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ABSTRACT 

LASER OPTICAL PUMPING OF ATOMIC BEAMS 

by 

Mark Stuart Hammond 

Beams of heavy rare gas metastable atoms with a high degree of 

polarization have been produced by optical pumping using a variety of 

s 
dye laser systems. Argon ( Pa) metastable atoms were efficiently po¬ 

larized. but frequency instabilities in the output of the simple, mul¬ 

timode Ozazine 750 dye laser used prevented stable, long-term 

polarizations from being achieved. Stable optical pumping of a Ne 

* 
( P3) beam was achieved using a similar DCM dye laser. Frequency 

jitter due to low dye viscosity essentially broadened the narrow spec¬ 

tral components of the laser lineshape. allowing a large degree of po¬ 

larization to be obtained for long periods of time. 

In order to insure controllable and reliable performance in the 

optical pumping of rare gas metastable atom beams, a frequency modula¬ 

tion technique has been developed. By creating sidebands between 

laser cavity modes. frequency modulation creates a broad 

qua si-continuous frequency spectrum. The negative effects of fre¬ 

quency drifts are thus eliminated by spreading radiation across the 

overall laser linewidth. A frequency modulated LD 700 dye laser was 

used to successfully polarize an argon metastable atom beam. High po¬ 

larizations were routinely obtained for periods of several hours. The 

technique is suitable for use in optically pumping a wide variety of 



atomic species for the study of electron spin and orbital orientation 

dependencies in many collision processes. 
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Why has not Man a microscopic eye? 

For this plain reason, Man is not a Fly. 

Say what the use, were finer optics given, 

T9 inspect a mite, not comprehend the heaven? 

Alexander Pope 

9An Essay on Man9 
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CHAPTER I 

INTRODUCTION 

Experimental studies of spin dependent effects in collision 

phenomena have become increasingly popular and productive in recent 

years. The inclusion of spin polarization measurements has increased 

i a 
fundamental knowledge in the areas of surface physics » fusion » nu- 

S 4 5 
clear physics » and atomic and ionic collision processes. The abil¬ 

ity to 1 spin-label9 one or more electrons in some collision process 

can provide much new information concerning the dynamics of such pro¬ 

cesses, For instance» spin labeling of electrons can allow differen- 

i 
tiation between direct and exchange scattering in electron-atom 

* 
scattering experiments. 

Many techniques have been nsed to produce polarized atomic beams 

(beams of atoms in which electron spins are aligned)» among them in- 

• 9 
homogeneous fields and hexapole magnetic deflection , Another con¬ 

venient method is that of optical pumping. First proposed by Kastler 

10 
in 1949 » optical pumping is the production» in an ensemble of parti¬ 

cles» of a non-thermal distribution among quantum states by means of 

illumination with resonance radiation. Recent research in this la¬ 

boratory has made use of optical pumping in a number of investiga¬ 

tions» including the study of ionization processes in helium gas 

ii is 
discharges » production of highly polarized electron beams » Penning 

is 
ionization studies » and production of spin-polarized helium 

14 is 14 
metastable and ion beams for surface studies • 

1 
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In the majority of earlier investigations, optical pumping radia¬ 

tion was obtained from resonance lamps excited with RF discharges. 

Such lamps provide only relatively low intensities of optical pumping 

radiation, with a broad spectral width and poorly defined direc¬ 

tionality, i.e. a low degree of parallelism. Lasers, however, offer 

an attractive source of optical pumping radiation, having large output 

powers and narrow linewidths. In addition, dye lasers provide the 

convenience of tunability. Thus, an effort has been established in 

this laboratory to exploit the potentialities of the laser as a tool 

for optical pumping. 

In particular, attention has been focused on optically pumping 

collimated atomic beams for which the Doppler width of the transition 

is very narrow. To achieve high beam polarizations several optical 

pumping cycles must occur during the time an atom is illuminated. 

This, in turn, requires that the photoexcitation rate for the transi¬ 

tion involved in the optical pumping process be large. The photoexci¬ 

tation rate R resulting from illumination of unpolarized atoms by 

monochromatic radiation of intensity I and frequency v is 

S 
2nhv#* g 

gb 4n(v - v.) a 

_ i [l + { : ) 1 , (i-l) 
a 

where v0 is the frequency at line center# gft and are the statisti¬ 

cal weights associated with the upper and lower levels# respectively# 

and A is the Einstein A coefficient. Since the photoexcitation rate 

decreases rapidly with increasing frequency separation v - v0# and the 

Doppler width resulting from laser and beam divergences is small# many 

earlier optical pumping experiments employed single-mode# 
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frequency-stabilized dye lasers » This thesis reports the results of 

a study of optical pumping of heavy rare gas metastable atoms using an 

unstabilized multimode CW dye laser system* 

Initially, studies of optical pumping were undertaken using a 

it 1» % % 

simple multimode OT dye laser * Beams of Ar( Pa) and Ne( Pa) were 

successfully pumped, but problems with long-term stability were en¬ 

countered* To circumvent this problem, a novel approach was adopted 

ao 
in which a frequency modulated laser was used * This laser system 

provided very stable pumping, and results of its initial application 

are reported here* 



CHAPTER II 

OPTICAL PUMPING 

A* Introduction 

The goal in optical pumping is to produce in an ensemble of atoms 

a particular population distribution among a set of quantum states 

that is different from the Boltzmann distribution* The population 

difference may be among electronic states, as is often utilized to 

create population inversions necessary for laser operation, or among 

Zeeman (magnetic) sublevels* Alteration of the population ratios 

between Zeeman sublevels may result in alignment or orientation, 

depending on the polarization and direction of the pumping radiation* 

The latter case will be given primary consideration in this thesis* 

Optical pumping was first successfully applied, in energy level 

s i 
studies of mercury, by Brossel and Bitter in 1952 • Soon afterwards, 

22 
two groups succeeded in optically pumping ground state sodium * Opt- 

2 
ical pumping of metastable rare gas atoms (He 2 Sa) was first reported 

21 
by Franken and Colegrove in 1958 , while Schearer first reported 

2 24 2 
pumping neon Pa metastable atoms in 1968 and argon Pa atoms in 

2 f 2 
1969 * The details of He (2 Sx) optical pumping in RF discharges 

2 4 
have been published * 

2 2 
Optical pumping of Ne ( P2) and Ar ( Pa) states is essentially 

2 
the same as for He (2 Sx); however, one must deal with five magnetic 

2 
sublevels rather than the three sublevels of 2 Sa helium* For the 

sake of clarity, optical pumping of an idealized, two level system 

will be described in detail in the following section* The results 

4 
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will then be extended to the more complex argon and neon systems later 

in this chapter. 

Although optical pumping of a collimated beam of atoms is in many 

ways different from pumping atoms in a discharge (e,g, the near dis¬ 

appearance of Doppler broadening and the absence of thermalizing col¬ 

lisions within the beam), the general results of the following section 

will be applicable to Chapter III, where laser optical pumping of 

beams will be discussed, 

B, Idealized Two-Level System 

Optical pumping, as employed here, is a simple, two-step process 

in which anisotropic excitation of a ground state or metastable atom 

to a short-lived upper state is followed by radiative decay back to 

the original state. The anisotropic excitation—in this case, reso¬ 

nance radiation that is both space-directed and polarized —creates an 

uneven population distribution among the magnetic sublevels of the ex¬ 

cited state. Following de-excitation, the sublevels of the original 

state are no longer in thermal equilibrium. As a result, the ensemble 

is aligned or oriented along the quantization axis defined by the 

direction of propagation of the pumping radiation, 

1, Phenomenological Description 

Consider a ground state or metastable atom with a total angular 

momentum J*l, Optical pumping of such atoms can be understood by 

reference to the simple term diagram in Figure 1, which includes a J=1 

upper level. In a discharge or atomic beam, the atoms are at thermal 
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equilibrium and, according to the Boltzmann distribution, are nearly 

evenly distributed among the three magnetic sublevels, labeled 

Blj = +1, 0, -1. 

If the atoms are illuminated with RHCP light, for which the 

selection rule is Am. = +1, atoms in the m, = 0 or m. = -1 sublevels 
J j j 

will be excited to m^ = +1 and nij = 0 sublevels, respectively, with 

respect to a quantization axis parallel to the propagation of the 

pumping radiation. This is illustrated by the straight lines in Fig. 

1. The excited atoms decay subject to the selection rules 

Am^ = +1,0,—1, (m^ = 0-/->nij s 0 if AJ *» 0) resulting in a transfer of 

atoms to the m^ = +1 state. If there is sufficient radiation avail¬ 

able to produce many such cycles, there will be an efficient transfer 

of atoms to the m^ = +1 state. Illumination by LHCP light, for which 

the selection rule is Am^ = -1, will obviously result in a net 

transferral of atoms to the m^ ** -l sublevel. The result is a net 

magnetization, or polarization, of the ensemble oriented along the 

quantization axis. 

2. Characterization of an Ensemble 

In the present work, in which electron spin dependent effects are 

studied, the most important parameter is the beam polarization. Po¬ 

larization is defined by 

5 mN L m 
P = <S > = “ , (II-l) 
1 2 N L m 

m 

where N is the population of the sublevel and the redirection is 
m 
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mj 

+1 
0 

-I 

-I 

FIGURE 1* Term diagram for a J » 1 state, being pumped via another 
J = 1 state. The straight line indicates absorption of RHCP light by 
m. = 0 atoms; the wavy lines indicate spontaneous emission* 
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chosen parallel to the quantization axis. This gives a measure of the 

amount of angular momentum aligned parallel to the quantization axis 

relative to the maximum possible. Polarization, however, does not 

fully describe a state with more than two sublevels. In general, for 

an n-level system, n - 1 parameters are required to fully describe the 

state of the system, i.e. the relative populations in each m. sub- 
J 

level. For example, if the nij = +1 and -1 sublevels of a J * 1 system 

are populated equally and the m^ = 0 sublevel is depleted, the polari¬ 

zation is zero although the system is far from a thermal distribution. 

The second parameter needed in this case is the alignment. 

P « 3<S *> - 2 
zz z 

(II-2) 

For the present system, the polarization and alignment simplify to 

V - N-i 
P* = N+x 

+ N„ + N_x 

<N+X + N_x) - 2N0 
Pzz “ N+x + N0 + N_x 

(II-3) 

3. Magnetic Fields 

Optical pumping aligns atoms relative to the direction of the 

pumping radiation and in the absence of external fields, alignment 

remains constant along this direction in space. In practice, though, 

weak magnetic fields are difficult to avoid. Any magnetic field not 

parallel to the quantization axis defined by the pumping radiation 

direction will cause the angular momentum vector of the oriented atom 

to process about the field, thus destroying beam polarization. Thus, 

in the present experiment, we apply an external B-field parallel to 
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the direction of radiation propagation to preserve a well-defined 

quantization axis throughout the apparatus. 

In addition, the orientation of an ensemble may be rotated, 

without diminishing polarization, by rotating the local magnetic 

field, as long as the atoms are able to follow changes in the field 

27 
adiabatically. The requirement for adiabaticity is 

w « eD 
2mc# 

(II-4) 

where u> is the angular rate of change of the local field in the frame 

of the atom, B is the magnitude of the local field, and is the 

electron gyromagnetic ratio. This condition can be understood as re¬ 

quiring the rate of change of the magnetic field to be much smaller 

than the Larmor frequency of the atom. Therefore, a small guide field 

that varies slowly, in space and time, serves to guarantee good main¬ 

tenance of ensemble polarization. 

C# The Argon and Neon Systems 

The optical pumping experiments reported herein are performed on 

argon and neon metastable atoms. Because the electronic configura¬ 

tions of excited rare gas atoms are such that LS coupling is not 

appropriate, an intermediate coupling scheme is necessary. Thus, a 

brief explanation of the most popular coupling scheme is provided 

here, along with a short discussion about selection rules, before con¬ 

tinuing with transition probabilities and polarization in optical 

pumping of neon and argon. 
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1* Description of Electronic Configuration and the j-1 Coupling 

a* 
Scheme 

Argon and neon are rare gas atoms» and thus have a closed shell 

np*( S0) ground state configuration* Excited states consist of a np5 

inner core and an excited outer electron. The electrostatic interac¬ 

tion between the outer» excited electron and the core is small com¬ 

pared to the spin-orbit interaction of the core electrons. Thus» 

total orbital angular momentum, L, and total spin angular momentum, S, 

are no longer good quantum numbers; therefore LS, or Russell-Saunders, 

coupling is no longer valid. The spin-orbit interaction of the outer 

electron is much weaker than the electro-static interaction between it 

and the core, so j-j coupling is also ruled out. Thus, noble gas 

atoms are best described by an intermediate coupling scheme known as 

j-1 coupling. 

In j-1 coupling, the atomic core, np5, is characterized by the 

quantum numbers L, S, and j, i,e, there is strong electro-static cou¬ 

pling in the core, L denotes orbital angular momentum, S spin angular 

momentum, and j the total angular momentum of the core. Taking into 

account the electrostatic interaction of the outer electron of orbital 

angular momentum 1, and coupling this to the core angular momentum, j, 

results in a series of levels characterized by the quantum numbers K» 

where K « j+1, j+1-1, • • • * Ij-ll, Finally, the spin-orbit interac¬ 

tion of the outer electron splits the LSjlK states into different J 

states of total angular momentum J = K The most widely used 

notation** for j-1 coupling labels quantum states by 
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mp*( 2S+1 L.)nl [K]t. 
J J 

The lowest excited states in argon and neon (n 3 nrt-1 and 1 3 0 or 

1) are often labeled with LS coupling notation for convenience. In 

where L, S, j, 1, K, and J are defined as before. S' and L' merely 

reflect an approximation of the total spin and orbital angular 

momentum* respectively, of the state in question, while J remains the 

only truly good quantum number. 

2. The Optical Pumping Cycle and Selection Rules 

The first excited configurations of neon and argon contain 

a 3 
metastable states labelled np5( P,^a) (n+l)s[—]a and 

3 3 S 9 
np5( Pa^a) (n+1)sljlo that are designated Pa and P0, respectively. 

These states are shown in Figure 2., along with two short lived states 

a x 
of the same configuration, labelled Px and Pa. 

si i 
The Px and Pa levels decay quickly to the S0 ground state by 

electric dipole radiation (AJ 3 0,*1) with lifetimes of approximately 

31 
3-30 x 10 sec. (for both argon and neon). Because of the rela¬ 

tively large spin-orbit coupling of the core compared to the 

electro-static interaction of the outer electron, LS selection rules 

no longer apply, and states are expressed as mixtures of LS states. 

The only transition selection criteria, therefore, involve total 

angular momentum and parity change. This result is due to the fact 

30 
this notation , states are labeled 

mp*nl[K]j ( 
2S'+1 
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FIGURE 2. Diagram of the first excited configuration of Ar and Ne, 
showing the quenching (dotted line) and optical pnmping (solid line) 
transitions used. 
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that a large spinr-orbit interaction can have non-diagonal matrix ele¬ 

ments in L and S, but diagonal in J, thus mixing together states of 

12 
different L and S but of the same value of J • This confirms earlier 

statements concerning the fLSr labels used for these excited states, 

and explains the existence of electric dipole transitions between 

states of different multiplicity* 

3 3 
The P* and P0 levels are metastable with lifetimes no shorter 

33 
than 0*8 sec*for neon and 1*3 sec* for argon * Lifetimes of this 

magnitude are easily understood by considering possible decay modes* 

Consider the specific case of neon* There are no other levels in the 

2p53s configuration with J values of two or zero, therefore state mix¬ 

ing cannot contribute to the decay of either level* The most probable 

3 1 
Pa—> S0 decay mode is by electric quadrupole radiation* In the case 

3 
of the P0 level, single photon transitions to the ground state are 

forbidden by the rule J =» 0-/->J * 0, and two-photon transitions are 

ruled out because they involve no parity change* Thus, the most prob- 

3 
able decay mode appears to be via a magnetic dipole decay to the P4 

level of the same configuration, followed by electric dipole decay to 

3 3 
the ground level • 

At first glance, several transitions to higher states appear at- 

3 
tractive for use in optical pumping of the Pa state* However, one 

must avoid populating a level that can possibly decay to any level 

3 
other than the original, P2, metastable state, as this depopulates 

the state being oriented* Excited levels with J=1 may mix and decay 

3 
to the ground state, whereas J=2 levels may decay to the lower P1 or 

1 3 
P± levels* The only alternative left is to pump the Pa level via 
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s 
the upper D, level, for this provides a two level system. In the 

3 3 
present experiment, electron impact produces both Pa and P0 atoms, 

3 3 
Since we are interested in only the Pâ atoms, atoms in the P0 level 

may he removed by excitation to any convenient upper level providing a 
34 

pathway to some other state • Such selective removal of a metastable 

species from an ensemble is referred to as quenching, 

3, Rate Equations and Polarization 

Because transitions between the two levels of concern in optical 

pumping of both argon and neon are subject to selection rules for J, 

it is possible to extend the results, obtained for an idealized 

two-level system, presented earlier. In the case of argon and neon, 

one optically pumps a five level system by way of a seven level ex¬ 

cited state. The mj « 2 sublevel is preferentially populated by RHCP 

light in an obvious extension of the earlier discussion, as il¬ 

lustrated in Figure 3, 

The time rate of population change for sublevel m of the metast¬ 

able state, when illuminated by circularly polarized radiation, is 

(assuming stimulated emission is unimportant) 

(II-5) 

where j and i represent sublevels of the excited state, m and n sub- 

levels of the me testable.Estate, and p is the spectral radiation den¬ 

sity. The spontaneous emission rate is 
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mi 
.3 

-I 

-2 

3 3 
FIGURE 3. Term diagram for optical pumping of a Pa state via a D3 

state. The straight line indicates absorption of RHCP light; the wavy 
lines indicate spontaneous emission. 
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mi 

C 

X 
(II-6) 

where 

[ i - T hi-7) 
m 

is the lifetime of the excited state. The coefficient reflects 

3 S 
the relative transition probability for radiative transfer from 

state J*i to state Jm. The absorption B-coefficient is 

[ 
B 
mi 8nh*cL mi 

(II-8) 

where q - +1,0,-1 for pumping radiation of polarization giving 

Am « +1,0,-1, respectively* 

The first term on the right of Equation II-5 is due to spontane¬ 

ous emission from states J’j to state Jm, and owes its simple form to 

the assumption of no stimulated emission (see Appendix A). The second 

term is due to the removal of atoms from the Jm state through excita¬ 

tion by radiation. Relative transition probabilities for spontaneous 

3 3 
emission from a D3 state to a Pa state are tabulated in Table 1(a). 

Those for absorption of RHCP and LHCP light are listed in Table 1(b). 

Ç « Snhx 

sublevel; 

Using the relative transition probabilities of Table 1 and 

 , Equation II-5 can be written, for the case of RHCP, for each 

Nx 

N0 

N* » *£ < §N* + ^N#) 

JLR / zlfl + + i—\ 
X * 9^1 ^ 7y*o + 25™-*/ 

3 2 
+ —N + =—fj ) 

25 0 2o -1 7o 

N = ^ ( ^ N ) 
-1 x ' 2y-x 225”-* ’ 

(II-9) 
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TABLE 1 

(a) Relative Transition Probabilities 

for Spontaneous Emission 

(C , ) x 15 m m 

J' = 3 

(b) Relative Transition Probabilities for Absorption 

(CirnnJq 
X 15> q = +1<-1> 

J' = 3 

m ' 

m- -1 -2 -3 

2 

1 

J=2 0 

-1 

-2 

15 0 (1) 0 0 0 0 

0 10 0 (3) 0 0 0 

0 0 6 0 (6) 0 0 

0 0 0 3 0 (10) 0 

0 0 0 0 1 0 (15) 
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_ Lë. / rl4,»r \ 
x ' 22?"-*' 

Thus* Equation II-8 gives five» or 2J+1, interdependent simultaneous 

differential equations. Solutions of the above equations would give 

the sublevel populations as a function of time for low radiation den¬ 

sities only. The following chapter will deal with the necessary con¬ 

siderations when using high radiation densities in optical pumping. 

The polarization for «1=2 state may be defined as 

2Na + N* - N_x - 2N_a 

P “ 2(Na + N* + N0 + N_x + N_a) * 
(H-10) 

where N is the population of the m**1 sublevel. An important con- m 

sidération in optical pumping is the number of pumping cycles needed 

to produce a given polarization* This question could be answered if 

solutions to the rate equations were known* The following chapter 

will also deal with this point in more detail* Experimental results, 

however, indicate that beam polarizations of 80-95% were achieved us¬ 

ing a laser as the optical pumping radiation source, compared to 45% 

polarization when using a traditional spectral lamp* 



CHAPTER III 

OPTICAL PUMPING OF ATOMIC BEAMS WITH LASERS 

A» Complications 

When using a laser to optically pump highly collimated beams» 

several complications arise» First» one must consider the basis on 

which the proceeding discussion of optical pumping has been developed» 

Thus far» stimulated emission from the excited state back to the 

me ta stable state has been ignored» Such an approximation may not be 

valid when a laser» with its narrow spectral width and high intensity» 

is used as the radiation source» Thus» a closer look at the quantum 

theory of optical pumping may be necessary to determine whether the 

simplified account given thus far is valid» 

Second» the spectral distribution of a multimode laser consists 

of several widely spaced» and very narrow» cavity modes creating 

problems with frequency stability when transversèly pumping beams» 

which have narrow effective Doppler widths» Indeed» optical pumping 

stability is poor» since the laser may drift such that individual 

cavity modes move on and off resonance» Thus» it is difficult to get 

stable optical pumping because of drifts in the CW laser output» 

In this chapter» the considerations outlined above are analyzed 

in Section A» and results of two experiments using unmodified» multi¬ 

mode dye lasers are presented in Section B» 

19 
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1. Rate Equations 

Optical pumping is typically described using ordinary rate equa¬ 

tions which are based on the assumption that the absorption and inr 

duced emission rates are much smaller than the rate of spontaneous 

emission. This rate equation approach is justified when the pumping 

radiation is obtained from such traditional low intensity sources as 

RF spectral lamps. The low radiation intensities emitted from these 

sources result in a 'pumping time' (the mean time between successive 

excitations of the same atom) that is much longer than the radiative 

lifetime of the excited state. Therefore, one can treat an optically 

pumped ensemble as a statistical mixture of excited and unexcited 

atoms. 

In the case of laser optical pumping, the assumption that stimu¬ 

lated emission rates are small compared to spontaneous emission rates 

may not be valid. When using powerful laser radiation, the optically 

pumped atom must be described as a superposition of excited and ground 

states, and the ensemble obviously can not be a statistical mixture of 
>« 

the two states . Therefore; density matrix formalism is required. 

In addition, results of the theory of transition rates, being based 

upon the assumptions of perturbation theory, may be in question. The 

quantum theory results, however, can be cast in a form similar to that 

discussed above with the inclusion of a term describing stimulated em¬ 

ission. 

Appendix C outlines an argument justifying the use of rate equa- 

>? »• 
tions with several slight modifications , depending on the 

experimental circumstances. The present experimental arrangement is 
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such that coherences between levels are not observable. The first 

of these modifications is to the spectral radiation density. 

21 
^ ** ncAv. * 

las 
(III-l) 

where I is the radiation intensity. Av. the laser cavity 
l&S 

mode 

linewidth. and c is the velocity of light. The factor of ~ is due to 

the Lorentzian lineshape of a typical cavity mode spectral distribu¬ 

tion. Equation III-l will always be a good approximation for our pur- 

po se s. 

Second, the B-coefficient for stimulated emission from state J’i 

to state Jm is normally derived as 

« X» A 
mi ~ 8nh mi 

(III-2) 

where is the spontaneous decay rate between specific sublevels 

(Appendix A). Equation 111-3 is derived by integrating with respect 

to isotropic, unpolarized incident radiation. For laser radiation, 

however, integration over small angles of laser beam divergence is re¬ 

quired, and this limited integration results in 

B - 3ii A mi ~ 8nh mi 
(III-3) 

2. Frequency Stability 

The overall linewidth of the multimode dye lasers used in the 

present experiment consists of several widely spaced, narrow cavity 

modes, with negligible radiation between modes, as illustrated in 

Figure 4(a). The geometry of the dye laser used produces cavity modes 
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FIGURE 4. Schematic of narrow laser cavity modes separated by a large 
cavity mode spacing (a) (not to scale). Compare to absorption profile 
of the atomic beam (b) to illustrate the relative difficulty of locat¬ 
ing an unstable laser cavity mode on the absorption profile. 
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with linewidths of ~40 MHz, and with a mode spacing of ~400 MHz, Be¬ 

cause the transverse pumping arrangement employed here eliminates much 

of the Doppler broadening of the atomic transition, only one laser 

cavity mode is capable of exciting the transition at any one time. 

Since the natural linewidths of the transitions involved are on the 

order of ~10 MHz, as illustrated in Figure 4(b), it is obvious that 

the laser modes must be very stable and precisely tunable in order to 

find and stay on the transition. Otherwise, the transition will tend 

to fall between cavity modes, a situation illustrated by comparison of 

Figures 4(a) and 4(b), and optical pumping will become very ineffi¬ 

cient. 

In general, the frequency stability of unstabilized lasers, such 

as those employed in this work, is too poor to keep a cavity mode 

within the absorption linewidth of the atomic transition for any 

reasonable amount of time. Therefore, a laser cavity mode will 

generally be near the frequency of the transition, but spend very lit¬ 

tle time directly on the transition. 

To further understand the situation it is necessary to consider 

off-resonance absorption of radiation by the atom. The absorption 

cross-section for an atomic transition as a function of the frequency 

separation of the laser frequency, v, and the resonant frequency, v0 

is 

o * . (III-4) v " vo a 
[1 + (4n  —) ] 

1 ^ 
where A - ~ is the total coefficient for spontaneous decay, and 

T 

(v - v#) will be called the 'detuning* of the laser. The 
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photo&bsorption cross-section at the resonant frequency is 

c» 3 * * * * 8b 
“ 2nv# ga' 

(III-5) 

where gft and are the statistical weights of the initial and final 

states, respectively, of the excitation process. 

The photoexcitation rate, R, for monochromatic radiation of in¬ 

tensity I and frequency v is 

R 2l 
hv* (III-6) 

For high radiation densities, saturation of the transition will occur. 

The saturation intensity 

T TthcA 
s “ 3X* (III-7) 

is defined as the intensity required to produce an excitation rate 

equal to the spontaneous decay rate. When the transition becomes sa¬ 

turated, optical pumping suffers because stimulated emission returns 

atoms to the magnetic sublevel from which they originated. 

3 • Conclusion 

The preceeding discussion suggests that a semi-classical approach 

to optical pumping is justified, with appropriate modifications. 

Nonetheless, solving the rate equations in the most general case (in¬ 

cluding stimulated emission) necessitates solving (2J + 1 + 2J' + 1) , 

or twelve, dependent simultaneous differential equations, a task 

beyond the scope of this thesis. The rate equation problem has been 
st 

solved using a multipole formulation , and it has been shown that. 
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even at high laser powers, illumination times of np to 20 psec may he 

needed to approach maximum polarizations. This requirement is ade¬ 

quately met in the present experimental arrangement. 

Laser intensity and the effects of laser stability remain as the 

major considerations in our laser optical pumping studies. Obviously, 

more pumping radiation is advantageous, but only if the intensity does 

not exceed the saturation intensity by too great an amount. Thus, 

given a certain laser power, it is better to increase the illumination 

area so as to reduce the intensity below saturation levels, and to il¬ 

luminate the beam for a longer time. 

B. Optical Pumping of Argon and Neon with Multimode Dye Lasers 

The present section will describe the use of inexpensive multi- 

mode dye lasers to optically pump beams of Ar( Pa) and Ne( Pa) metast¬ 

able atoms. The two experiments will demonstrate the need for the 

consideration of frequency stability and off-resonance excitation when 

transversly pumping atomic beams with multimode lasers. 

1. Experimental Apparatus 

The apparatus used for both the neon and argon experiments, which 

40 
has been described in detail elsewhere , is shown schematically in 

Figure 5. A beam of ground state atoms is formed by effusion through 

a multi-channel array. A fraction of the atoms are then excited to 

3 
the P0 2 metastable levels by electron impact using a coaxial elec- 

9 

tron gun. Beam contaminants include charged particles, long-lived, 

highly excited atoms, photons, fast neutrals, and the J * 0 
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FIGURE 5. Schematic of the experimental apparatus for optical pumping 
of *Pa Ar and Ne. 
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metastables. The first two of these contaminants are removed by a 

transverse electric field. Photons and fast neutrals are kept at a 

minimum by proper source operation, and generally represent less than 
i 

a few per cent of the total beam flux. Finally, the P0 metastable 

atoms are removed by quenching, as explained earlier. Thermal ground 

state atoms are not a problem since we detect only metastable atoms. 

The metastable beam is then further collimated by defining aper¬ 

tures and enters a weak magnetic field perpendicular to the beam 
i 

direction that serves to preserve the quantization axis. The Pa 

atoms are optically pumped using circularly polarized radiation, in¬ 

cident parallel to the magnetic field, from a dye laser. The laser 

beam is reflected so as to make two passes through the metastable 

beam, illuminating it for a distance of ~1 cm. 

Following optical pumping, the beam polarization is determined by 

spatial separation of the m^ components using a Stern-Gerlach (SG) 
14 

analyzer . Atoms with positive nu values are deflected one direction 

while those with negative m^ values are deflected in the opposite 

direction. Particles with zero m^ (including remaining beam con¬ 

taminants) pass through the analyzer undeflected. The distribution of 

the atoms among m^ levels is determined by sweeping a channeltron 

across the dispersion axis of the SG magnet and recording the current 

as a function of position. Detailed analysis of the SG profiles for 

argon and neon is difficult due to the overlap of the m^ - 1 and 2 

peaks. This overlap exists because of the thermal velocity distribu¬ 

tion of the atoms leads to a range of deflection angles for each m 

sufficient to prevent discrimination of the m =1,2 (-1,-2) peaks. 
«I 

j 



TABLE 2 

Atom Laser Total Total Power 
Pumped Dye Linewidth Power per Mode 

Argon Oxazine 25 GHz 200 mW 3.2 mW 

Neon DCM 5 GHz 500 mW 38.5 mW 

TABLE 3 

Atom 
Einstein A 
Coefficient 

Radiation 
Intensity 

Illumination 
Time 

Argon 37 MHz .013 W/cm^ 32 ps 

Neon 50 MHz 
, 2 

.13 W/cm 23 ps 
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FIGURE 6. Intensity vs* detuning for three excitation rates. Note 
that optical jumping becomes inefficient for excitation rates much 
below 10* sec » 
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The dye laser used in both experiments is a Spectra-Physics 375 

dye laser, which has a cavity mode spacing of ~400 MHz. A detailed 

study of the mode structure has not been carried out, therefore it is 

assumed, for simplicity, that all available modes within the total 

laser linewidth lase simultaneously and that the total laser output 

power is evenly distributed among these modes. Table 2 lists the dye, 

resonant wavelength, overall laser linewidth, total power, and power 

per mode of the laser configurations used to optically pomp neon and 

argon. 

The extent of optical pumping can be roughly estimated by multi¬ 

plying the excitation rate, R (Eq. III-7), by the length of time, t, 

the average atom is illuminated. R*t provides an estimate of the 

average number of excitations an atom in the beam undergoes. The ex¬ 

citation rate can be found by assuming that only one laser mode inter¬ 

acts with an atom at any one time, and defining intensity by the power 

per mode divided by the illuminated area. The average length of time 

an atom spends in the radiation field can be found from the average 

inverse beam velocity (Appendix B). Table 3 lists the Einstein A 

coefficient, the intensity, and the illumination times for argon and 

neon. 

Figure 6 shows the effect of detuning on the intensity required 

to obtain a particular photoexcitation rate. The parameters for op¬ 

tically pnmping neon were used in this graph, but the qualitative 

features are the same for all optical pamping transitions. It is ob¬ 

vious that for the intensities given in Table 3, detuning of much more 

than 100 MHz will cause the photoexcitation rate to fall drastically. 



31 

With Figure 6 and Tables 2 and 3 as references, the specific experi- 
\ 

ments will now be discussed# 

N 

IS 
2# Argon Optical Pumping 

i 
In our first experiment, argon ( P2) metastable atoms were pumped 

with radiation from an Oxazine 750 dye laser witb output powers of 

200-300 mW. The dye laser was pumped by a krypton ion laser# The 

spatial profile at the output of the SG analyzer in the absence of 

optical pumping is shown in Figure 7(a)# Electron impact excitation 
3 3 

produces both. Pa and P0 metastable atoms and these each contribute 
3 

to the central m. « 0 peak# The P0 contribution was determined by 
Jl 

s 3 
illuminating the metastable beam with 794#8 nm P0<—Mp'Ij]* radia¬ 

tion from the laser# Since the upper 4p* level can decay to other 

3 
than the original P0 state; excitation to this level causes selective 

3 
removal of P0 atoms from the beam, as was discussed earlier# The 

ntj = 0 SG profile obtained under such conditions is included in Figure 

3 
7(a), the shaded region indicating the P0 contribution to the origi¬ 

nal profile# As mentioned earlier, the m » 1,2 and -1,-2 features 
•I 

axe not resolved. 

i 
The SG profile obtained for a mixed P0 a beam following optical 

t * 
pumping using RHCP 811.5 nm Pa<—>4p[5/2]3( D3) radiation is shown in 

» 
Figure 7(b), together with the profile expected for a pure Pa beam, 

» 
obtained by subtracting the P0 contribution. (Since only one dye 

s 
laser was available, it was not possible to optically pump the Pa 

* 
atoms and to simultaneously remove the P0 atoms from the beam.) The 

residual m^ = 0 feature is attributed to a small admixture of fast 
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CHANNELTRON POSITION 

FIGURE 7. Stern-Gerlach profiles for nnpnmped (a) and pumped (b) 
beams of *Pa Ar atoms. The cross-hatched area represents the *P0 con¬ 
tribution to the beam. 
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neutrals and photons. Detailed analysis of the data shows that the 

optical pumping transfers at least 95% of the atoms to the m^ = +2 

(m. = 1; m = 1) state, resulting in high orbital and electrons spin X s 

polarization. The use of LHCP optical pumping radiation results in 

equally efficient population transfer to the m^ * -2 state. 

The results, as presented thus far, appear quite favourable; 

however, problems with stability prevented continuous optical pumping. 

Although Figure 6 indicates that there should be an adequate photoex¬ 

citation rate almost 100 Mz away from line center, the laser required 

constant tuning to sucessfully pump the beam. Thus, the frequency 

stability of the multimode dye laser is too poor for it to be used as 

a means of obtaining stable optical pumping. 

» 
3. Neon Optical Pumping 

Radiation for optical pumping of neon was provided by a DCM dye 

laser* The total linewidth of the laser was smaller than that em¬ 

ployed in the argon experiment due to the use of a three element 

biréfringent filter and a single 2mm intracavity étalon for tuning. 

The dye laser was pumped by the 5 W all-lines output of .an argon ion 

laser. Initially the dye laser was adjusted to obtain maximum output 

power. This required use if a high dye circulator pressure and 

resulted in output powers of ~500 mV at 640 nm, sufficient to provide 

w an intensity of ~2 —r. in the optical pumping region. The majority cm 

of the data presented here were taken with the laser operating under 

these conditions. The stability of the laser, however, was poor, 

possibly a result of the dye solvent (40% propylene carbonate, 60% 
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ethylene glycol) that is used with DCM* Large, rapid fluctuations in 

output power were observed and no stable output mode structure was 

evident* The laser switched rapidly back and forth between different 

cavity modes within an envelope of ~6 GHz total width* The mode and 

temporal stability of the laser could be greatly improved, at the ex¬ 

pense of a decrease in output power, by reducing the pressure in the 

dye circulator* Under these conditions only minor fluctuations in 

output power were observed and the laser appeared to operate stably on 

three cavity modes, consisting of a strong central mode and two 
41 + 

weaker, possibly hole-burning , modes separated by ~_1*6 GHz* 

The spatial profile at the output of the SG analyzer in the ab¬ 

sence of optical pumping is shown in Figure 8(a)* Again, atoms in 
3 3 

both the P0 and Pz metastable states are contained in the m^ = 0 

3 3 3 
peak* The P0 contribution was quenched using 626*1 nm P0<—>3pf[~]x 

radiation from the DCM laser* The m * 0 SG profile obtained follow¬ 

ing removal of P0 atoms is included in Figure 8(a), the shaded region 

3 
indicating the P0 contribution to the original profile* 

Initial optical pumping experiments were undertaken using high 

W 
dye circulator pressures iu the laser and an intensity of ~2 ^7 in 

s 
the optical pumping region. The SG profile obtained for a mixed P0 2 

beam following optical pumping with RHCP radiation is shown in Figure 

8(b), together with the profile expected for a pure *Pa beam, obtained 

s 
by subtracting the P0 contribution. Optical pumping resulted in ef¬ 

ficient transfer of atoms to states of positive nu. Use of LHCP 

radiation leads to similarly efficient transfer of atoms to states of 

negative m^ . Despite the observed instabilities in the laser, no 
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CHANNELTRON POSITION 

FIGURE 8. Stern-Gerlach profiles for unpumped (a) and pumped (b) 
beams of *Pa Ne atoms. The cross-hatched area indicates the *P0 conr- 
tribntion to the beam. 
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problems were encountered in tuning the laser to the P4—> Da transi¬ 

tion and efficient optical pumping was routinely obtained for periods 

of several hours without making any adjustments to the laser. 

The intensity-dependence of the optical pumping efficiency is il¬ 

lustrated in Figure 9 which shows, for RHCP pumping radiation, the to¬ 

tal number of m^ = -1 and -2 atoms remaining in the beam as a function 

of laser intensity in the optical pumping region. To ensure that the 

spectral characteristics of the optical pumping radiation did not 

change during these measurements, the laser operating conditions were 

held constant and the intensity varied by use of neutral density 

filters. The vertical extent of each data point indicates the range 

of variation in the total number of remaining m^ = -i and -2 atoms ob¬ 

served at each intensity over a period of 30 minutes, and provides a 

measure of the temporal stability of the optical pumping. Although 

reductions in the intensity of optical pumping radiation lead to re¬ 

duced optical pumping efficiencies, relatively stable pumping is ob¬ 

served at all intensities. 

It is apparent from Figures 8 and 9 that, even at the highest in¬ 

tensities. optical pumping is incomplete and not all atoms are 

transferred to the m^ » +2 (or -2) states. This may result, at least 

in part, from the amplitude fluctuations present in the laser output. 

Any large decrease in laser output power of a duration longer than, or 

comparable to. that for which the atom is illuminated will enable 

groups of atoms to pass through the pumping region without being effi¬ 

ciently pumped. leading to a decrease in the average beam 

polarization. A number of optical pumping experiments were therefore 
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conducted using low dye circulator pressure in the laser to obtain a 

stable output» Efficient optical pumping was again achieved* result¬ 

ing in beam polarizations comparable to those obtained previously» 

Laser tuning* however* proved to be extremely critical and consider- 

3 I 
able difficulty was experienced in tuning to the Pa—> Da transition» 

Furthermore the optical pumping stability was poor and continual ad¬ 

justment of the laser was required to maintain high beam polarization» 

Thus* paradoxically* optical pumping is least stable with the dye 

laser operating under its most stable conditions» 

4» Conclusions 

The results of the neon experiment show that a fluctuating* or 

'noisy'* laser output provides stable optical pumping even at low in¬ 

tensities. These results can be rationalized by considering the 

8 3 
Pa-> D, photoexcitation rate. Numerical substitution into Equation 

III-5 for the case of neon yields 

9 

  —r<s-x>, 
1 + [0.25(v - v#)] 

(III-8) 

where I is expressed in watts per square centimeter and (v - vp) in 

megahertz. Thus» near line center» intensities of only a few mil¬ 

liwatts per square centimeter provide very large photoexcitation 

rates. The intensity required to obtain large photoexcitation rates» 

however, increases rapidly with increasing detuning, (v - v#). 

Consider initially the P,—> D, photoexcitation rate expected 

with the laser operating stably on three cavity modes separated by 

~1.6 GHz. The intensity in the optical pumping region due to the 
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w 
central mode is ~0.8 —r, Near line center this intensity will result cut** 

c 
in photoexcitation rates >~10 s , and will thus make possible several 

optical pumping cycles during the 20 jisec that an atom is typically 

illuminated, resulting in high polarizations. The photoexcitation 

rate falls rapidly, however, as the frequency of the central mode 

i -a 
moves from line center, and is only ~1..5xl0 s at a separation of 500 

MHz. (The other cavity modes remain too far separated in frequency to 

provide any significant photoexcitation.) Thus efficient optical pump¬ 

ing can be obtained with the laser operating stably, but only if the 

frequency of the central mode is close to line center. This makes 

laser tuning critical and, if efficient long-term optical pumping is 

required, imposes severe constraints on the frequency stability of the 

laser. 

The situation is very different with the laser operating unstably 

and switching rapidly back and forth between different cavity modes. 

In this case frequency instabilities are present in the output of the 

laser that result not only from mode switching but also from insta¬ 

bilities in the frequencies of the individual modes themselves. If 

changes in frequency occur rapidly, atoms will, on average, be ir¬ 

radiated by a qua si-continuous distribution of frequencies within the 

6 GHz overall laser linewidth. Thus, laser tuning is no longer crti- 

cal. Furthermore, if the laser is initially tuned so that its output 

is centered on the transition frequency v0, long-term frequency drifts 

of even one gigahertz will not produce large changes in the optical 

pumping intensity in the vicinity of v0. Thus stable optical pumping 

will be obtained at all optical pumping intensities. Yet, only at the 
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highest optical pumping intensities used in this work is the average 
s i 
P2—> Da photoezcitation rate sufficient to provide a high polariza¬ 

tion. Both neon isotopes will, however, he efficiently pumped because 

the isotope shift, ~1.2 GHz, is well within the overall laser 

linewidth. 

The results of the proceeding two experiments suggest that narrow 

band, multimode dye lasers are usually poor radiation sources for opt¬ 

ical pumping of narrow atomic transitions. Nonetheless, noise, in the 

form of rapid mode and frequency fluctuations, can be advantageous in 

the quest to provide stable, long-term optical pumping. Thus, stable 

laser optical pumping of atomic beams could be realized if some con¬ 

trolled source of frequency noise were introduced into the laser out¬ 

put. The following chapter describes a novel frequency modulation 

technique developed in our lab to achieve stable optical pumping. 



CHAPTER IV 

FREQUENCY MODULATION OF OPTICAL PUMPING RADIATION 

A* Introduction 

The previous chapter discussed the limitations of multimode dye 

lasers as efficient sources of radiation for stable optical pumping of 

atomic beams* In the argon experiment# stable long-term optical pump¬ 

ing vas not achieved due to the inherent frequency drifts of the dye 

laser* The neon experiment# however# demonstrated that problems with 

laser detuning can be avoided if there is a sufficient amount of power 

and noise in the laser frequency spectrum* The frequency jitter in 

the neon experiment was adequate to produce a qua si-continuous spec¬ 

trum of laser radiation across the entire laser output linewidth* 

This suggests that if the laser was frequency modulated to provide a 

controlled qua si-continuous output frequency distribution# stable opt¬ 

ical pumping should be achieved* The results of an experiment utiliz¬ 

ing the frequency modulation concept is described in this chapter* 

42 
In the present experiment# an intracavity frequency modulator 

is used to essentially shift the frequency of the laser cavity modes 

quickly back and forth over an interval sufficient to cover the fre¬ 

quency range between separate cavity modes* The theory of frequency 

modulation shows that this results in a series of sidebands on either 

side of the original laser frequency that are described by Bessel 

functions and that form a qua si-continuous distribution if certain 

frequency requirements are met* 

41 
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The shift in the resonant frequency of the laser cavity to pro¬ 

duce frequency modulation is achieved by changing the optical path 

length of the laser cavity. The frequencies of allowed cavity modes 

are — , where c is the speed of light, d is the optical path length 

of the cavity, and n is a positive integer. In multimode lasers 

several cavity modes.corresponding to a range of values for n, may 

lase simultaneously within the overall output linewidth. The optical 

path length, d. of the laser is the product of the length of the 

cavity and the index of refraction of the elements within the cavity. 

Thus, d may be changed by changing either the length of the cavity or 

the index of refraction of an element in the cavity. 

Changing the actual length of the cavity requires mechanical mo¬ 

tion. Since modulation frequencies that are high compared to il¬ 

lumination times are needed, structural considerations become a 

problem. Electro-optically active materials, which exhibit an elec¬ 

tric field-dependent index of refraction, offer a method of changing 

the optical path length of the cavity without mechanical restraints. 

Thus, introduction of an electro-optic crystal into the laser cavity 

allows modulation of laser frequency subject only to certain electri¬ 

cal constraints. The theory of frequency modulation and application 

of a frequency modulated laser to optical pumping make up the 

remainder of this chapter. 
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B» Frequency Modulation of Lasers 

1» Frequency Modulation 

Frequency modulation refers to the method of varying the instan¬ 

taneous frequency of a wave about some average» or carrier frequncy» 

o>0. The number of times a second that the instantaneous frequency is 

varied about is the modulation frequency» <o • The amplitude of the * m 

modulating signal determines the amount that the frequency varies from 

<i>0* and is known as the frequency deviation, w'. 

For a laser of intensity I * E*, the electric field E inside the 

laser may be described by 

E = E0 sinb(t), (IV-1) 

with an instantaneous frequency at time t of 

o = i££t± 
“i dt * (IV-2) 

With a sinusoidal modulation» the instantaneous frequency becomes 

“i = ^dt1” “• + “'c°s<V>' (IV-3) 

where w0» <*>', and <i> are as defined above* Integrating over t gives 

8(t) » (*)ftt + ~sin(d> t) + 0# 
Ü) 

m m (IV-4) 

w Substituting IV-4 into IV-1 and using m = —, the expression for the 
m 

electric field becomes 

E(<o,t) = E0 sin(b>at + msinw t) m (IV-5) 

Using the trigonometric identity 
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sin(a + s) - sin(a)cos(s) + sin(s)cos(a), (IV-6) 

and the relations 

cos(msin&) t) * J0(m) + 2J, (m)cos(2u t) + . . . JJ * • m 

sin(msin(<> t) = 2 J, (m) sin(<o t) + 2J. (m) sin(3o> t) + . . . , (IV-7) 
in * m * in 

the expression for the electric field can he written as 

E *» E05 J (m){sin(û>0 + nw )t + (-l)nsin(w#-na> )t}, (IV-8) v im jx w m v m n 

where Ja(m) is a Bessel function of n^ order and argument m. 

The physical interpretation of Equation IV-8 is quite simple. 

Frequency modulation of a sinusoidal light wave creates sidebands on 

either side of the carrier frequency. <■>., at intervals of o> and of 

intensity A frequency-modulated wave contains, in general, 

sidebands of significant amplitude on either side of the carrier fre- 

4 8 
quency over a frequency range approximating (m# + <*) ) . Thus, the 

m 

energy initially contained in the unmodulated wave will be distributed 

over a range of (u* + <o ). Figure 10 illustrates this and the fact m 

that for «0 >> <i># the frequency distibution becomes qua si-continuous • m 

When the instantaneous frequency is varied in a more complex fashion 

(triangular or square wave modulation, for instance), the sideband 
4 8 

frequencies include many Fourier 9 combination frequencies9 . 

Although complex modulation may increase the number of sideband fre¬ 

quencies it does not wide1» the frequency band occupied by the energy 

of the wave 
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2. Optical Pumping With Frequency Modulated Radiation 

In general* the photoezcitation rate found in the last chapter 

(Equation III-7) is not applicable in the case of a frequency modu¬ 

lated laser. The photoezcitation rate resulting from illumination by 

radiation with a qua si-continuous frequency distribution may be 

estimated using the ezpression 

la _Ai_ fv+Av/2   
hv ” hvAv 16n* J . , A* . , 

^“Av/2 + (v " v0>*} 

(IV-9) 

assuming tlie frequency distribution is flat over the output linewidtb 
(u># + (Ù ) 

Av «  ^ « In Equation IV-9, v is the laser cavity mode fre¬ 

quency, and v0 is tbe transition frequency. Integrating over tbe 

laser linewidtb is justified if tbe absorption linewidtb is larger 

tban tbe sideband spacing, as it is in tbe present experimental ar¬ 

rangement, Integration of Equation IV-9 yeilds 

R * h^ tr {tan~x Pî (V _ v°+ Av/2) ] ■tan_x Pi <v« "v + Av/2) ]} • 
(IV-10) 

Figure 11 shows R*t versus detuning for several values of frequency 

modulated linewidtb, considering only one cavity mode witb constant 

total power. As expected, an increase in linewidtb decreases tbe peak 

pbotoexcitation rate but provides significant pbotoexcitation rates 

over a broader frequency range. Consequently, much lower laser powers 

tban those used in tbe neon experiment can provide adequate pbotoexci¬ 

tation rates over a very wide frequency range, Witb Figure 11 as 
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FIGURE 11. Rxt vs. detuning for linewidths of 10, SO, 100, and 200 
MHz* Note that if each cavity mode's linewidth is extended by fre¬ 
quency modulation to greater than 200 MHz, then separate cavity modes 
begin to overlap. This situation would create an effective linewidth 
equal to the overall linewidth of the laser. 
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reference, the use of a frequency-modulated laser to optically pump 
* 

Ar( Pa) metastable atoms is noir described. 

C. Experimental Results 

The experimental apparatus, shown in Figure 12, for the 

frequency- modulated optical pumping of argon was essentially the same 

as that used in the earlier argon experiment with two exceptions. 

First, the optical pumping radiation was provided by a modified 

Spectra-Physics 375B dye laser containing an intracavity electro-optic 

frequency modulator (Inrad Model 621-042). Second, the dye employed 

was LD 700, which provided slightly more power than the previously 

used Oxazine 750, but intracavity losses due to the modulator limited 

the output power to much less than that obtained in the earlier ex¬ 

periment. The laser was tuned by a three element biréfringent filter 

and a single 3 mm uncoated étalon and has a cavity mode spacing of 

~300 MHz. The laser was pumped by a krypton ion laser and output 

powers of ~30 mV were obtained at 811.5 nm, resulting in an intensity 

nW of ~60 —r in the optical pumping region. With no voltage applied to cm-* 

the modulator the output mode structure of the laser, monitored using 

a 5 GHz FSR scanning Fabry-Perot étalon, was very unstable. This in¬ 

stability is evident in the étalon scan shown in Figure 13(a). The 

laser output consisted of radiation from several cavity modes that to¬ 

gether spanned a frequency range of ~1.8 GHz. The output powers asso¬ 

ciated with each of these modes, however, fluctuated rapidly in time. 

Figure 13(b) contains an étalon scan representative of those obtained 

when a 200 kHz triangular waveform of 1200 V amplitude was applied to 
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FIGURE 12. Schematic of the experimental apparatus for optical pump¬ 
ing •Pj, Ar with a frequency modulated laser. 
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the modulator. This voltage amplitude was sufficient to cause a 

deviation in the frequencies of the individual cavity modes equal to 

the cavity mode spacing. (See Appendix C for a discussion of 

electro-optic coefficients). The modulation frequency was limited to 

200 fcHz by the simple transistor switching circuit used to drive the 

modulator. This frequency was. nonetheless, sufficient to permit 

several modulation periods during the time for which an atom was il¬ 

luminated. The sidebands generated by frequency modulation formed a 

relatively flat, quasi-continuous distribution of output frequencies 

spanning ~2 GHz. This distribution remained very stable over extended 

periods of time. Frequency modulation also resulted in a small (~10%) 

increase in laser output power due to new regions of gain in the dye 

jet being accessed during modulation. 

The profile at the output of the SG analyzer in the absence of 

optical pumping is shown in Figure 14(a). Figure 14(b) shows the SG 
3 

profile obtained for a mixed Pa 0 beam following optical pumping with 

RHCP radiation from the frequency modulated laser. This profile is 

nearly identical to those achieved in the earlier argon experiment, 

only, as noted below, the stability is now much improved despite a 
3 

large reduction in laser power. The P0 contribution was determined 

in the same fashion as before, and is indicated by the shaded regions 

in Figures 14(a) and (b). Obviously. KHCP radiation leads to effi¬ 

cient transfer of atoms to the m^ * +1 and +2 states. Use of LHCP 

radiation leads to similarly efficient transfer to the m^ = -2 state. 
3 3 

No problems were encountered in tuning the laser to the Pa—> D, 
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FIGURE 13. Frequency spectrum of the unmodulated (a) and modulated 
(modulation voltage set at 1200V) (b) multimode laser, as observed 
with a scanning Fabry-Perot étalon. 
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CHANNELTRON POSITION 

i 
FIGURE 14. Stern-Gerlach profiles for unpnmped (a)3 and pumped (b) P 
Ar beams using a frequency modulated laser. The P0 contribution i 

indicated by the cross-hatched area. 
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transition, and efficient optical pumping was routinely obtained for 

periods of several hours without further adjustment of the laser. 

The effects of frequency modulation on the optical pumping are 
s 

illustrated in Figure 15 which shows the percentage of the Pa atoms 

that remain in states of negative m^ following optical pumping with 

BHCP radiation as a function of the amplitude of the triangular 

waveform applied to the modulator. At each amplitude, the laser was 

initially tuned to obtain the highest polarization, i.e., to minimize 

the percentage of remaining m^ « -1 and -2 atoms. This percentage was 

then monitored for a period of ~20 minutes and the vertical extent of 

each data point indicates the range of values observed, thereby 

providing a measure of the temporal stability of the optical pumping. 

With no voltage applied to the modulator, laser tuning was extremely 

critical, and.stable, efficient optical pumping could not be achieved. 

The optical pumping efficiency and stability improved, however, as the 

modulator drive voltage, and thus frequency deviation, was increased. 

A voltage amplitude of 1200 V, sufficient to produce a frequency 

deviation equal to the cavity mode spacing, resulted in efficient, 

stable pumping. In addition, this voltage amplitude produced stable 

pumping at lower power levels, as indicated by Figure 16, Figure 16 

t 
shows the percent of Pa atoms that remain in states of negative m^ 

after pumping with BHCP radiation as a function of laser power den~ 

sity, with full modulation voltage. The power was varied by placing 

neutral density filters in the laser beam and keeping all other condi¬ 

tions constant. Again, optical pumping was stable, although 

efficiency was reduced as the radiation intensity in the pumping 
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region was reduced. These observations concur with, predictions based 

on Figure 11 and the photoexitation rate for a frequency-modulated 

laser. 

D. Conclusion 

The data show that use of a frequency-modulated laser can provide 

efficient, stable optical pumping and eliminates problems with fre- 

quncy jitter and mode instability that are normally encountered when 

optically pumping atomic beams with unstabilized, multimode lasers. 

Finally, the technique is easily adaptable to a variety of laser sys¬ 

tems. and greatly extends the applicability of inexpensive multimode 

lasers to areas that otherwise require a high degree of frequency sta¬ 

bility. For instance, this technique is applicable to optical pnmping 

beams of ground state alkali atoms, such as sodium and rubidium. 

Sodium hasf two hyperfine levels in the ground state that must be 

pumped simultaneously to achieve the maximum possible polarizations, 

and rubidium beams usually contain two isotopes, each of which have 

two hyperfine levels in the ground state. The extended linewidth af¬ 

forded by the frequency modulation technique is adequate to cover the 

hyperfine and isotope splittings in both sodium and rubidium, so that 

efficient optical pumping should be possible. 



APPENDIX A 

Rate Equations for Optical Pumping 

The form of the rate equations describing optical pumping in the 

present case is straight-forward because atoms in the beam travel inr* 

dependently of one another, eliminating collisional relaxation terms. 

The rate equation for the population N of a ground state (or metast- 
in 

able) magnetic sublevel, m, contains terms representing: 

(i) depletion through excitation by light of spectral density p(v) to 

an excited state sublevel, i, with a probability p(v)Bm^, where is 

the induced transition coefficient; 

(ii) increase due to spontaneous decay from an excited state sublevel 

i, at a rate Affl^, the spontaneous transition coefficient; and 

(iii) increase due to stimulated decay from an upper sublevel i at a 

rate of p(v)Bmj, The final form for of the rate equation for a lower 

state sublevel m is 

dN 

S - 2 A»iNi ♦ 2 V<T,NJ ‘ 2 V(T,N»- <A_1) 
l j J 4 J J 

where i and j represent excited state sublevels. Equation A-l ob¬ 

viously depends on excited state sublevel populations whose rate equa¬ 

tions are written 

-mi-ï +1 
m m 

(A-2) 

where A - ^ Ami = ^ is the inverse of the lifetime of the excited 

state. Thus, the sublevel populations as a function of time can be 
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found by solving (2J + 1 + 2J' + 1) coupled» linear differential equa- 

> s 
tions. In the case of argon and neon» where the Pa<—> Da is used 

for optical pumping» we have a set of 12 simultaneous equations to 

solve» a task beyond the scope of this thesis* 

If the spectral radiation density of the optical pumping radia¬ 

tion is small enough» the stimulated emission and absorption rates 

will be very much smaller than the rate of spontaneous emission. In 

this case the second term on the right in Equation A-l due to stimu¬ 

lated emission can be ignored. Furthermore» the first term in this 

equation can be simplified by noting that Equation A-2 reduces to 

N 
i 

V BmlP<V>Nm 
l A (A-3) 

in the steady-state if stimulated emission is ignored. Substituting 

A-3 into A-l and dropping the stimulated emission terms gives 

<3N r v 

-af - ■'22 A„j VNn - 
j n 

Because polarized light is used» only certain transitions can be ex¬ 

cited and the sums over the B-coefficients in Equation A-4 can be 

eliminated by noting which excited sublevels» j and i» can be accessed 

by the lower sublevels» n and m» respectively. Denoting the polariza¬ 

tion of the light by q ** +1,0,and -1 for BHCP, linear polarized, and 

LHCP light,respectively. Equation A-4 can be written 

dN 
-3® - x) A ,(B .) pN - (B .) pN . dt L mj nj qK n mi q m 

B«i'V (A-4) 

(A—5) 
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where j * n + q and i « m + q, in accordance with selection rnles for 

polarized light. 

While solving the (2J +14- 2J' + 1) simultaneous, interdependent 

differential equations of A-2 may he too tedious to approach here, an 

illuminating three-level example can demonstrate the main considera¬ 

tions surrounding illumination times and radiation intensities. In 

the three-level case we have a level, 1, from which atoms are excited, 

through absorption of radiation, to another level, 2, at a rate R. 

Atoms are returned to level 1 by both stimulated and spontaneous emis¬ 

sion (at rates R and Aaa, respectively) from level 2. Level 2 also 

spontaneously decays to a third level, 3, at a rate Aaa. This is the 

only population changing mechanism for level 3. The three appropriate 

rate equations are 

dNa 

-£■ » » NxR + Na(R + Aaa) 

dNa 

* NaR - Na(R + Aax + Aaa) (A-6) 

dN, 
 s N A 
dt * ** 

The goal here is to find the population of level 3 as a function of 

time for different values of R. Solving for N, gives 

Nj(t) ■ 1 - r exp(-A.t) - r—~exp (-Xat) (A-7) 

where 

A1(,) » 2^(2R + Aax + Aaa) +(-) {(Aax + Aaa)* + 4R(R + Aax)}1/#]. 

(A-8) 
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Time Dependence of Population N3 

time 

FIGURE 17# Population of level N, vs. time (in arbitrary units)# il¬ 
lustrating the advantages of decreasing radiation intensity to in¬ 

crease pumping time. 
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Figure 17 is a plot of N,(t) vs. time for several different values of 

R. Aal and A2i have been set equal to one for convenience and arbi¬ 

trary units of time have been used. In all instances shown in this 

figure, it is clearly better, for a given amount of radiation, to il¬ 

luminate the system for a longer time than to illuminate it with a 

higher intensity (that is. a larger R). For example, if we have an 

R “ 1 and illuminate an atomic beam for 5 units of time, it is better 

to expand the optical pumping region by a factor of two, giving an 

R = 1/2 and an illumination time twice as long. Thus, while more 

radiation is always advantageous, it should be spread out so as to use 

this radiation to its maximum advantage. This effect becomes very 

pronounced as R becomes greater than one, and, remembering that we 

earlier set A>x = Aaj * 1, it is at this value of R that we define the 

saturation intensity. Therefore, Figure 17 shows graphically the im¬ 

portance of staying below the saturation intensity and illuminating 

the beam for as long as possible. 



APPENDIX B 

Beam Velocities and IIlamination Times 

Knowledge of the length of time that the average metastable argon 

or neon atom is illuminated by optical pnmping radiation is necessary 

to estimate the extent of optical pumping. The photoexcitation rate R 

multiplied by the average atom's illumination time t should provide a 

good estimate of the average number of optical pumping cycles an atom 

will undergo, as was discussed in Chapter III of this thesis. Thus, 

the average of the inverse atomic velocity of the beam must be 

estimated and multiplied by the length of the illumination region to 

find the average illumination time. 

The beam source will have a velocity distribution described by 

the well-known Maxwellian distribution law 

•f = Nf(v) - Jr v* exp (-v*/a*). (B-l) 

1/3 
where a » (2kT/m) * The most probable velocity in the source, found 

d*N 
by setting » 0f is found to be v^s = a, as expected* The average 

velocity in the source is 

vfts * f* vf(v) dv » 1.13a, (B~2) 

and the average inverse velocity is 

«/,)„ - r. (l/v)f(v) 4. - (B-3) 

One might expect the most probable and average velocities in the beam 

to be different from those in the source; however, this is not neces¬ 

sarily so. Because there exists a velocity dependence in the 
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probability for escape from the source (by effusion through a multi** 

44 
channel array), beam velocities are slightly higher, in general . 

Nevertheless, the probability of excitation to a metastable state for 

an atom is inversely proportional to its velocity. Thus, the beam 

velocity distribution for metastables is approximately the same as the 

source velocity distribution, and the average beam velocity, v^» And 

average inverse beam velocity, (l/v)^, are equivalent to those in the 

4 * 
source . Less than 2% of the atoms in the beam will have velocities 

44 
greater than 2va^ . 

Numerical substitution into a gives 

t 

vab “ 2(A)V* (cm/sec), (B-4) 

and (1/v)ab " (A)1/#(5.08x10“*) (sec/cm) (B-5) 

at T * 295K and where A is the atomic weight of the species in the 

beam. For argon (A = 40) and neon (A = 20) we have 

vab(Ar) * 3.95x10 (cm/sec), 

v -(Ne) “ 5.59x10 (cm/sec), 
ao 

(l/v)&lj(Ar) = 3.21x10 * (sec/cm), 

(1/v) ^(Ne) = 2.27x10 (sec/cm). 

In the present experimental arrangment, the beam is illuminated for a 

length of **1 cm giving illumination times of 

t(Ar) ~ 32 psec, 

and t(Ne) ~ 23 psec. 



APPENDIX C 

The Quantum Mechanics of Optical Pumping 

A simplified exposition on the density matrix formulation of the 

quantum theory of laser optical pumping has been published by 

n 
Cohen-Tannoudji * The results of Cohen-Tannoudj i# s paper were used 

11 
by Hertel and Stoll in a review article that also included ex¬ 

perimental specifics of laser optical pumping and the mathematics of 

multipole operators. Although the review article by Hertel and Stoll 

emphasizes the population distribution of the excited state* this ap¬ 

pendix will outline the appropriate ground state results. Because a 

full elaboration of the theory leading to the final results would go 

beyond the scope of this thesis* only a brief outline is presented 

here. 

The density matrix for the optically pumped atom can be written 

as 

<7 <T 
“e **eg 

*ie S 

(C-l) 

where a and a are the submatrices for the excited and ground states, 
-e -g 

respectively, o and s. are called optical coherences between the 
ge eg 

excited and ground states. Optical coherences are not observable in 

the experiments described by this thesis, and its time development 

are of primary interest here. 

The atom-radiation interaction is described by the non-diagonal 

ham iltonian 
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I- * - int 

-D E(t) 
eg 

-D E(t) ge 

(C-2) 

where D is the dipole operator and E(t) = X E exp(iu t) represents 

the exciting laser radiation. Spontaneous emission is taken into ac¬ 

count phenomenologically by including à = -Ao , and §L = F(<r )* where 
6 6 £ 6 

A » 1/T is the spontaneous decay rate and F(o ) allows for different 

probabilities for decay to different magnetic sublevels of the ground 

state. 

Using A. and F(ere) one may solve the Liouville equation to 

find the time evolution of the excited and ground submatrices. 

Cohen-Tannoudj i has shown that the optical coherences may be 

eliminated and the time dependence of o and <r may be solved more —e ~g 
easily in the interaction representation (e.g. 

a *» exp(iH0t) <L exp(-iH0t) ). After some algebraic manipulations* 
g g 

the equation for the time evolution of can be written 

. ft , 
SL„(t) « F(a ) - dt* {D (t)D (t*) exp[-A(t-t*)/2] E (t)E(t'>S (t* 
8 ^6 JQ £6 e£ £ 

)} 

f. 

+ I dt* {D (t)® (t* )D (t* ) exp[-A(t-t*)/2] E (t)E(t*)} 
'o ge e eg 

+ hermit!an conjugate* (C-3) 

where the first term represents spontaneous emission* the second term 

absorption* and the third term stimulated emission. A similar equa- 
£ 

tion may be obtained for or^ (t ). 

Generally* one must solve the integrals over interaction time t; 

however* simplifications are possible because of the present ex¬ 

perimental configuration. Solutions for the optical Bloch equations 

show that s. and £ may be rapidly varying functions of time (Rabi e g 
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oscillations). Even when the Rabi frequency is high compared to 

A = 1/x, though, the oscillations are damped out by the exponential 

factor inside the integral in a time comparable to the spontaneous 

lifetime* Thus, for times much greater than the spontaneous lifetime 

of the excited state, contributions to the integral come from 

t ~ t'only, and o may be taken to be slowly varying and moved outside 
© 

the integrals. This approximation is valid because optical pumping 

times in the present experiment are on the order of t~10 sec while 
-s 

the spontaneous lifetimes are on the order of T~10 sec. 

Now that the use of rate equations is no longer in question, it 

is necessary to find transition probabilities for the case of powerful 

laser radiation. The rate equations are given by Equations A-l and 

A-2. Afflj -is the relative transition probability for spontaneous decay 

from sublevel i to sublevel m. The transition coefficient for absorp¬ 

tion and stimulated emission is 

B.i - c„i • <c-4> 

whexe C ^ is the relative transition probability for the i< >m tran¬ 

sition. The B-coefficient differs from the usual by a factor of three 

due to the fact that it has been derived for small angles of laser 

divergence. The spectral radiation density. p(v)» for a Lorentzian 

line profile is written 

p(v) 
21 

ncAv. * las 
(C-5) 

where I is the total intensity of the cavity mode illuminating the 

transition and AVja# is the linewidth of the individual laser mode. 



67 

The usual form for p(v) lacks the factor of 2lit because a 'flat' fre¬ 

quency profile is assumed for traditional light sources, rather than 

the Lorentzian profile assumed here. Equation C-5 holds for 

Av, _ >>Av . and Ay, >>Av ., where Av . is the natural linewidth of las nat las sat nat 

the transition and is the saturation linewidth. 

For very high radiation intensities or very narrow laser 

linewidths the above analysis may break down due to saturation of the 

transition. Hertel and Stoll have shown, however, that high intensity 

and narrow laser linewidth can be included in the present framework by 

merely replacing the ordinary spectral radiation density by 

p(v) = 21 
ncAv (C-6) 

nat 

This substitution allows one to use the rate equation approach even 

for situations when Av, <<Av ., or for Av, <<Av .. las nat las sat 

Thus, reference to Tables 2 and 3 demonstrates that the parame¬ 

ters in the first two experiments allow for the use of simple, semi- 

classical rate equations, to a good approximation, with the only 

differences being: 

(i) the factor of three in the B-coefficient; and 

(ii) the factor of 2/n in p(v) to account for the Lorentzian line 

shape of the laser cavity modes 



APPENDIX D 

The Electro-optic Effect and Electro-optic Frequency Modulation 

The electro-optic effect refers to the change in the index of 

refraction, n, of a solid with the application of an electric field. 

When discussing the electro-optic effect it is convenient to discuss 

4» 
the change of n in terms of 1/n*, which can he written 

TT = + rE + RE + . . (D-l) n* n#
a 

where r and R are the linear and quadratic electro-optic coefficients, 

respectively, and E is the applied electric field. Only in noncen- 

4» 
trosymmetric crystals will there he a linear effect , and we shall 

neglect the quadratic and higher order effects. The linear 

electro-optic coefficient is represented hy a three-hy-six tensor, de¬ 

fined hy 

AU/n»)i - rljE. . (D-2) 

where j = 1, 2, and 3 represent the x, y, and z axes, respectively. 

The symmetry of the electro-optic crystal determines which components 

of the tensor r are non-zero. In the present experiment, a deuterated 

ammonium dihydrogen phosphate (DADP or AD*P) crystal is used, and the 

only non^zero components of the electro-optic tensor are r41 * rI3 and 

r«* • 

Optical properties of crystals are most easily discussed in terms 

of the index ellipsoid, or indicatrix, 

3 
X 

(D-3) 
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' AD P is uniaxial, so we take tie z-direction as the symmetry axis and 

Equation D-3 becomes 

lL± Y» . ZL- m ! 
* + n * 1# V 

(D-4) 

the x and y axes being identical. Vith the application of an electric 

field in the z-direction, the indicatrix becomes 

x« + v* + rr + %i
**K*y = (D-5) 

Defining a new coordinate system x', y*, and z’ (where x# and y’ are 

rotated 45° with respect to the original x and y axes about the z axis 

and z=z') to eliminate cross-terms results in 

[(l/n#>) + r4,E]x’a + [(l/n0
a) - r<tE]y'* + ^7 « 1 (D-6) 

Ô 

—2 
Assuming réfE<<n0 » Equation D-d can be written 

[n0 - n0*r<JE/2]~*x,a + [n0 + n#*r4,E/2]y'a + ^-7 * 1. (D-7) 
e 

Now it is clear that the index of refraction bas been changed in the 

x9 and y# directions by 

An « * n0*r(tE/2. (D-8) 

In the present experiment, a transverse field arrangment is em¬ 

ployed meaning that while the electric field E is applied along the 

z-axis, the propagation direction of the radiation to be modulated is 

directed along the y’-axis, for instance. Also, the polarization of 

the propagating radiation is directed along the x'-axis. If the 

propagating radiation is described by 
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E^, * Aexpdut), (D-9) 

* 
then upon traversing an AD P crystal of length 1, E^, would be 

Ex, - Aexp[i(o>t - ^{n0 - n0»r<3E/2) 1) ] . (D-10) 

If the crystal has a thickness d in the z-direction, then the 

transverse electric field is E a V/d and the phase shift of the 

propagating electric wave can be written 

Ad => - ~An 
c 

jtn#*r4lVl 

Xd ' (D-ll) 

The voltage may be a function of time such that we obtain for the 

radiation's electric field 

Ex, « Aexp[i(<i)t - Ad(t))]. (D-12) 

Equation D-12 is that of a frequency modulated signal with a carrier 

frequency <■>. 

The crystal used in the present expaeriment has the following 

characteristics: 

d = 4 mm 

1 s 60 mm 

n0»r4, ■ 4.18xlO_11m/V. 

Thus, at the wavelength of interest (811.7 nm), the phase shift as a 

function of voltage is 

Ad - (2.43x10"*)V. (D-13) 

* 
With the AD P crystal inside a laser cavity, a phase shift of n 
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corresponds to changing the optical path length of the crystal by one 

half of a wavelength. Alternately, a phase shift of n can be seen as 

shifting the laser mode structure by exactly one mode spacing. The 

voltage necessary to produce this shift is ~1200 V. If the voltage is 

oscillated between 0 V and 1200 V sidebands will be produced between 

each mode, with a spacing equal to the oscillation (modulation) fre¬ 

quency. 

There are several constraints placed on the choice of a modula¬ 

tion frequency: 

(i) it should be low enough that the absorption profiles of the in¬ 

dividual sidebands overlap, i.e. <.10 MHz; 

(ii) it should be high enough that the average atom will 'see* several 

modulation cycles, i.e. ,>*00 kHz; and 

(iii) it should be a value such that power dissipation is well below 1 

W (to avoid heating and damaging the crystal). 

The power dissipated by the crystal, which acts essentially as a 

capacitor in the oscillator circuit, is 

P « ^u'CtanÔ, (D-14) 

where V is the peak voltage, is the modulation voltage, C is the 

capacitance of the crystal (-80 pf), and tanô is the loss tangent of 

the crystal. The loss tangent was found to be large in the MHz re¬ 

gion, but fell slightly at 300 kHz and lower frequencies. Therefore, 

high loss tangents coupled with the fact that P**»' necessitated using 

a modulation frequency under 300 kHz, where the power dissipation is 

calculated to be -1/4 W. 
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FIGURE 18. Schematic of the transistor switching circuit used to 
drive the electro—optic modulator. 
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The modulation voltage vas provided by a high voltage transistor 

switching circuit, diagrammed in Figure 18. The circuit provided a 

roughly triangular waveform and was limited in frequency to ~200 kHz. 

As discussed in Chapter IF of this thesis, these parameters are quite 

adequate for creating a quasi-continuous output frequency spectrum 

from a simple multimode laser. 
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