. If the orientation is along the z direction
defined as along k' = k Eq, 8-8 in the rotating coordinate system becomes

iﬁ;}_.: M' Aw _&’_xuwl
dt y T, rT,
dM; M’
T = -M’wa - w1MZ — T,X (8-9)
sz _ , M, x,a8w MZI" B Mz
a T eMy T T T T T T g

Again, if ME is large, the terms in ¥, may be neglected, Equation 8-9 can then
be solved with the set of boundary conditions dictated by the specific experimental
conditions,

The case where two light beams are present, one in the z direction and the
other in the x direction, has also been discussed from the phenomenciogical
point of view by Bell and Bloom (1957) to describe experiments in which a high-
frequency modulation of a second light beam is observed,

A description of optically oriented systems in terms of the density matrix
formalism will not be given here. The reader is referred to the paper by
Cohen-Tannoudji (1962) on this subject.
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9—1 PRINCIPLE OF THE EXPERIMENT

In certain cases it is possible to make precision measurements of fine and
hyperfine level separations without performing a radiofrequency resonance ex-
periment upon the atom under study. This is achieved by what is called a
“level crosgsing experiment.”” The angular distribution of the resonance fluores-
cence of the atom under study is observed as a function of the magnitude of some
externally applied magnetic field, If two states involved in the resonance fluores-
cence cross one ancther at some magnetic field strength, and if both of the states
can participate in the absorption of an incoming photon, the angular distribuation of
resonance fluorescence will be different than that in the noncrossed states,

Such an experiment was first performed on the helium (1s2s) P state and re-
sulted in a redetermination of the *P, — *P, and *P, — 3P, fine structure split-
tings with a high degree of precision (Colegrove, 1959; Franken, 1961a).

The energy levels of the helium states involved in this experiment are shown
in Figure 9-1 with the crossing points circled for which the effect exists when the
exciting light is unpolarized. The magnetic field at each crossing point can be ac-
curately measured. The fine structure splittings can then be computed, The level
crossing phenomenon was discussed by Breit (1933) and more recently by Franken
(1961a) and by Rose and Carovillano (1961) who point out that it can be thought of
as simply an interference phenomenon between radiation from each of the two
states that cross, although it is a one-photon process and not a two-photon process.
The amount of interference depends upon the separation between the two states,

47
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ap, J

381

Figure 9-1 Energy level crossing in helium (indicated by circles).

Two extreme cases may be considered to illustrate why the process can be ob-
served: (1) the two states a and b are far apart (resolved), and (2) the two states
are exactly crossed. If one examines the rate R(f,g) at which photons of polariza-
tion f are absorbed and photons of polarization g are emitted in resonance fluo-
rescence, the following proporticnalities hold for R(f,g) for the above two cases:

£ Ba * * 1080 |? (9-1)

R ~
resolved acca
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and

2
If:a.b gba. * fa.c gca.I

Rcrossed ~
where fap = (alf*rlb), gua = (blg-rla), etc. Inorder for the level crossing to
be an observable process, none of the matrix elements may be equal to zero,
otherwise Rresolved Would be the same as Repoggsed - Therefore, both states
must participate in the absorption and re-emission of the resonance radiation be-
ing used,

9—2 APPLICATIONS

As might be expected, there are a variety of experimental configurations that
might be used, each having its own special consequences. Level crossings with
Am =0 or 2 may be observed with unpolarized light whereas Am = 1 crossing
may be observed with plane polarized light if the direction of polarization is
neither parallel nor perpendicular to the externally applied magnetic field. In
addition, the line shape of the crossover will be a function of experimental con~
figuration and can vary from a pure Lorenzian to a pure dispersion-type curve
depending upon the polarization and scattering angle of the light.

In addition to helium, level crossing techniques have been used to make pre-
cision measurements of gy factors for the {5sdp) P, state of Cd''' and Cd*'?
{Thaddeus, 1962) and Cd!®? and Cd**® (Thaddeus, 1963). Level crossings have also
been used to measure the hyprefine structure of the (6s6p) *P, state of Hg'** and
Hg?*® (Hirsch, 1961; Dodd, 1961a, b},

Recently, the same effect has been observed for states which do not actually
cross but which come close together, then repel one another. If the two states
are coupled by some interaction they will be prevented from crossing one an-
other. The observation of this ‘‘anticrossing’’ can be made, and a theoretical
treatment performed in a fashion similar to that for level crossings (Eck, 1963},
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10—1 MAGNETIC RESONANCE DETECTION BY SPIN EXCHANGE

A very important effect that occurs in optical pumping experiments is the
ability of two particles to transfer their spin orientation to one another upon
making a collision. If one has two species, A and B, present in a vapor cell,
pumping can be produced in B by optically pumping species A, the effect being
transferred from species A to species B via spin exchange.

As was mentioned in Chapter 7, optical detection of radio frequency reso-
nances in species B can be accomplished by monitoring their effect upon the
absorption of resonance radiation by species A; the effect being transferred
by spin exchange, This is experimentally a very powerful tool because one can
study an atom for which the proper production, filtering, and polarization of
resonance radiation is difficult simply by utilizing a second atomic species for
which the proper kind of resonance radiation is easily obtainable.

Dehmelt (1958a; see reprint) introduced this technique to study the spin reso-
nance of free electrons. By utilizing spin exchange between free electrons and
optically oriented sodium vapor, he was able to obtain a very precise value of
the Lande g-factor for the free electron. This is of considerable interest in test-
ing relationships from quantum electrodynamics such as the ratio of the electron-
spin magnetic moment, u., to the Bohr magneton, u,:

2
E:1+%_2'973%+M (10-1)
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Potasgium (Franken, 1958a), rubidium (Novick, 1958), and cesium {Dehmelt, 1958b)
atoms have been oriented by spin exchange with other optically pumped alkali atoms,
Algo, the hyperfine interaction has been measured in N*¢ (Holloway, 1958) and N5
(Anderson, 1959), in P® (Lambert, 1962), and in H, D, and T (Anderson, 1958,
1960b, 1961; Pipkin, 1962) atoms by using spin-exchange techniques,

In addition, nuclear polarization has been achieved by exchange mechanisms.
He® nuclei can be oriented by spin exchange with optically pumped Rb atoms
(Bouchiat, 1960). He? nuclei have also been oriented by a metastability exchange
with optically pumped 3 helium atoms (Colegrove, 1963}, The orientation of He*
ions by spin exchange with optically pumped cesium has been achieved by Dehmelt
and Major (1962a) In an ingenious experiment where the ions are trapped in a
quadrupolar field whose polarity reverses at a high frequency,

Spin exchange is also important in interpreting the details of state population
changes in relaxation processes (Anderson, 1961b).

Experimentally, the same procedures are followed as are used in a conven-
tional optical pumping experiment except that two species are placed in the vapor
cell-—one is optically pumped directly and the other is pumped by spin exchange
with the first species. The second species sometimes is produced by an electrical
or radiofrequency discharge. This must be done if one wants to examine free elec-
trons or make measurements on atoms whose stable form is a molecule. For ex-
ample, H atoms must be produced by dissociation of H, molecules. The production
of the second species could also be the result of a chemical reaction or of decom-
position of a parent substance with ultraviolet light or by particles emanating from
radioactive materials,

The optical detection of a radiofrequency resonance in the second species is
illustrated by Dehmelt’s (1958a; see reprint) experiment on free electrons, Sodium
atoms in an argon buffer gas are optically pumped by circularly polarized light,
Electrons, produced by a series of 1-msec radiofrequency discharges, were ori-
ented by spin-exchange collisions with the oriented sodium atoms. Resonance dis-
orientation of the free electrons was caused by a radiofrequency field applied to
the vapor cell, whose frequency was the same as the Larmor frequency of the
electrons, This spin disorientation was transferred to the sodium atoms by spin
exchange and was detected as a decrease in intensity of circularly polarized
sodium resonance radiation passing through the apparatus,

Dehmelt has discussed the interdependence of the orientation of the sodium
atoms and the electrons in the above experiment, It serves to illusirate what
factors are important in the spin-exchange process. He finds for the equilibrium
orientations p and P of electrons and sodium atoms, respectively,
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where f is the frequency of collision of an electron with sodium atoms and F is
the frequency of collision of a sodium atom with electrons. f can be expressed
f= Vo‘exN, where v is the mean relative velocity of the two species, N is the



52 OPTICAL PUMPING: AN INTRODUCTION

number of sodium atoms per cubic centimeter, and ¢,y is the cross section for
spin exchange. Likewise, F = vooy m, where m is the number of free electrons
per cubic centimeter, T, in Eq. 10-2 is the electron relaxation time, and P, is
the equilibrium orientation that can be obtained with the light intensity available
for the experiment.

When the electrons are disoriented by a radiofrequency field the effect is the
same as a shortening of T,, hence, a decrease in P. From the amount of change
in P the spin-exchange cross seclion o5 can be estimated. For electron-sodium
interactions it is found that ogx = 2.3 X 107* e¢m?,

10—2 MECHANISM FOR SPIN EXCHANGE

The mechanism for spin exchange has been discussed by Purcell and Field
(1958; see reprint), Wittke and Dicke {1956}, Glassgold (1963), Bender (1963),
and by Balling, Hanson, and Pipkin {1964a, b). Purcell and Field were interested
in the effect of spin exchange in establishing the state populations of the hydro-
gen hyperfine levels and the resulting consequences with respect to 21-cm radio
astronomy. Wittke and Dicke were interested in the effects of spin exchange on the
relaxation and line width in an experimental redetermination of the hyperfine split-
ting in the gound state of the hydrogen atom. The spin functions of two colliding hy-
drogen atoms are represented as being a superposition of singlet and triplet func-
tions. During a collision, a phase shift occurs between the amplitude of the singlet
component and the amplitude of the triplet component due to the difference in scat-
tering potential of the two components, The amount of phase shift will depend upon
the ““hardness’’ of the collision. It is generally assumed that the phase shift evolves
mainly from the singlet state contribution since for this state the potential is at-
tractive and closer distances of approach are involved in producing hard collisions,
This means that the centripetal barrier to ‘‘hard’’ collision is lowered. Cross sec=
tions for such hard collisions are computed using classical kinematics, and the con-
tributions from collisions that are not hard can be estimated,

A reappraisal of the treatment of Purcell and Field is given by Glassgold who
finds that quantum effects are important and that the cross section will be sensitive
to the form of the potential for both the singlet and triplet states. Bender has also
examined spin-exchange collisions and has calculated the frequency shift in the hy-
drogen hyperfine interaction arising from hydrogen-hydrogen spin exchange, This
effect must be considered in the operation of a hydrogen maser as a frequency
standard, Balling, Hanson, and Pipkin have presented a rather complete treatment
of spin exchange by means of a density matrix formalism and have applied it to the
eleciron-rubidium spin-exchange experiment,

One uncertainty inherent in any determination of a spin-exchange cross section
ig the accuracy of the measurement of the vapor density of the substance or sub-
stances participating in spin exchange. If one of the species is produced in a
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discharge of some kind the problem is particularly acute, In the case of the alkali
metals an accurate value of the vapor pressure is needed,

Experimental and theoretical values for Tex are of the order of 1074 to 10713
cm?, ie,, they are of the order of the cross sections for changing momentum of
the colliding particles.



11/ Pressure Shift
of the Hyperfine Interaction

111 ORIGIN OF THE PRESSURE SHIFT

Optical pumping makes possible a precision determination of the hyperfine in-
teraction in an atom as discussed earlier. The hyperfine interaction arises mainly
from the Fermi contact interaction between the nuclear magnetic moment and the
unpaired electron, The Hamiltonian for this scalar interaction is

- 81 . .
3 = 3 gNgeBNBI Si 6(riN) {11-1)

where gy and g, are the nuclear and electronic g-factors, fjy and £ are the nu-
clear and Bohr magnetons, 1 is the nuclear-spin angular momentum, Si is the
spin angular momentum of electron i, and d(rjy) is the Dirac delta function which
is zero everywhere except at nucleus N.

Upon solving for the energy, the Fermi contact interaction is found to contribute
to the hyperfine interaction an amount

E(hyperfine) = -83i 8y 8 By By m, 92 (0) (11-2)

where my and m; are the magnetic quantum numbers describing the z component
54
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of angular momentum of the nucleus N and the electron i, y¥2{0) is the wave func-
tion of electron 1 in state n evaluated at the nucleus N. It is assumed here that
the interaction is isotropic. We see that, since the hyperfine interaction depends
only upon the size of the nuclear magnetic moment and the electron wave function of
the atom, it is a constant quantity for an isclated atom.,

This presents the possibility of using an optically pumped vapor cell as a fre-
quency standard or ‘““atomic clock’’ whose base frequency is the hyperfine frequency
of the atomic species used. However, it turns out that the hyperfine frequency as
measured in such an experiment is dependent upon the pressure of buffer gas pres-
ent in the vapor cell and upon the temperature of the cell. This is not surprising,
as one would expect that during a collision between the atom and a buffer gas parti-
cle the wave function of the atom would be highly perturbed and the factor #Z (0) in
Eq. 11-2 would change. When averaged over all types of collisions {%Z (0)},, would
be different from ¢ (0) for the isolated atom. This effect is called ‘‘the pressure
shift of the hyperfine interaction.’’

In frequency-standard applications one must work in the absence of a buffer gas
or with a known pressure of buffer gas in order to correct for the pressure shift.
There is also the possibility of using a mixture of buffer gases whose effect upon
the wave function and, hence, ¥2 (0) would exactly cancel one another,

Although the pressure shift introduces complications in frequency-standard ap-
plications, it is in itself an interesting and useful phenomencn, It is a measurable
quantity directly related to interatomic interactions, and its interpretation presents
ancther means by which the details of such interactions can be investigated,

11—-2 EXPERIMENTAL RESULTS

Table 11-1 shows some representative experimental values of the pressure shift
that are available at this time, It is seen that for the rubidium hyperfine interaction
very light buffer gases show a positive pressure shift, i,e., an increase in <ZP12] {0)),
while the heavy buffers show a negative pressure shift. Moreover, the variation
from one buffer gas to another is smaller for the hyperfine interaction in the hy-
drogen isotopes than in the alkali metals, In addition, the variation seems to be

Table 11-1 Fractional Pressure Shifts of Hyperfine Frequencies in Various Buffer Gases”

Buffer H D’ T° Na® KINe5°C)  REM(25°C)  Cs(30°C)
He 4.80 — — 73 93 105.3 174.0
Ne 2.88  3.24  3.24 45 52 57.4 70.7
A —477 —4.52 ~5.05 3 -1 - 7.5 - 27.2
Kr — — — -4z -9 — 84.9 —141.4
Xe — — — -85 — — —261.1
H, —0.56 — — 62 72 96.6 206.7

(continued)
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Table 11-1 {continued)

Buffer u° p° T° NaB®  K¥(65°C)  RE(25°C)  Cs'¥(30°C)
D, — - — — — 98.0 —

N, — — — 49 — 76.1 117

CH, — — — — — - 73.2 —
n-CyHyp — — — — — —409.7 —
C(CH‘;)‘; - —_— - . - — 420 -
n-CqHgg - - — — — —614.5 —

“The pressure shifts, 1/v(8v/8P)T, are tabulated in units of 10-%/mm Hg. The values
are taken from Pipkin {(1962), for H, D, and T; Arditi (1958b), and Ramsey (1964b) for Na®
Bender (1958) for Rb¥; and Arditi (1958c) and Beaty {1958) for Cs!®

YPressure measured at 0°C .
“Pressure measured at 295° K .

greater for Cs than for Rb. This is reasonable since one would expect a larger ef-
fect upon electrons that are in states of higher principal quantum number and are
more easily polarized or distorted by a colliding buffer particle. It would be very
interesting to see what the numbers would be for other pumped species such as N
and P, Also, it would be valuable to have numbers for other molecular buffer
gases, especially those with permanent electric dipole moments.

11—3 THEORETICAL CALCULATIONS OF THE PRESSURE SHIFT

To date, the interpretation of the effect has faken two forms. The first approach,
which was used for the alkali metal species, is essentially a parametric one in
which empirical data are used to calculate the shift (Margenau, 1959; Herman,
1961; Robinson, 1960). This treatment leads to the result that the change in hyper-
fine energy for an atom is:

2
EL, + 11)8 (11-3)

E(hyperfine) = AE(dlspersmn)(

where AE(hyperfine) is the shift in hyperfine energy, AE(dispersion) is the
van der Waals energy between the alkali metal atom and the buffer gas particle,
and I, and I, are the ionization energies of the alkali atom and buffer gas parti-
cle, respectively. E is an average excitation energy of the pumped atom which
comes from applying the closure approximation to the second-order energy term
arising in the perturbation treatment of the problem, E is usually taken as the
alkali atom resonance energy or a weighted average of the P states of the alkali
atom. & is the hyperfine energy of the atom in free space and is proportional to
5 (0) .

" In order to calculate the fractional pressure shift the expression in Eq, 11-3
must be muitiplied by the classical configurational distribution function and



PRESSURE SHIFT OF THE HYPERFINE INTERACTION 57
integrated over all possible configurations. This gives

V(r)
kT

<% 41TN fn AE(hyperfine) exp{ }r2 dr (11—4)
]

where Ay is the shift in hyperfine frequency, v, is the true hyperfine frequency,
N is the density of buffer particles, and V(r) is the potential energy function be-
tween an alkali atom and a buffer gas particle.

One can, for example, assume a Lennard-Jones potential for the interaction,
calculate the van der Waals energy, and evaluate the shift from the expression in
Eg. 11-4,

A different approach is to evaluate the Fermi contact interaction over the total
wave function for the colliding system to obtain the correction to the hyperfine en-
ergy. This has been done by Clarke (1962; see reprint) who calculated the first-
order perturbation correction to the H-He system. His result is similar to that
in Eq, 11-4 except that AE(hyperfine)/hy, is replaced by

3 . ; -
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where Yy-yHe (*g,ye, R) is the wave function for the colliding system with inter-
nuclear coordmatesHR and electron coordinates ry and ry, associated with H
and He, The operator in each matrix element is the Fermi contact interaction and
is summed over each of the three electrons of the system.

Clarke also considered the mass-dependent quantum statistical correction and
found it to be quite small {~ 4%), in disagreement with the then available data for
the pressure shift of the hydrogen isotopes. However, a subsequent repeat of the
experiments show very little mass dependence of the shift (see Table 11-1) in
agreement with Clarke’s calculation,

For those interested in interatomic and intermolecular interactions, the pres-
sure shift of the hyperfine interaction will continue to be a valuable parameter,

A similar effect should be observed in accurate measurements of the Zeeman
splitting, The pressure shift of the g-factor remains to be measured.



