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ABSTRACT OF THE DISSERTATION

The Study of Wall Interactions of Spin Polarized Rubidium Atoms Using the
Frequency Shift in the Electron Paramagnetic Resonance of the Rubidium Atoms
by Emily Ulanski
Dissertation Director:

Zhen Wu

I studied the effect of wall collisions on the electron paramagnetic resonance (EPR) of
gas phase alkali metal atoms (]’Rb). Two types of walls were studied: antirelaxation-
coated walls and RbH-coated walls. I measured the dwell times of spin polarized
Rb atoms on the two most common antirelaxation coatings, octadecyltrichlorosilane
(OTS)- and paraffin. I found that at a cell temperature of 72°C the dwell times for
OTS- and paraffin-coated walls are 0.9 4+ 0.1 us and 1.8 £ 0.2 us, respectively. The
implication of these dwell times, which are much longer than what was previously
reported in the literature, is discussed in connection with the relaxing property of
these coatings. In cells coated with RbH salt I made the first observation of the
EPR frequency shift of the gas phase 3"Rb atoms. Due to collisions with the RbH
salt, which was nuclear spin polarized by spin exchange with optically pumped Rb
vapor. The measured EPR frequency shifts are of the order of several hundred Hz
in a millimeter-sized cell. By measuring the dependence of the EPR frequency shifts
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on cell length and by comparing the EPR frequency shifts in RbH-coated cells with
those in OTS-coated cells, I provided convincing evidence that the observed EPR
frequency shifts are due to collisions with RbH-coated walls, and not due to gas phase
processes. The EPR frequency shift is due to the Fermi contact interaction between
the s-electron of the adsorbed 3"Rb atom and the polarized nucleus on the salt surface.
The measured EPR frequency shifts allowed me to calculate the ensemble-averaged
phase shift d¢s experienced by the Rb atom while adsorbed on the walls. Under our
experimental condition d ¢, is about 70 mrad. My experiment opens up the possibility
of studying surface NMR using gas phase EPR. The phase shift d¢, is proportional to
the surface nuclear polarization, thus provides an interesting method for measuring
the surface nuclear polarization using gas phase EPR. My observation will alert the
high precision miniature atomic magnetometry community that collisions with cell
walls may cause a systematic error and line broadening in the magnetic resonance

frequency.
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Chapter 1

Introduction

1.1 Magnetic Resonance and Frequency Shifts

Long spin relaxation time of alkali atoms is important in many areas of atomic physics.
In optical pumping experiments the surface interaction of optically pumped alkali
atoms is one of the main causes of depolarization of optically pumped atoms.

Magnetic resonances are widely used in atomic physics, for example, they are
used in precision measurements of magnetic moments. Calaprice et. al. used the
spin exchange method to polarize radioactive nuclei *3Xe, 133Xe™ and 31Xe™ [1].
Since these nuclei have very long relaxation times of the order of several minutes, the
magnetic resonance linewidths are exceedingly small, allowing for the measurement
of their magnetic moments with high precision.

Nuclear magnetic resonance of protons has been used in medicine for magnetic



resonance imaging (MRI) for decades. Recently, nuclear spin polarized inert gas
atoms such as xenon and helium have found interesting applications in lung imaging
in medicine [3,4].

Magnetic resonance is also the basis of magnetometry [8]. The sensitivity of the
magnetometer depends on the magnetic resonance linewidths. The most important
line broadening mechanism due to the gas phase process is the spin exchange broaden-
ing. The broadening due to spin exchange can be eliminated using a method proposed
by Happer and Tang in 1972 and recently demonstrated by Romalis et. al. [9]. The
method is based on the fact that the Larmor frequencies of the FF = 2 and F' = 1
levels in an alkali atom have the same magnitude but opposite sign (see section 2.3.1).
When the alkali metal density is sufficiently high and the spin exchange collision rate
is sufficiently fast, the rate of transfer of the alkali atoms back and forth between the
F =1 and F = 2 levels will be sufficiently rapid so that they will effectively precess
with a single Larmor frequency, thus completely eliminating the broadening due to
spin exchange collisions.

In contrast to the relaxation due to gas phase processes, the relaxation due to wall
collisions increases with decreasing cell size, and therefore is important for miniature
atomic devices, for which there has been much interest such as the recent development
of miniature atomic magnetometers [11-13]. Wall relaxation can be greatly reduced
by coating the surface of the cell with antirelaxation coatings. Antirelaxation coatings

have been used to reduce wall relaxation in atomic clocks [14], magnetometers [10,



15,16], and fundamental symmetry studies [17]. These coatings have been shown
to allow the atoms to collide many more times with the surface, up to 10,000 times
for paraffin-coated walls [18] and up to 1,000 times for OTS-coated walls [19, 20],
than when the surfaces are not coated. Intensive studies of antirelaxation coatings
have been carried out by many groups, hoping to have a better understanding as to
why some antirelaxation coatings are better than others. Despite all these studies
of antirelaxation coatings, antirelaxation coatings remain an art to a certain degree.
For example, when similar coating procedures are used, the reproducibility is poor.

Besides line broadening, magnetic resonance frequency can also be shifted. It
is important to understand the mechanism of the frequency shifts. Both gas phase
collisions and wall collisions have been known to cause shifts in the magnetic reso-
nance. For example in a gaseous mixture of optically pumped rubidium atoms and
krypton atoms, which are nuclear spin polarized by spin exchange with the polarized
Rb atoms, Schaefer et. al. observed a frequency shift in both the nuclear magnetic
resonance (NMR) of Kr atoms and the EPR of Rb atoms [21]. The amount of shift
is proportional to the polarization of the two atomic species. The frequency shift is
due to the Fermi contact interaction between the s-electron of the alkali atom and
the nucleus of the noble gas atom during the collision.

Collisions between optically pumped alkali atoms can also cause a frequency shift
due to the spin exchange interaction [22]. Recently Dmitriev et. al. observed a shift

in the EPR frequency of optically pumped Rb atoms due to collisions with optically



pumped Cs atoms [23].

Frequency shifts due to wall collisions have also been reported but only for the
noble gas atoms '3 Xe, 22'Hg, 33Kr and ?!Ne, which posses a quadrupole moment [24—
28]. The shift is due to the quadrupole interaction between the quadrupole moment
of the noble gas nucleus and the electric field gradient on the surface. The energy
level shift due to quadrupole interaction is proportional to 3m3 — K (K + 1), where
K is the nuclear spin of the noble gas atom and my is the magnetic quantum number
of the spin K. Therefore, the quadrupole interaction causes a splitting of the nuclear
magnetic resonance line. This quadrupolar splitting provides a clear signature of the
frequency shift due to quadrupole interaction. This is in contrast to the shift due to
Fermi contact interaction studied in this dissertation. The Zeeman energy level shift
due to Fermi contact interaction is proportional to mpg, where mpg is the magnetic
quantum number of the total angular momentum F'. Therefore, it causes a shift but
not splitting of the EPR lines, and it could be difficult to be distinguished from the
shift due to an external magnetic field.

Spin polarized nuclei that have a quadrupole moment have been used in the search
for anisotropy of inertial mass [2,5-7]. According to Mach’s principle, the inertia of a
body is determined by the total distribution of matter in the universe. Since the mass
distribution in our galaxy is anisotropic, the mass of a particle depends on the angle 0
between the direction of its acceleration and the direction to the galactic center if we

only consider the anisotropy distribution of matter in our galaxy. Thus the inertial



mass is a tensor. One can show that the simplest form of this orientation-dependent
part of the mass can be written as AmPs(cos ) [5]. The energy shift associated with
this anisotropic part of the mass is also proportional to P(cos#), and therefore the
levels mxg = +3/2 will have a different shift from the levels mxg = +1/2. One of
the most sensitive tests of this anisotropy of inertial mass was performed using the
magnetic resonance of >!Ne, which was nuclear spin polarized by spin exchange with
optically pumped Rb atoms [2]. The choice of ?'Ne is due to its long relaxation time
of 1.8 h, resulting in an exceedingly narrow linewidth. Due to its nuclear quadrupole
moment, the quadrupole wall interaction causes the free precession of 2!Ne to exhibit
beat, just like other noble gas atoms that have a nuclear quadrupole moment. How-
ever, a component at twice the Earth’s sidereal frequency would suggest the existence
of an orientation-dependent part of the mass. An upper limit of 1072® of the binding
energy per nucleon was set for the anisotropy of inertial mass.

In the first part of my dissertation, I describe a novel approach to study wall
interactions. I measured an important parameter of the wall interaction, that is, the
dwell time 7,, on two of the most commonly used antirelaxation coatings, octadecyl-
trichlorosilane (OTS) and paraffin. The dwell time is the amount of time a polarized
8TRb atom is adsorbed on the coating. In the second part, I describe the first ob-
servation of a large shift in the EPR frequency of gas phase rubidium atoms (3’Rb)
due to collisions with nuclear spin polarized RbH-coated walls. The nuclei on the

RbH salt surface are polarized by spin exchange with optically pumped Rb vapor.



The experimentally measured EPR frequency shift due to wall collisions also allowed
us to calculate the average phase shift experienced by the polarized Rb atom while

adsorbed on the salt surface.

1.2 Polarization of Solids

1.2.1 Dynamic Nuclear Polarization

The method of dynamic nuclear polarization (DNP) has long been used [29]. In my
work I have used a novel method to polarize the surface of a salt, which is not through
the usual method of electron saturation. In my study the nuclei of a salt are polarized
through Fermi contact with polarized vapor, in which the surface is further polarized
through spin exchange as will be discussed in a later section. The traditional method
of polarizing the nuclei in a solid is through dynamic nuclear polarization (DNP),
which can be understood through the Overhauser Effect. Overhauser proposed that
the saturation of the electron paramagnetic resonance (EPR) can increase the nu-
clear polarization by a factor on the order of v./v, (C.P. Slichter, 1996), where ~,
is the gyromagnetic ratio of the electron and -, is the gyromagnetic ratio of the nu-
cleus. The following describes how the Overhauser Effect works. First, we derive the
thermal nuclear polarization, (P.)herma;. Consider the spin and nuclear interaction

Hamiltonian:

H = ~.hBS, — y,hBK, + AR*S. K. (1.1)



where B is the magnetic field, S, is the z-component of the electron spin, K, is the
z-component of the nuclear spin, which we assume to have a spin quantum number
1/2. v, and 7, are the gyromagnetic ratios of the electron and nucleus respectively

and the spin state of the electron and nucleus | S, K,) are

@1+ -) (1.2)
@) - -) (1.3)
(3) |+ +) (1.4)
(4) | - +) (1.5)

Using the Hamiltonian Eq.(1.1) we can write down the energy for each state:

1 1 1
- = “yu B — —A 1.
[+ =) = Bi = 57%hB + ShB - (1.6)
|- —) > E LB+ B+ ta (1.7)
—_— — — —_ — — — .
2 276 2’}% 4
1 1 1
| + +) = E5 = =v.hB — =y, hB + -A (1.8)
2 2 4
|-+ = E Lo -t mp-ta (1.9)
— — _ —— _— _— .
4 276 2’}% 4

With these definitions we can calculate the average thermal polarization of the nucleus

(K, )thermal Without EPR saturation. The percentage of the population in each of the



four states can be denoted as P, Py, P3 and P, and their sum should be equal to
one, thus P; + Py + P3 4+ P4, = 1, therefore we can write the average polarization of
the nucleus as

1 1 1 1

K ) thormal = —=P1 — =P —P. —P 1.10
(K. )thermal 2122+23+24 ( )

Using the Boltzmann distribution and keeping only the lowest order terms, the per-

centage of population in each state can be written as

P = ie—El/’fT — 2(1 — f—Tl) (1.11)
P, = Lemmapir _ %(1 — f—;) (1.12)
Py = Le-popir _ 2(1 — f—;) (1.13)
Py = Le-mupir _ i(l — f—;) (1.14)

where k is the Boltzmann constant. Thus, we find the average thermal polarization

of the nucleus:

1
<Kz>thorma1 == §(P3 + P4 - Pl - P2) (115)
1 Yo hB ynhB
(K- )thermal = 8((2 + =T ) — (2 T )) (1.16)
1~,hB
<Kz>thorma1 == 7 (117)

4 KT



It is important to note that (K )thermal ~ Vn, in which v, ~ 1/m, and 7. ~ 1/m.

where m,, is the mass of a proton and m. is the mass of an electron. Since m, >

Me, Yn < Ye. Without EPR saturation most of the atoms will tend to P,, the lower

energy state and so the populations in each state are not equal, Py # Ps. In the case

of EPR saturation we have P; = P, as shown in Fig. 1.1 and we define

therefore

Py e Bs/kT

= = ——pm = e~ (E3a—E1)/kT
P1 e 1

P, e BukT

_ _ o~ (Ea—E1)/kT

E e—FE1/kT

Py = 6—(Ea—El)/"ftP1

P, = 6—(1}?4—13?1)/"ﬂfp1

(1.18)

(1.19)

(1.20)

(1.21)

Now we can use the fact that Py + Py + P3 + P4, = 1, where P; = Py, to find the

increase or decrease in the percentage of the population in each level from the thermal

polarization:

Pl
R
P 7 %
Pl 3v.hB

16kT

(1.22)

(1.23)

(1.24)

(1.25)
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The nuclear polarization due to EPR saturation is given as

For spin 1/2 nuclei

ar-> @) | ++>

Saturation (P4 =P5)

N

@i @ |-+ >

FIG. 1.1. Energy levels of a spin 1/2 nucleus with percentage population increase or
decrease in each level due to electron saturation given by Eq.(1.22), Eq.(1.23), Eq.(1.24)
and Eq.(1.25).

1 (2%713 %hB) 1~.hB
8 kT kT 8 kT

<Kz>Ovorhausor == (126)

where we have neglected 7, term since 7, < 7.. In order to understand how much the

nuclear polarization is increased due to electron saturation we can take the ratio of
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the average nuclear polarization due to the Overhauser effect and the average thermal

nuclear polarization:

17y.hB
<Kz > Overhauser _ g ﬁ/IgT — l k (1 27)
<K z > thermal i %;;;L-*B 2 “n |

This ratio shows that the Overhasuer Effect increases the average nuclear polariza-
tion by 1,000 times, due to the fact that (K.)overhauser iS proportional to 7. whereas

(K. )thermal 1S proportional to 7.

1.2.2 Polarization Through Spin Exchange

It was recently discovered that alkali hydride (CsH) can be nuclear spin polarized
by spin exchange with optically pumped Cs vapor [29]. Unlike the DNP method,
which polarizes the nuclei in the bulk, in this new method the angular momentum
is transferred to the salt at the surface, then propagates into the salt through spin
diffusion. The polarization achieved in Ref. [29] is larger by a factor of four compared
to that of the thermal polarization. The modest polarization enhancement is due to
the following reasons. First, the nuclear polarization was measured using an NMR
spectrometer and therefore required a high magnetic field (~ a few T). At such high
magnetic fields, the efficiency of polarizing the nuclei of the gas phase Rb atoms
through optical pumping is low because of the decoupling of the electron spin and
the nuclear spin at high fields. Second, the spin exchange rate between a gas phase

spin and a spin on the surface is proportional to j(Aw) = 1/(1 + 72Aw?), the Fourier
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transform of the correlation function at frequency Aw, where Aw is the difference
between the Larmor frequencies of the two spins [18]. In low magnetic fields, j(Aw)
is practically equal to one for either the gas phase electron spin or nuclear spin.
However, since the gyromagnetic ratios for electron and 8"Rb nuclei are respectively
Ye = 2.8 MHz/G and gy, (¥"Rb)=1.394 kHz/G, j(Aw) at high fields can be orders
of magnitude smaller than its value at low fields. Therefore, in our experiment,
we expect the efficiency of polarizing the RbH surface to be much higher than the
efficiency in polarizing the CsH surface in Ref. [29].

One can also make an educated rough estimate of the angular momentum flux
into the RbH salt as follows. Due to the surface interaction of Rb atoms, there is
a gradient of polarization near the cell surface, and consequently a flux of angular
momentum from the gas phase into the surface [30,31]. For simplicity we consider
the one dimensional problem, i.e. we assume the expectation value of the z compo-
nent of the total angular momentum (F.), where F, is a conserved quantity in the
present experiment, only depends on x. Note that the x-axis is the cell axis and is
perpendicular to the front (z = —L/2) and back (z = L/2) surfaces of the cell, thus

(F,) is governed by the following equation

:R(1_<Fz>/FO)+D7<Fz>- (1'28)

where Fy = I 4+ 1/2 = 2 is the value of (F,) far away from the surface, with I =

3/2 being the nuclear spin of ¥Rb atoms, R the pumping rate (number of photons



13

absorbed per second) for an unpolarized ((F,) = 0) Rb vapor, and D the diffusion
coefficient of Rb atoms in buffer gas (Ng). Again, for simplicity, we assume the
expectation value (F.) vanishes at the cell wall [31]. The steady state solution of

Eq.(1.28) at the back surface is

(F2)(2) = Fo (1.29)

1 —exp <—\/§(x — L/2)>

The angular momentum flux into the solid is given by

d R
Jr =nD——(F.) = nDFy\| 5 = nFoVRD. (1.30)

where n is the Rb vapor density. Under typical experimental conditions, we have
n=38x10%cm™3 R ~ 10*/s, and D = 30cm?s™!. From Eq.(1.30) we have Jp ~
106 em =271, The lattice constant of RbH is 3.02 A, and there are 10* atoms on
a unit surface area. Thus each atom on the RbH surface is hit by 10 units (k) of

angular momentum by the gas phase Rb atom per second.

1.3 Method for Measuring Polarization

Nuclear magnetic resonance is an established method to measure the polarization of

a solid. It was used by Ishikawa et. al. to measure the enhancement factor discussed
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in the previous section. As shown in section 1.1 the nuclear polarization is given by

1v,hB
4 kT

<Kz>thorma1 = (131)

One disadvantage of the NMR technique is that due to the smallness of v,,, one needs
to use a high magnetic field and low temperature.

The experiment described in this thesis opens up the possibility of studying sur-
face NMR using gas phase EPR. Since the phase shift experienced by the gas phase
rubidium atom while adsorbed on the surface is due to the interaction of the adsorbed
Rb atom with the surface nucleus, our method is surface specific and the measured
frequency shift only depends on surface polarization. This is in contrast to the tra-
ditional NMR method using an NMR spectrometer which measures the average bulk
nuclear polarization. Since there is much interest in low dimensional magnetic mate-
rials, this method might be particularly interesting in those studies. As can be seen
from equation Eq.(2.79) the surface polarization (K,) can be obtained from the phase

shift provided one has the information of the dwell time 7.
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Chapter 2

Theory

The experiment described in this thesis consisted of measuring the EPR frequency
shifts for ot and o~ pumping for a number of different cell lengths. From these
measured EPR frequency shifts one can calculate surface interaction parameters such
as average dwell time and average phase shift experienced by polarized Rb atoms
while adsorbed on the wall. The calculations are based on a theory developed by
Schaden et. al. [32]. Since both the experimental arrangement and the property of
the walls are different in cells coated with antirelaxation coating and cells coated
with RbH salt, the differential equations and boundary conditions that will be used
to determine the wall interaction parameters are slightly different. I will discuss the

two cases separately in the following.
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2.1 Antirelaxation Walls

2.1.1 EPR Frequency Shift from Diffusion Equation

In the case of the antirelaxing surface, the Rb atoms are pumped with an evanescent
pump beam. Thus, there is no contribution to the phase shift due to light. In fact,
the light phase shift is treated as part of the phase shift due to the surface. Therefore,

according to Ref. [32] the differential equation that describes this case is given as

(Dd—2 — iw, + an) Pn(z) = 0, (2.1)

dx?

with the boundary condition for ¢, (x) at the front (z = —L/2) and back (x = L/2)

surfaces of the cell is given as

0 0?
0= ot (z) + pthn (%) + 155 0n(®) lo=srys - (2.2)

In Eq.(2.1) a, is the eigenvalue corresponding the n-th longitudinal mode of ¥, ()
and wy is the EPR frequency of the Rb atom in the bulk. The coefficients ;¢ and 7 in

the boundary condition are given as the following

= 36 £ 96,

- (2.3)

n= T (2.4)
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where &, is the average relaxation probability for a polarized 8’Rb atom during the
average dwell time 7, on the cell wall, A = 3.0 x 1072 cm is the mean free path of
8TRb atoms in the Ny gas, and © = /8kT/mm =3.0x10* cm/s is the mean speed of
8"Rb atoms [34]. The =+ sign in front of d¢, refers to the o pumping.

The three terms on the right hand side of the boundary condition can be written
in dimensionless quantities as 1, uL, and n/L. To estimate the magnitude of these
terms relative to one another we must estimate the parameters &, 75, and d¢,. It has
been found in an OTS-coated cell that £=1.3x1073 [20]. Moreover, the dwell time
75 of OTS-coated cells has been found to be ~1.0 us [30,35]. Therefore, uL. = 0.03
and n/L = 0.1, and the last two terms in the boundary condition Eq.(2.2) are not
negligible and cannot be ignored.

The solutions to Eq.(2.1) and its boundary condition Eq.(2.2) are proportional
to either cos(k,x) or sin(k,x). This is because both the differential equation and
boundary condition have parity symmetry, thus the solution must also have parity
symmetry. Only the lowest mode contributes to the signal, as the higher modes are
too broad [36]. The wave number ko=2u/L is determined by the boundary condition.
Ly 2n

— 2Ty, 2.
2u, Lu (2:5)

tan u, =

Because uy < 1, we can expand tan uy and keep only the first term. Eq.(2.5) then

becomes

Ly 2n
- -, , 2.6
2u, L “ (2:6)

Uo
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from which we have

L
22 = “277 (2.7)
1 -
+ L
The eigenvalue o is given by
) qu? 2D Lu i & £ 10¢s
g = iwy + D T2 = iwo + Tz o sy — (2.8)
1 + f e + Ts
v

where we have used D = \v/3. Therefore the EPR frequency in the presence of wall
collisions, which is the imaginary part of the eigenvalue g of Eq.(2.8), is given by

ds

2L
T‘I’Ts
v

w® = £ (2.9)

where 4 refers to % pumping. We now define A = w() — &) thus from Eq.(2.9)

we have
200
A=—oF , (2.10)
— + Ts
v
Eq.(2.10) can be written as
2L 1
95— — 1, 2.11
" = 26y 7 (2.11)

Therefore we see that there is a linear relationship between the cell length L and 1/A.
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2.1.2 EPR Frequency Shift from the Gas Kinetic Theory

Alternatively, Eq.(2.11) can also be derived using the gas kinetic theory. Consider
the diffusion path of a spin polarized Rb atom from the time it is polarized to the
time it relaxes. The path can be divided into N segments as depicted in Fig. 2.1 |
with each segment corresponding to the path between two consecutive wall collisions.

The average EPR frequency shift for the Rb atom before it relaxes is given by

N N
Z 0¢s,i + Z 5¢1(ijg:})1t,i
_ =l i=1

w® —w, ~ ~ (2.12)
Z Ts,i + Z Th,i
=1 =1

which becomes, upon dividing the numerator and denominator of Eq.(2.12) by N,

— 8¢ + 0Prighe

(B —wp =+ 2.13
w wWo T_S—I—T_b 3 ( )

where the bar indicates the average over the N segments. If NV is sufficiently large,
as is the case for good coatings such as OTS and paraffin, the distribution of the
frequency shifts w®) — w, for all the Rb atoms will be sufficiently narrow to allow for

a well-defined ensemble average frequency shift given by

0ps + Oy
wd — o+ Os + 0Plight

= W, 2.14
Ts _I'Tb ( )
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In Eq.(2.14) d¢ugne is the average phase shift of the Rb atom during its interaction
with the evanescent o) pump beam due to the light shift. Using A = w(*) — w®)
we have

_ —2(0¢s + 0Prignt)  —2(d¢s + Obrigne)

A = = 2.15
Te+ T Ts + 2L/ ( )

Here we have used 7, = 2L/ where v = /8kT/mm = 3.0 x 10* cm/s is the mean
speed of 8"Rb atoms. The time that a Rb atom spends in the gas phase before two
consecutive collisions is purely a gas kinetic quantity, independent of the spin state
of the Rb atom. Therefore, the expression for 7, can be derived from the well known
gas kinetic formula Anv/4 for the total number of collisions per second of Rb atoms
on the front surface of area A. Thus the total number of collisions per second of Rb
atoms on the front surface or back surface is nvA/2, which can be written as vN/2L,
where NN is the total number of Rb atoms in the vapor. Accordingly, the rate of a
single atom hitting the front or back surface is v/2L, the inverse of which yields the
average time 7, that a Rb atom spends in the bulk between two consecutive wall
collisions: 7, = 2L /v = \/WL/Urms-

In the case of the antirelaxation coating we have used an evanescent pump beam
and thus, the phase shift due to the light is treated as a phase shift due to the surface.

We define ¢ = d¢s — drigne and Eq.(2.15) can be written as

2L

v

- —25¢% — 7 (2.16)
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Adjustable back cell surface
|

antirelaxation coating

—

Evanescent purip and probe beams

O 8¢s,i antirelaxation coating

]
Front cell surface

FIG. 2.1. A representative i-th segment of the diffusion path of a Rb atom between two
consecutive wall collisions. The part of the segment in coating (in red) is associated with
the surface induced phase shift d¢s; and the dwell time 7,; and the part of the segment
in the bulk (in green) is associated with the phase shift 5(;5[(;%57[. due to the light shift in
the evanescent pump beam and a time 73,; which is the time the Rb atom spends in the
bulk between two consecutive wall collisions. By is the uniform magnetic field along the z
direction, and By is the effective magnetic field due to the light shift of the pump beam.
The figure is not drawn to scale.
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which is the same result found by Eq.(2.11) in the previous section.

2.2 Polarized Walls

As described in section 1.2.2 the surface of the rubidium hydride salt can be polarized
through spin exchange with polarized rubidium vapor. This implies that there is a
significant amount of angular momentum flux into the surface, which accounts for
the much larger wall relaxation rate for the Rb vapor. Therefore, in the RbH coated
cell the signal is much worse than in cells coated with antirelaxation coating. Instead
of using an evanescent wave to pump the vapor, to improve the signal to noise ratio
in RbH-coated cells the pump beam illuminates the entire cell.
The differential equation for the polarized wall is given by

d2
(D@ — Wy F 10Wiight + an) () = 0. (2.17)

where + again refers to o™ and o~ pumping. Because the pump beam uniformly
illuminates the entire cell, the light shift due to the pump beam is equivalent to a
uniform magnetic field applied to the cell, which is taken into account by the term

Fidwiigns in Eq.(2.17). The boundary conditions for Eq.(2.17) are

0 = £ 2 () + pthn () + 12 n (@) [amsrsa

We can again use the dimensionless quantities 1, uL, and 7/L to estimate the relative

magnitude of the three terms on the right hand side of the boundary condition.
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Recalling the definitions of 4 and 7 in Eq.(2.3) and Eq.(2.4) respectively, we would
like to estimate the parameters &, d¢s and 7,. First off, the relaxation probability
& can be found using the linewidth of the EPR curve, which, as discussed in the
previous section increases with decreasing cell length L because the wall collision rate
increases with decreasing L. For L = 0.15 cm, the linewidths in the absence of rf
broadening is 2.37 kHz (see section 4.2.2). This linewidth is contributed by the wall
relaxation and the gas phase relaxation. The latter should be the same as in OTS-
coated cells, which was found to be 0.75 kHz [33]. Therefore the linewidths due to
wall relaxation is about 1.6 kHz, from which one obtains the relaxation rate due to
wall collisions as 2rx 1.6 kHz = 1.0 x 10* s7'. In order to make an estimation of
& we need to know the rate of wall collisions for 8’Rb atoms. The rate of a single
87Rb atom hitting the front or back surface is v/2L. For a cell thickness of 1.5 mm,
the wall collision rate is v/2L = 1.0 x 105 s7!. Therefore the average relaxation
probability for a polarized Rb atom during a wall collision is & = 1.0 x 10* s71/10°
s7! = 0.1, which is reasonable compared to that of an OTS-coated cell where & = 1.3
x 1073 [20]. Even though 7, for Rb atoms on the RbH surface has not been reported
to our knowledge, it is reasonable to assume that 7, for Rb atoms on the rigid RbH
crystal is less than 7, of the Rb on paraffin or OTS-surfaces which was found to be of
the order pus. Since uL ~ 5 and /L ~ 5 x 1074, we find that the second derivative

term in the boundary condition is insignificant in the present experiment and will be
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omitted. The boundary condition Eq.(2.2) then becomes

0

Boundary condition Eq.(2.18) was used in previous studies of wall interactions of
spin polarized atoms [37,38]. Just as in case 1, Eq.(2.17) and its boundary condition
Eq.(2.18) have parity symmetry, and so its solutions are also eigenfunctions of parity,
and proportional to either cos(k,x) or sin(k,x). Since the pumping beam is uniform
throughout the cell, the contributions from all the modes except the lowest one are
negligibly small. Therefore we need to only consider the lowest mode, which is pro-
portional to cos(kox) and corresponds to eigenvalues o, = iw, + 1dwyight + DEk? for o*
pumping. The EPR frequency, which is the imaginary part of the eigenvalue [32], is
given as

wF =y + dWiight £ Ows (2.19)

The EPR frequency shift dw, due to wall collisions is given by
Sws = Im Dk} (2.20)

We use A = w7 —w) and Eq.(2.19) to find

- —A — 25whght

— 21
Owy 5 (2.21)
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Now, substituting cos(k, x) into the boundary conditions Eq.(2.18), we find the

wave number k, = 2u, / L to be the solution of the following equation:

L
U tan(u,) = T,u 0< Rewu, <m/2 (2.22)

with

3L¢, 3Loog,
g—l-z o¢

3 3 (2.23)

Up tan(u,) =

Because of the substantial phase shift d¢, on the RbH walls the solution to Eq.(2.22)
is a complex number. We therefore write u, = u, + iu,. The EPR frequency shift

due to wall collisions which is given by Eq.(2.20) can be written as

8D / 1"
dws = T2 Uolo- (2.24)
8D / 1"
T2 Uotlo = ImDkS = dw, (2.25)

We separate the real and imaginary parts in the boundary condition, which then

becomes
u,tanu,sech’n, — u, tanhugsec’u, 3L (2.26)
1 + tan?u tanh?u/, o8 '
and
W tanu’sech?u” + u’ tanhu’ sec?u.  3Ldo,
(0] (0] (0] (6] (0] (0] — ¢ . (2.27)

1 4 tan?u, tanh?u;, 8\
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Our goal is to calculate u and wug from Eq.(2.24) and Eq.(2.26) and we can then

calculate the phase shift d¢, in Eq.(2.27).

2.3 Zeeman Levels and Coherences

2.3.1 Zeeman Splitting and Breit-Rabi Formula

The end transitions between the Zeeman levels (my =2 — my = 1 and my = —2
— my = —1) are not equal. In order to make sure that the observed EPR frequency
difference for o* and o~ pumping is not due to the difference between the frequencies
of the end transitions, we need to estimate the difference between the end transitions
for the holding field used in the present experiment.

The Zeeman energy level splitting for the F' = 2 ground state of 87Rb is given by

the Breit-Rabi formula [39]

hAv M 2\1/2
= 2.2
2I(1+ 1) v+ (2:28)

AE(F,M) = 21 + 1

/ 1
— giupBM + §hA1/ x (14

where the hyperfine structure frequency is given as Av =6.834681 x 10°Hz/G, g; =

gritn /g and the nuclear spin [ is 3/2. Furthermore x is defined as

)usB
o = 91T 9)nsB J;LQAII)/“ 5 (2.29)

where pp is the Bohr magneton, g; is the Lande factor and g; is the nuclear g-
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factor. To calculate z in Eq.(2.29) the following values are used: g; pup/h = 2.8 x10°
Hz/G and grup/h = 1398 Hz/G. AE/h was calculated for each magnetic sublevel
(my = —2,-1,0,1,2) and plotted versus the magnetic field, B. From Fig. 2.2 one
can see the energy splitting between neighboring magnetic sublevels (m; = 1 —
2mp=1—-0my=0— —1,my = —1 — —2). At low fields the frequencies of
the end transitions are approximately equal however at high fields the frequency at
end transitions can be very different. Using the Breit-Rabi formula, the difference
between the frequencies of the end transitions for the field used in our experiment (~
0.1 G) was found to be about 4 Hz and therefore can be neglected. Furthermore, the
different end transition frequencies lead to w(~) > w() opposite to frequency shift
due to the wall collisions.

We also want to point out that the gyromagnetic ratio for the F' =1 and F = 2
levels are equal in magnitude but opposite in sign. This can be seen as follows.

We note that [ip = [ig+[i;, where the magnetic moments for both the spin angular
momentum and the nuclear angular momentum are proportional to the inverse of the
respective masses. The mass of the nucleus is three orders of magnitude larger than
that of the electron, and therefore ji; can be neglected. Thus we have jip = [is = vs5.
We need to write S in terms of F because F is conserved. We have

S-F

S="—F (2.30)
F2

—

Now using F - S = (F2? + 52 — I?)/2 and substituting into jir = v5(S - F/F2)F we



28

T

6x10°

5x10°

4x10° |

3x10°

/h

Zeeman

2x10° |-

AE

1x10° |

-1x10° |+

1 A 1 A 1 A 1 A 1 A 1
0 500 1000 1500 2000 2500

Magnetic Field (G)

FIG. 2.2. The dependence of the Zeeman energy splitting between the my levels in the
ground state of 8’Rb on magnetic field.
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get
F?+5%-17 .
ip =g " F .
fir =2 (231)
For F' = I +1/2 level, we have
. I+1/2)(I+3/2)+1/2-3/2—-1I(I+1) »
2(I+1/2)(1 +3/2)
or
ip = L 7 (2.33)
HE —7521+1 .
For ' =1 —1/2, we have
. (I —-1/2)(I+1/2)+1/2-3/2—-1(1+1) 5
= F 2.34
Hs =13 201 —1/2)(1 +1/2) (2:34)
or
_ I =

21 +1

Therefore we see that the Larmor frequency of the Rb atom in ' =1 and F = 2

levels are equal in magnitude but opposite in sign.
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2.3.2 Zeeman Coherences and the Calculation of the Faraday
Rotation Angle

In order to understand the basic physics behind the signal measured in the experiment,
we need to have a clear understanding of the Faraday rotation angle which determines
the signal as discussed in section 3.1.2. Consider a Rb atom in the presence of a static
holding field By along the z-axis and an oscillating magnetic field 2B; coswt along the
y-axis. We will look at this problem using both a classical description and a quantum

mechanical description.

(i) Classical Description

The equation of motion of p, the magnetic moment associated with the spin S of
the Rb atom, is
dp

il v(Bo 2 + 2B coswt y) (2.36)

where p = .S, in which 7 is the gyromagnetic ratio. The oscillating magnetic field
2B coswt y can be viewed as the sum of a clockwise rotating and a counterclockwise

rotating field:

2B coswt y = (Bycoswt g + Bysinwt &) + (Bycoswt y — Bysinwt &) . (2.37)

From classical mechanics we know that the equation of motion of p in a coordinate

system rotating with a positive angular velocity w (counterclockwise) around the
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z-axis is given by

)
5—@" = x (YBo+w) 2z + 7B, y) (2.38)

Befr

1) SiHZBCOS((Deff t) [

vl cos2B

FIG. 2.3. Motion of the magnetic moment g in the rotating coordinate system.

Therefore in this rotating coordinate system the counterclockwise rotating field
Bi coswt y — By sinwt & becomes a static field of amplitude B; along the y/-axis of
the rotating coordinate system [40]. Since the clockwise rotating component of the
oscillating field has negligible effect in the first order approximation (the Bloch-Siegert
effect [41]) it can be omitted here. Because the axis of the rotating coordinate system

is along the direction of Byz, Byz will also be static in the rotating coordinate system.
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Therefore in the rotating coordinate system, the magnetic moment p precesses around

a static effective magnetic field (see Fig. 2.3),
w

The angle 3 between B.g and the z-axis is determined by

Bl w1
tan 3 = = , 2.40
b By+w/y wy—w (2.40)

where we have defined wy = —vBy and w; = —yBy. If the resonance condition w = wy
is satisfied, one sees from Eq.(2.39) that the effective field is By y. Therefore, if the
spin is initially along the z-axis, it will precess in the zz-plane, becoming periodically
parallel and anti-parallel to the z direction.

The Faraday rotation angle A6 is given by

R (2.41)

where n/, (n") is the real part of the index of refraction of the Rb vapor for the o
(o7) polarized component of the s-polarized probe beam, and [ is the path length of

the probe beam. We note that n/, —n’ is proportional to the polarization along the
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z-axis, which is given by (see Fig. 2.3)

peos? 3+ psin? B cos(wegt) (2.42)

where weg = —vBeg is the Larmor frequency around the effective field B.g. Therefore

the time dependence of the Faraday rotation angle can be written as

ot
@ — 2psin® Bsin? (w; ) . (2.43)

According to section 3.1.2, the Faraday rotation signal is proportional to the Faraday
rotation angle, and the lock-in output signal is proportional to the difference between
the Faraday rotation signal when the oscillating magnetic field is on, which is given
by Eq.(2.43), and that when the oscillating magnetic field is off, which is p because
[ = 0 when the oscillating magnetic field is turned off. Therefore the lock-in signal
S is given by

S ~ 2usin? B sin? (wegt /2) . (2.44)

Since the chopping frequency of the oscillating field 2 < weg, we can take the average

value of the right hand side of Eq.(2.44), which then becomes

wi
(wo —w)2+w?

S ~sin? 3 = (2.45)

The lock-in output signal has a Lorentzian shape, and increases with the rf field
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amplitude. We also note that linewidth increases as well.

(ii) Quantum Mechanical Description

In the quantum mechanical description, the holding field creates Zeeman splitting.
Due to the oscillating magnetic field, the Hamiltonian acquires off-diagonal elements
and produces coherences between the Zeeman levels. We can neglect the nuclear
spin of the Rb atom, for simplicity, and thus have a standard two-level system. We
will also neglect the relaxation of the Rb atoms. In the basis |£) = |5, = —1/2),
the Hamiltonian in the presence of a static magnetic field along the z-axis and a

counterclockwise rotating field in the xy-plane is

H = —hyByS, — hyBi(coswt S, — sinwt S;) (2.46)

One can show that

coswt S, — sinwt S, = exp(—iwt S,)S, exp(iwt S,) (2.47)

Therefore we can write

H = exp(—iwtS,)(—hyByS, — hB1Sy) exp(iwtS;) (2.48)
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Eq.(2.48) can be written as
H = exp(—iwtS,)(hwoS, + hw1Sy) exp(iwtS,) (2.49)

We note that exp(iwtS,) is the rotation operator, which rotates the coordinates
system xyz around the z-axis into the coordinate system x’'y’z’ by an angle wt. Thus,
the coordinate system 2'y’z’ can be regarded as rotating around the z-axis at an

angular velocity w. We now apply this rotation operator to the state ket |1(t)):

[$(t)) = expliwt 5.)[4(t)) (2.50)

Using Eq.(2.48) and Eq.(2.50) the Schrodinger equation

.0
iho [0 (1)) = Hly(t) (2.51)

can be written in the rotating coordinate system as

COlp() s -
ih= = = HJi(t)) (2.52)

where the Hamiltonian H is

H="h((wo—w)S; +wSy) . (2.53)
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To solve Eq.(2.52) we first need to find the eigenkets of H. One can show that the

eigenvalues of H are

~ h
E, = ig\/(wo —w)? 4 w? (2.54)

and the corresponding eigenkets are [42]

|:—/> = cosg |+) + sing |—), (2.55)
|/:/>: —sing |+) +cos§ -, (2.56)

where the angle [ is defined in Eq.(2.40). The inverse of Eq.(2.55) and Eq.(2.56) are

|+) = cos B |:—/> — sin B |/:/>, (2.57)
I—) = sing +) + cos 5 |—). (2.58)

Suppose at time ¢t = 0 the spin is in the |+) state: [¢(0)) = |+). We expand this

state in terms of the eigenstates of H:

|1(0)) = cosg |:—/> —sin 5 |/:/> ) (2.59)

Then |¢(t)) is given by:

o(t) = exp (111¢) [6(0) (2.60)



37

Using Eq.(2.59) we have from Eq.(2.60)

(1)) = Cosgexp (—%EJJ) 5 singexp (—%E_t) =y (2.61)

or

cos® £ exp <—%E+t) + sin® £ exp <—%E_t)
(1)) == - (262)

cos g sin g exp <—%E+t) — sin g cos g exp —%E_t)

The Faraday rotation angle is proportional to the difference between the popula-

tions in |[4) and |—) states [43], and therefore is proportional

2

cos? é exp (—EEJJ) + sin® gexp ( ! EJ)

2 h h
3. B i - B f iz \[
cos o sin o exp —hE+t — sin g cos o exp —hE_t (2.63)
or
1 — 2sin? 3 sin® <E+2;hE‘t> (2.64)

Again, the lock-in output is proportional to the difference between the Faraday ro-
tation signal when the oscillating magnetic field is on, which is given by Eq.(2.64),
and that when the oscillating magnetic field is off, which is 1. The latter can be seen

from Eq.(2.64) by letting w; = 0. The input of the lock-in can be seen in Fig.2.4.
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Therefore the lock-in signal S is given by

E,—FE_
S ~ 2sin? Bsin® | —/———¢ | . (2.65)
2h
1.2
1.0
0.8 |- |

T

E,—E_
1—2sin2[3sin2< +2h t)

04

02 |

Faraday rotation signal (Lock-in input) (arb. units)
(=]
(=)}
T

0.0 \ 1 \ 1 \ 1 \ 1 \
0.0 0.2 0.4 0.6 0.8 1.0

Time (arb. units)

FIG. 2.4. Schematic of the lock-in input (the Faraday rotation signal).

Since the chopping frequency of the oscillating field Q < (Ey — E_)/2h, we can
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take the average value of the right hand side of Eq.(2.65), which then becomes

wi

S ~ sin? f =

2.66
(wWo —w)2 +w?’ ( )

in agreement with the classical description Eq.(2.45).

2.4 Fermi Contact Interaction

2.4.1 Surface Interaction

Bouchiat and Brossel made a thorough study of the relaxation of Rb atoms adsorbed
on the paraffin surface [18]. They found that two interactions are responsible for the
disorientation of the Rb atoms. One is the dipole-dipole interaction between the spin
S of the s-electron of the Rb atom and the nuclear spin K of the proton on the
paraffin surface, where the carbon spin is zero. The other is the spin-orbit interaction
of the s-electron at the carbon atom site, as the spin-orbit interaction at the proton
site is much smaller due to the fact that the spin-orbit interaction increases rapidly
with the atomic number Z of the nucleus [44]. We will assume that on the RbH
surface the s-electron of the adsorbed 87Rb atom experiences the same two types of
interactions. The spin-orbit interaction is mainly contributed by the Rb ions on the
RbH surface for the same reason that the spin-orbit interaction is mainly determined

by the carbon atoms on the paraffin surface. The spin-orbit interaction relaxes the



40

spin angular momentum of the 8"Rb atoms, and therefore does not contribute to the
nuclear polarization of the RbH surface or the frequency shift of the gas phase 3'Rb
atoms. The dipole-dipole interaction between the s-electron of the adsorbed 8”Rb and
the nucleus on the RbH surface consists of the scalar (Fermi contact) and tensorial
parts. As was first shown by Herman, the electron exchange effect enhances the Fermi
contact interaction by as much as five orders of magnitude, making the tensorial part
of the dipole-dipole interaction unimportant [45] (see section 2.4.3). Therefore, the
tensorial part of the dipole-dipole interaction will be neglected in our discussion and

we will focus on the Fermi contact interaction.

2.4.2 Hamiltonian

The Hamiltonian of the Fermi contact interaction between the s-electron of the ad-

sorbed 8"Rb atom and the nucleus on the salt is

H=0S K (2.67)

where S is the spin (in units of /) of the s-electron of the adsorbed 8"Rb atom, K
is the nuclear spin (in units of &) of the ion (Rb* or H') on the RbH surface, and «
is the coupling constant with the dimension of energy. The Hamiltonian can also be

written in terms of spherical basis
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H=a (—1)98,K_, (2.68)

q=0,1,—1

where the spherical components S, of S are defined as

Sy +1iS, =S4
S, = — Y — 2.69
' V2 V2 (209
So =5 (2.70)
S | = Se — 15y — S (2.71)

V2 V2

where S, + iS, = S} is the raising operator and S, - 1S, = S_ is the lowering operator.
The spherical components of K, are similarly defined. Eq.(2.68) can also be written

in terms of raising and lowering operators

1 1

The terms S, K_ and S_K in Eq.(2.72) are responsible for the angular momentum
exchange between the nuclear spins on the RbH surface and the s-electron spins of
the adsorbed 8"Rb atoms, and the term S, K, in Eq.(2.72) is responsible for the EPR
frequency shift of the gas phase 8"Rb atoms observed in the present experiment (see
section 2.4.4). The fact that the exchange enhanced coupling constant of the Fermi
contact interaction of the s-electron of the adsorbed alkali atom with the nucleus of

the alkali ion is much larger than that with the nucleus (proton) of the hydrogen



42

ion on the RbH surface [46], implies that the angular momentum flows more easily
from the polarized alkali vapor to the alkali nuclei than to the protons on the alkali
hydride surface, resulting in a larger alkali nuclear polarization on the alkali hydride.
The experimental evidence for this is the observation that in a cell filled with spin
polarized Cs vapor and coated with CsH salt, the Cs nuclei on the CsH surface were
found to be polarized, and that the NMR signal of the Cs nucleus is much larger
than that of the proton [29,47]. Therefore, it is reasonable to assume that the Rb
nuclear polarization on the RbH surface in our experiment is much larger than the
proton polarization. Because of this and, again, because of the much larger coupling
constant of the s-electron of the adsorbed 8"Rb atom with the Rb nucleus than that
with the proton on the RbH surface, frequency shifts observed in our experiment are
probably contributed mainly by the Rb™ nuclei on the walls. However, we would like

to point out that this assumption is not important in our analysis.

2.4.3 Coupling Constant

The coupling constant of the Fermi contact interaction between the s-electron of a Rb
atom and the Rb ion on the RbH surface has not been measured nor calculated. I will
make a rough estimate in the following by comparing it with the coupling constant
between the s-electron of a Rb atom and the Kr nucleus, which has been measured
and calculated [46]. The coupling constant of the Fermi contact interaction between

the s-electron of an alkali atom and the nucleus of a noble gas atom B is given by [45]
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a = (167 /3)gnpinpinur(B)*n” (2.73)

where pup and p,, are the Bohr magneton and the nuclear magneton, respectively, and
gn is the nuclear gyromagnetic ratio, ui(B) is the s-electron wave function evaluated

at the atom B and 7 is the exchange enhancement factor, which is given by

n

(ui | u1)u;(B)

(2.74)

i=2
where R is the internuclear separation, (u;|u;) is the overlap integral between the
spin-orbitals u; of the atom B and the spin-orbital of the 5s electron of the Rb atom.
The spin-orbital is the product of the wave function in the spin space and the wave
function w; in the coordinate space, and u;(B) is the amplitude of the i-th orbital
at atom B. Since only the s-orbitals have non-zero amplitude at the nucleus B, the
summation in Eq.(2.74) only includes the s-orbitals of atom B. Furthermore, the
overlap integral is non-zero only if the spin parts of the spin-orbitals are the same. A
good approximation to atomic wave functions is to use the hydrogenic wave function
with the nuclear charge Z being replaced by Z — s, where s is the screening constant to
account for the screening of the other electrons. The energies calculated from these
wave functions are in good agreement with measured values when an appropriate
choice of the screening factors s is used. Listed in Table I are the values of each term

in the summation in Eq.(2.73), i.e. the contribution from each s-orbital, calculated
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by Herman [45] using these hydrogen-like wave functions. Note that each s-orbital

has a suitable nuclear charge parameter Z — s.

Table I. Contributions from each s-orbital to the enhancement factor 7 (see Eq.(2.74)) within the

approximation of hydrogenic wave functions, each orbital with an effective nuclear charge parameter.

Orbitals 1s 2s 3s 4s

Summand 8 —16 24 —-32

From Table 1. we have

Nge =1 —8=—7 (2.75)
Mve=1—-8+16=9 (2.76)
Nar=1-8+16-24=—15 (2.77)
Ngr =1—84+16—-24+32=17 (2.78)

Therefore, within the approximation of hydrogenic wave functions for the s-orbitals,
each with an effective nuclear charge parameter Z-s, the contribution from each s-
orbital to n does not depend on the nuclear charge parameter, which cancels out.
Thus, in this approximation n is exactly the same for the isoelectronic pairs Rb-

Kr and Rb-Rb*. The estimates of 1 in the above approximation, however, are too



45

small when compared with the measured values, becoming worse as Z increases. For
example, for the Rb-Kr pair, the measured value of 7 is 44 [48]. This is because for
noble gas atoms with large Z, the actual s-orbitals are more peaked at the nucleus
than the hydrogenic wave functions used in the above. All the differences between
the Rb-Rb™ pair and the Rb-Kr pair are due to the fact that the Rb™ nucleus is more
positively charged than the Kr nucleus by one unit. This one extra unit of charge
will slightly affect the energies of each orbital as well as the orbitals themselves. We
can get an idea as to how big the change caused by this extra unit of charge is by
comparing the energies of the s-orbitals of Rb* and Kr. Table II shows the energies
of the occupied s-orbitals in free Kr and Rb™ in Rb metal [49]. Note that the core
orbital energies of Rb™ relative to the vacuum level are obtained by adding the Rb
work function of 2.16 eV to the listed core orbital energies. Since only s-orbitals
have nonzero amplitudes at the nucleus, they are the only ones that contribute to the
enhancement factor 7 and therefore only the energies of these orbitals are listed in
the table. As can be seen from the table, the error in replacing the s-orbital energies
of Rb* by the corresponding ones of Kr decreases from 16% for the 4s-orbital to only

6% for the 1s-orbital.

Table II. The energies of the occupied s-orbitals in free Kr and Rb* in Rb metal. The energies

are given relative to the vacuum level for Kr and relative to the Fermi level for Rb [3].
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Element 1s 2s 3s 4s

36Kr 14326 1921 292.8 27.5

3TRb 15200 2065 326.7 30.5

We would like to address whether the occupied orbitals of the Rb* ions in the RbH
salt can be approximated by the occupied orbitals of the Rb™ ions in the Rb metal,
the energies of which are listed in the above table. It is true that different chemical
environment will cause a shift, the so-called chemical shift, in the core level energy.
However, this chemical shift is typically only a few percent or less, even for ions on
the surface, which see a slightly different environment from ions in the bulk [50-55].
From the definition of 1 (Eq.(2.74)), which is quadratic in the wave functions of the
noble gas orbitals, one sees that the percentage of change in 7 due to the change in
the wave function should be comparable to the percentage of change in the energy.
The percentage of change in energy is the expectation value of the Hamiltonian and
therefore also quadratic in the wave function. In summary, it seems reasonable to
assume that the n for the isoelectronic pairs Rb-Kr and Rb-Rb* probably will not

differ by more than 30%.
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2.4.4 Phase Shift Due to Wall Collisions

A simple semi-classical way to understand this frequency shift is the following. The
coupling constant a depends on the distance between the adsorbed 8”Rb atom and the
Rb* nucleus on the surface and therefore varies while the ’Rb atom bounces around
on the RbH surface. As a first approximation we will assume « to be constant, equal
to its average value. The Hamiltonian oS - K can be written as —ug - oK/gspus,
where g = —gsupS is the magnetic moment of the s-electron, pp being the Bohr
magneton and g, the electron g-factor. Thus the Fermi contact interaction can be
regarded as a precession around a magnetic field a(K,)/gspup. The average phase
shift due to the precession around this field during the average dwell time 7, for the
adsorbed Rb atom in the I + 1/2 level is

2m(a/h) (K, )Ty

005 = ol +1

(2.79)

where the slowing-down factor 1/(27 4 1) is due to the fact that we assume the total
angular momentum F = S + I of the Rb atom during the interaction is conserved,
where I(I = 3/2) is the nuclear spin of the adsorbed 8"Rb atom.

The phase shift experienced by a Rb atom during its collision with polarized walls
can also be understood quantum mechanically as follows. We assume the RbH surface
is fully polarized. Consider a system consisting of the s-electron of the incoming Rb

atom and the Rb nucleus on the RbH surface. Suppose the state of the system is
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ajas before collision, where «y represents the spin-up state of the s-electron and ap
the spin-up state of the Rb nucleus. At the end of the wall collision the wave function

of the system is given by

—LaSKrs Lo(F2-82-K?2)r,

ok Qo = R —i3aTs /4R

g =€ a1 (2.80)

where we have assumed total spin F' is a good quantum number since we are con-
sidering wall collisions in which the s-electron spin does not flip. Thus the phase

shift

dps = 3ars/4h (2.81)

The coherently accumulated phases during repeated wall collisions give rise to a
EPR frequency shift of the Rb atom. The method for measuring the average phase
shift of spin polarized Rb atoms during each wall collision consists of measuring the
EPR frequencies w*) and w(~) corresponding to ot and ¢~ pumping beams of the
same intensity for a number of different cell lengths L. We show that the difference
between these Larmor frequencies A = w*) — w() depends linearly on 1/L, and the
slope yields the ensemble-averaged phase shift experienced by a spin polarized Rb

atom while adsorbed on the RbH surface.
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Chapter 3

Experiment

3.1 Experimental Method
3.1.1 Evanescent Wave

One of the unique features of our experiment is the use of evanescent wave to probe the
polarization of the Rb vapor. Since the penetration depth of the evanescent beam is
~ 107 cm, the evanescent wave probing is independent of the cell length, which varied
between 70 pm and 0.24 cm depending on the experimental setup. By using linearly
polarized evanescent probe beam we measured the Faraday rotation signal, which is
proportional to the vapor polarization. It is important that s-polarized instead of
p-polarized evanescent beam be used. This is because of the following property of the
evanescent wave [56]. If the incident beam is s-polarized, then the evanescent wave

is also s-polarized. On the other hand, if the incident beam is p-polarized, then the
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evanescent wave is right-handed elliptically polarized in the incident plane.

3.1.2 Detection Method

As a linearly polarized light passes through the polarized Rb vapor, its polarization
plane is rotated by a certain angle, A#, from its original polarization plane, due to
the polarization of the Rb vapor. This phenomenon is called paramagnetic Faraday
rotation. In our case the incoming light is our probe beam and is s-polarized. The
incoming light can be decomposed into left (¢7) and right (¢7) circularly polarized
light. These opposite polarizations see different indices of refraction, n/+ and n"_. The
difference in these indices of refraction causes the left and right circularly polarized
components to propagate at different speeds, resulting in a rotation of the original

polarization plane. The Faraday rotation angle is given by

A =gt 2 (3.1)

where [ is the path length and A is the wavelength. In this experiment the change in
the Faraday rotation angle is monitored. The amplitude of the rf is modulated with a
square wave at a frequency Q/2r = 200 Hz. The frequency of the rf is stepped across
the Rb EPR curves, using a frequency generator from Stanford Research Inc., and
the signal is measured at each of these frequencies. Typically the function generator

output stayed at each frequency for about 4 sec. The signal was averaged in that
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time interval and was fitted with a Lorentzian.

Our method of detection used a combination of a half-wave plate and a Wollaston
prism. The rotated probe light (due to Faraday rotation), after exiting the cell con-
taining the polarized vapor, passes through a half-wave plate. The half-wave plate is
used such that the angle of polarization can be rotated before passing through the
Wollaston prism. The half-wave plate decomposes the light into two components and
changes the relative phase of of the two components by 7, thus changing the angle of
polarization.

The Wollaston prism splits the incoming beam into two orthogonal components
the following way. It is composed of two right angle prisms. The prisms are made
of uniaxial birefringent crystal. The two prisms are stacked together using cement in
such a way that their optical axes are orthogonal to each other. Furthermore, their
optical axes are parallel to the entrance and exit surfaces for the beam as shown in Fig.
3.1. If the incoming linearly polarized beam has a component parallel to the optical
axis (the e-ray with an index of refraction of n.) and a component orthogonal to the
optical axis (the o-ray with an index of refraction n,), after passing through the first
right angle prism, the e-ray becomes o-ray and the o-ray becomes e-ray so that one
bends toward the normal whereas the other bends away from the normal. The result
is that the two components will emerge separated, with orthogonal polarizations.

The half-wave plate was used in the cancellation stage. Before we polarized the

Rb vapor, we needed to adjust the half-wave plate so that the two components coming
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from the Wollaston prism had exactly the same intensity. The physical reason for
this cancellation is that due to the slight birefringence of the optical components
such as windows, prisms, etc, the incident s-polarized beam could be slightly rotated
after passing through the cell even when the Rb vapor was not polarized. Thus, the

cancellation procedure was used to cancel this small rotation.

Incoming Beam

optical axis

FIG. 3.1. An incoming beam (red line) is decomposed into two orthogonal components
at the interface of two uniaxial crystals with perpendicular optical axes in the Wollaston
prism as described in the text.

The two component beams, after the Wollaston prism, were detected by two iden-

tical photodiodes. The outputs of the photodiodes were sent to a Lock-In Amplifier
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which outputs a differential signal from the photo-detectors. The differential method

of detection is an ideal method in reducing (canceling) noise from the signal.

Polarization of
incident probe beam

Detector 1

Rotation due to
polarized Rb vapor

Detector 2

FIG. 3.2. After passing through polarized Rb vapor the polarization plane of the incident
probe beam is rotated by an angle A#, the Faraday rotation angle. The signals seen by
detector 1 and detector 2 are given by Eq.(3.2) and Eq.(3.3).

The following is a more detailed discussion of the detection method. Referring to

Fig. 3.2, when the Rb vapor was unpolarized, the two detectors see the same signal

and therefore their difference is zero. Suppose the polarization of the light beam,

after passing through the polarized Rb vapor, is rotated by an angle Af, the Faraday
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rotation angle, then detector 1 and detector 2 see the following signals:
2 7-(-
Sy X cos <Z — AQ) , (3.2)

S; o cos? <% + AQ) . (3.3)

The difference of these two signals is proportional to sin(2A#). Since the Faraday
rotation angle is normally < 1, the difference in these signals is seen to be proportional

to the Faraday rotation angle Af.

3.2 Cell Preparation Procedures

The coating procedure for the antirelaxation coatings and the RbH-coated cells is
described in the following. In each case the glass cell used was a cylindrical Pyrex
glass cell with an inner diameter of 23 mm. The cells contained isotopically enriched
rubidium (98.3 at. % 8"Rb ) in the stem and various pressures of nitrogen buffer
gas. The pressure is referred to 25°C. A movable glass prism inside the cell acts as
the adjustable back wall of the cell (see inset of Fig.1). Since the distance between
the front and back walls is more than one order of magnitude smaller than the cell
diameter, the space between the front and back walls has the shape of a thin slab.

The effective cell length (L) can be varied by tapping the stage on which the cell sits.
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3.2.1 Octadecyltrichlorosilane (OTS) Coating Procedure

The coating procedure for our OTS-coated cells followed a similar procedure to that
as Rosen et. al. [57] and is described in detail in the following. Four different cells
were made and coated simultaneously (#136.2, #137.2, #138.2, #128.3).

The cells were first rinsed three times with distilled water. Piranha solution,
consisting of sulfuric acid (H2SO,) and hydrogen peroxide (H2O3), was then used in
order to thoroughly clean the inside surfaces of the cell body, prism and stem. The
cells were filled with Piranha solution and heated to 80°C for 30 minutes, emptied,
and repeated once more with fresh Piranha solution. The cells were then rinsed three
times with distilled water, two times with methanol (CH;OH) and finally rinsed an
additional two times with distilled water. The cells were then baked in an oven at
120°C for 2 hours.

A non-dry OTS with a 5 mM concentration was used to coat the cells. The cell
was coated in lab air (we did not use a nitrogen sealed box). The OTS solution was
added to the cells using a clean pipette and the cells were placed in a sonicating bath
for 10 minutes. The OTS was dumped out of the cells and were then rinsed twice
with chloroform (CHCl3). On the third rinse they were again sonicated for a few
minutes. The cells were allowed to drip dry for two days.

Once dried the cells were put onto a glass manifold (via glass blowing) which is
attached to our pumping system. Our pumping system consisted of two pumps, a

roughing pump and a turbo pump. The glass manifold had one arm which held the
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mixture of 8RbCl + Ca. The Rb in 3"RbCl is isotopically enriched (98.3% 37Rb).
Once the cells were fused onto the manifold the cells were baked at 190°C for 12 hours
with the pumping system on in order to pump away the desorbed impurity gases.
Before the 3"Rb was distilled into the cells, it was degassed by baking the 3"RbCl
+ Ca arm in an oven for two and half hours at 170-390°C. The degassing process helps
to get rid of any gas which otherwise might have got into the cells. The reaction of
the 8RbCl 4+ Ca mixture started when the temperature of the mixture was raised to
about 526°C. The temperature of the oven, in which the 3RbCl + Ca mixture was
located, was kept at 554°C for one hour. The reaction of the 8RbCl + Ca mixture
released the 3"Rb metal, which was then chased using the blow torch into the stem
of the cells. It was important that none of the 8’Rb got on the front surface of the
cells and instead was confined in the stem (reservoir) of the cells. To ensure this,
hot air was blown onto the front surface of the cells, driving the 8"Rb to the stems.
The cells were filled with nitrogen (Ng) with a pressure of 5 Torr (referring to room
temperature). Lastly, the cells were pulled off of the manifold and our experimental
cell (#128.3) was heated in the oven for ten hours, with the stem (tip) at room
temperature and the body temperature at ~ 70°C. The process of curing the Rb
cell is not fully understood, although the curing may help the Rb vapor come into

equilibrium with the coating.
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3.2.2 Paraffin Coating Procedure

The coating procedure of the paraffin coated cell (#160) follows [58,59] and is de-
scribed in the following.

The glass cell used is the same type as that used in the OTS experiment, although
the cleaning procedure for this cell differs from that of the OTS coated cells. The
cell was rinsed twice with distilled water and then cleaned twice with a hydrochloride
(HCI) solution with a 12 M concentration (this corresponds to 10% HCI, 12.4 mL HCI
and 36.6 mL Hy0). The cell was then rinsed twice with distilled water and finally
nitrogen gas was used to dry the cell.

The cell was attached to the glass manifold (via glass blowing) which had an
arm containing the paraffin and was attached to the pumping system. The pumping
system was turned on (both the turbo and roughing pumps) and the pressure of the
manifold was pumped down to 10~7 Torr. This pressure was sufficiently low such
that it ensured there were no leaks in the glass manifold.

Using hot air the paraffin was driven from the manifold arm to the stem of the
cell. The cell was then pulled off of the manifold and the paraffin was driven further
down into the body of the cell, again, using hot air and was baked for a total of 10
hours with a temperature range of 200-338°C. During baking the cell was checked
intermittently to ensure that the paraffin was not settling in the corners of the cell
body. It was important to bake the cell at a high enough temperature such that the

paraffin could vaporize and coat the cell walls. After baking, the body of the cell was
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cleaned completely of any paraffin using a torch where any excess paraffin was driven
to the very tip of the stem. The tip of the stem was then broken off, which enabled
us to get rid of the excess paraffin.

The cell (now coated with paraffin) was attached to a second glass manifold which
had an arm for the 3RbCl 4 Ca mixture. The cell was baked on the manifold at
70°C for 3 hours and the system was then pumped for 12 hours. Using a torch, the
path of the manifold in which the Rb was to travel was cleaned. This was necessary
in that it was important that the Rb being distilled into the cell did not react with
any paraffin on the inside wall of the manifold. Using a magnetic slug the breakable
seal of the 3’RbCl + Ca arm was broken. The 8"Rb was finally distilled into the stem
of the cell and pulled off of the manifold. The cell was cured at 65°C for 60 hours
in an oven with a small fan, which was used to ensure that there was a very small
temperature gradient inside the oven. Curing of the cell continued at 70°C in our

experimental oven for an additional 10 hours.

3.2.3 RDbH Coating Procedure

In order to make the RbH coated cells, the procedure used in [29] was closely followed.
The cells used were of the same type used in the OTS and paraffin experiment (a
one inch length Pyrex glass cell with a 1/16th inch optical window and a movable
prism inside). The cells were cleaned using the same procedure as the OTS-coated

cells in section 3.2.1, but without the use of Piranha solution. Two cells (#161 and
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#162, where # 162 was used for our data) were attached to a glass manifold via glass
blowing. The glass manifold consisted of two arms one in which the natural Rb was
held and a second for the 8 RbCl 4+ Ca mixture. Next, the 3RbCl + Ca mixture
was added to the designated manifold arm which was then attached to the pumping
system. An ampoule containing the natural Rb was broken and then dropped into
the manifold arm, which was then sealed.

The pumping system was turned on and the manifold was pumped down to a
pressure of 7.7x10~® Torr, indicating that there were no leaks in the manifold. Next,
the cells were heated for 17 hours at 450°C and the arms were de-gassed using a hot
air gun. Once the system was cooled down, the natural Rb was distilled into the
arms. It is important to note that when the natural Rb was distilled into the cells
a bluish coating was visible inside the cells. Once the natural Rb was in the body
of the cells the manifold was filled with 829 Torr of Hy and the cells were heated for
12 hours at 150°C. The process of heating allowed for the Rb and hydrogen to react
and form RbH. The procedure described above differs from that of ref. [29] in that
Ishikawa et. al. conducted the coating cycle four times, whereas in our case the cycle
was done once. Therefore, we estimated the RbH thickness in our cells was about
2.5 pm, which was 1/4 of the thickness in ref. [29]. After the system cooled it could
be seen that one cell was a bit foggier than the other, indicating that it had a thicker
coating of RbH. The thicker coated cell was not usable for this experiment because

the intensity of the transmitted evanescent probe beam was too weak, as there was
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too much scattering due to the thicker layer of RbH on the surface of the optical
window.

Before the 8"Rb could be distilled into the cells, it was important to ensure that
there was no RbH in the pathway because RbH contained natural abundance Rb,
thus the heat generated in the process of distillation of 8"Rb into the cells would
cause the RbH (in the manifold) to dissociate, causing **Rb to get into the cells
thereby reducing the percentage of 8’Rb in the signal. In order to get rid of any RbH
in the distilling pathway of 3’Rb, the RbH was annealed. To do this, the system was
filled with hydrogen and heated (not including the 8"RbCl + Ca arm) to about 180°C
for 2 1/2 hours (the annealing pressure of the hydrogen was 840 Torr). After the
system was cooled the Hy, was pumped out and the 3’RbCl + Ca arm was heated to
540°C for one hour (this was the temperature at which the 8"Rb distilled out of the
arm) and a torch was used to distill the rubidium into the stems of the cells. The
cells were then filled with 5 Torr Ny and pulled off the manifold. Once the cells were
removed from the manifold the bodies of the cells were further heated in order to
drive some of the 3’ Rb that may have gotten into the body back into the stem of the

cell. This was done at 62°C for approximately 24 hours.
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3.3 Experimental Setup

The experimental set-up is similar in the dwell time experiment and the surface
phase shift experiment. I will describe the experimental set-up for the dwell time
experiment, which will be followed by a short description of the surface phase shift

experiment in which I point out the differences in the set-up.

3.3.1 Experimental Setup for the Study of Antirelaxation
Coating

The experiments are set-up and performed on an optical bench. The experimental cell
sat inside of a PEEK oven which was inside a Teflon oven as can be seen in Fig.3.4.
The cell was heated by flowing hot air into the oven in order to avoid ohmic heating,
which would generate unwanted magnetic fields. The cell was positioned towards the
back of the PEEK oven and a prism was placed in front of the cell (externally). The
external prism was pressed against the front surface of the cell which allowed the
pump and probe beams to be evanescent waves. A layer of index-matching oil, with
an index of refraction n = 1.45, was dropped between the front surface of the cell and
the back surface of the outside prism, so that there was no air gap between the two
surfaces, which is important for the use of evanescent waves. In order for both the
pump and probe beams to undergo total internal reflections the beams needed to enter

the cell close to each of their respective critical angles. The ovens were positioned on
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a a micrometer-driven rotation stage with a resolution of 33 millidegrees in order to
adjust the incident angle at which the beams entered the prism. We were interested in
the critical angle of the beam incident on the front surface of the cell, so through the
following calculation we were able to relate the incident beam on the prism, «, with
the incident beam on the front surface of the cell, 8, as shown in Fig. 3.3. Moreover,
the determination of 6 is needed in order to calculate the penetration depth, d, of the

probe and pump beams.

incoming light

/ <«—— RbCell

front surface

FIG. 3.3. Incoming light beam (in red) incident on the external prism of the cell. « is the
angle of incidence on the prism, a; is the angle of the light beam upon entering the prism
with the normal of the prism.
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At the critical angle of the interior of the prism, # = 6. and nysinf. = 1. Using
the exterior angle rule which says 45 = 6 + oy — a; = 45 — 0 along with Snell’s law
(sina = nysinay) we find at 0 = 6. that

1

sin 6,

(3.4)

ny =

We can now write the critical angle in terms of o which we can determine from the

micrometer reading,

1

0. = tan™'
T sin ar/ sin 45

(3.5)

We have determined our o« = 2.17° and therefore we find 6, = 43.50° and n, :ﬁ:
1.45. Finally, by using the relationship sina = nysin(45 — 0) we can write 6 in terms

of a, where

sin o

0 = 45 — arcsin (3.6)

ni

and therefore we can calculate . From 6 we can determine the penetration depth of

the probe and pump beams from the following relationship

A
- 2mny/sin? 6 — sin® 6,

d (3.7)

A small Teflon cap is placed on top of our PEEK oven and covers the top of the cell.
The cap is necessary in that blowing hot air directly on the cell may cause damage

to the coatings. We use two E-type thermocouples to monitor the temperature of
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the body of the cell and the temperature of the tip of the cell (in which the 3"Rb is
contained). It is important that the tip temperature remains several degrees cooler
than the body temperature so that the Rb atoms do not condense on the surface of
the body of the cell. Condensation of Rb atoms on the walls can ruin the coatings.
In our experiment the cell tip was 6°C lower than the cell body temperature which
was kept at 72° C and stabilized within 0.5° C. This temperature was sufficiently far
away from the melting point of paraffin which is 93°C.

Three pairs of Helmholtz coils were placed around the cell. One pair served as
our holding magnetic field in the z-direction while the others were used to cancel
any residual fields. Another set of Helmholtz coils were wrapped around the oven to
generate an oscillating (rf) magnetic field (in the y-direction). A function generator
from Stanford Research Inc. was used to output a sine which was modulated by a
square wave into the rf coils.

It is important to note that the rf coils have a frequency dependent impedance. As
we scanned the rf from low to high the signal was asymmetric due to the impedance
change. A simple way to correct this is by adding a 100 €2 resistor to the rf coil, which
makes the impedance of the rf coil dominantly resistive and frequency independent.
The ovens, Helmholtz coils, and rf coils were were all placed inside two layers of pu-
metal shields. The diameter of the outer shield was 28 c¢m, and that of the inner was
25 cm. The length of the shields was 28 cm. Both ends of the shields were covered

with p-metal caps. One shield reduces the outside field by a factor of 350 and both
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shields reduce the outside field by a factor of 25,000.

Rb cell

z
hot air \/ X
two-layer
magnetic shield
\ 22 photodiode A
<D
Oven and , .
f coils Wollaston prism photodiode B
prism
spectrum analyzer front surface
o= V4

(=
laser B LI_D N movable
mirror prism

attenuator LP o

<+— stem
Rb reservoir

laser A H mirror back surface
attenuator

FIG. 3.4. Exerimental setup. The pump laser is circularly polarized using a Glan-
Thompson linear polarizer (LP) and a quarter-wave plate (A/4). The probe laser is s-
polarized using a Glan-Thompson linear polarizer (LP). Three orthogonal pairs of Helmholtz
coils (not shown) are inside the two-layer magnetic shield. Also not shown are the HeNe
laser and the lens assembly used to measure the cell length by retroreflection. The holding
field is alng the positive x direction. Inset: a Rb cell of adjustable length.

A single mode diode laser served as the pumping laser. The diode laser had a
linewidth of 45 MHz. The 8Rb atoms in the vapor were optically pumped using
a ot or ¢~ polarized beam from a diode laser. The pump beam propagated along

the +2z axis, and illuminated the entire cell. Tts intensity was ~ 9 mW /cm? and its



66

frequency was tuned slightly (~ 600 MHz) to the high frequency side of the transitions
F=1— F' =1,2 of the Rb D1 line (794.8 nm) in order to pump the vapor more
uniformly. A small fraction of the pump beam was deflected using a beam splitter
to pass through a separate reference cell. The reference cell was used to more easily
find the correct resonance frequency (by tuning the current of the current supply)
of the pump laser. This was done by watching the 8"Rb reference cell through an
infra-red viewer indicating that the laser is tuned to resonance. The pump beam
was tuned slightly off resonance in order to maximize our signal. This is due to the
fact that on resonance, the pump beam would be completely absorbed by the Rb
vapor atoms upon entering the cell and thus by detuning the resonance frequency of
the pump, the light can polarize the entire cell. The pump beam passed through a
set-up of two cylindrical lenses, the first with a focal length of 5 cm and the second
with a focal length of 15 cm, which expanded the beam in the horizontal direction in
order to make the pump beam as round and collimated as possible. Also, these lenses
could be adjusted to help avoid any converging or diverging of the pump beam in the

experimental path of the laser. The pump beam passed through a Newport 2-plate

A
in which the laser beam (upon rotating the %-plate 360° and monitoring the output
intensity) output intensity only varies by 6.7%. We found that out of approximately
15 mW of pump beam, the intensity varied less than 1 mW. The %-plate allowed for

the circularly polarized pump beam to be alternated between o and o~ circularly

polarized light. The beam then passed through a pinhole with a diameter of 4.5 mm
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and entered the cell as an evanescent beam with a penetration depth of 1.158 pm.

Not shown in the experimental set up was a spectrum analyzer, in which part
of the pump beam is reflected into in order to monitor the pump beam frequency to
ensure it does not drift throughout the experimental run. The output of the spectrum
analyzer is sent into an oscilloscope where the peak frequency of the pump beam was
monitored such that it did not drift more than 30 MHz. The current of the pump
beam power supply could be fine tuned in order to pull the pump beam to the correct
frequency, if in fact the pump beam frequency did drift.

A second single mode diode laser serves as the probe beam. The 8"Rb atoms in
the vapor were probed in the vicinity (~ 107 cm) of the front surface of the cell
using a weak s-polarized evanescent beam from a second diode laser tuned to the
transitions F' = 2 — [’ = 1,2 of the 8Rb D1 line. The probe beam size was about
2.0 mm in diameter. Next, the probe beam was reflected from a mirror into a linear
polarizer which vertically polarizes the light. The light then passes through a prism
and undergoes total internal reflection which directs the beam towards the cell. It
is important that the beam going into the glass prism is not polarized 45° for the
following reason: 45° light consists of s- and p-components, which upon hitting the
prism see two different speeds (they have different indices of refraction) and therefore
the polarization of each component will be different after passing through the prism
resulting in a polarization that is not linear. The prism outside the oven (as shown in

the set-up figure) is useful in that the angle between the pump and probe beam can
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be very small (0.322°), allowing for a larger penetration depth of the pump beam.
The probe beam enters the front surface of the cell as an evanescent beam with a
penetration depth of 0.815 um.

It is necessary that the pump and probe beam are overlapping in the cell (i.e.
that they are hitting the same spot on the front surface of the cell) to ensure that
all of the atoms being probed are being pumped (polarized), resulting in a maximum
signal. Prior to putting the cell in the experimental oven, a small rod was installed in
the location of the front surface of the cell. The pump and probe beams were aligned
such that they overlapped on the rods location.

A HeNe laser is used to measure the cell thickness by retroreflection with an
accuracy of 20pum. The method of retroreflection is the same method which was used
by Thomas, et. al. [60]

The procedure for obtaining the EPR curve was as follows. The frequency was
stepped using a computer program which sent an output signal to the function gen-
erator telling the function generator to step. The stepping program allowed us to
tell the function generator how large of a frequency step to take, how long to stay
on each frequency and how many steps to take. For the OTS coated cell we took
frequency steps of 160 Hz (a scanning range of 8 kHz), 120 Hz (a scanning range of
6 kHz), 40 Hz (a scanning range of 1 kHz) or 32 Hz (a scanning range of 800 Hz)
depending on the cell length (for thinner cells the linewidths are much broader and

therefore we needed to scan a larger range in order to see a full resonance curve). For
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each resonance curve, 50 points (or steps) were taken in which each scan took 200
seconds, thus, we stayed on each frequency for 4 seconds. It is important to note that
the Lock-In amplifier has a time constant 7 which was set to 30 ms, meaning that
the Lock-In amplifier is doing its own averaging for 30 ms, and so 4 seconds is suffi-
ciently larger than the averaging time, 7 of the Lock-In amplifier. A resonance curve
was produced on the oscilloscope (for all the cell lengths, and for both ¢+ and o—
pumping light) and was then downloaded onto our computer. The resonance curves
were analyzed by averaging the middle points of each frequency step and throwing
away points close to the instant the frequency changes, because at those instances

the function generator creates a spike due to the sudden change of frequency.

3.3.2 Experimental Setup for the Study of RbH Coating

The experimental setup Fig.3.5 for the RbH experiments was similar to that of the
OTS and paraffin set-up except for the following difference. In cells coated with alkali
hydride, the wall relaxation rate for polarized Rb atoms is much faster than in cells
coated with antirelaxation coatings. In fact the reason that the alkali hydride coating
can be polarized is because of the angular momentum transfer from the polarized Rb
atoms in the vapor to the alkali hydride surface. Thus the signal to noise ratio is
much worse than in cells coated with antirelaxation coatings. Therefore the pumping
laser used in the RbH experiment was not an evanescent wave, but illuminated the

entire cell in order to achieve larger Rb vapor polarization, which in turn produces
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larger wall polarization and larger frequency shifts.

. . X
internal movable prism
. . \/ Rb cell
coils for generating

oscillating magnetic
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¢da-1da

function generatorl
reference
Lock-in amplifier

front surface

movable prism

’| N internal
4

-—stem

back surface Rb reservoir

FIG. 3.5. Experimental setup (top view). The pair of Glan-Thompson linear polarizers
LP1 and LP2 is used as an adjustable attenuator and also ensures that the probe beam
is s-polarized. The linear polarizer LP3 and the \/4 waveplate are used to produce a ot
or o~ pump beam. Not shown in the figure are the HeNe laser and lens assembly used to
measure the cell length by retroreflection. Inset: a Rb cell of adjustable length (side view).

As in section 3.3.1 the cell was also heated by blowing hot air into the oven except

the temperature was significantly higher.
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Chapter 4

Experimental Results

4.1 Experimental Results for Antirelaxation-Coated

Walls

The experimental data for OTS-coated walls were taken in cell #128.3 and those
for paraffin-coated walls were taken in cell #160. The data were analyzed using

Eq.(2.11):
2L

1
— = 20— — Ts. 4.1
= 9 (4.1
Plotted in Fig. 4.1 is the dependence of 2L/v on 1/A. As one can see the data
can be fitted quite well with a straight line. The y-intercept is equal to the negative

of the dwell time, which is found to be 7, = 0.9 + 0.1 us. The slope represents the

sum of the surface phase shift and the phase shift due to the evanescent pump beam.
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Since the phase shift due to the surface is negligibly small for antirelaxation coatings,
the slope in Fig. 4.1 is equal to the light shift of the evanescent pump beam. This was
shown in [61]. Our data were taken over a one hour period. For each cell length L, we
measured the peak frequencies of the EPR curve for 0+ and o— circularly polarized
light, from which we obtained A. Data in paraffin-coated walls were obtained in a
similar fashion and were plotted in Fig. 4.2. The much larger slope in Fig. 4.2 is due
to the large intensity of the pump beam and the y-intercept yields a dwell time of 7

= 1.84 £ 0.34 ps for paraffin-coated walls.

9.0 Cell #128.3 (OTS-coated)
| Cell Temperature = 72°C

40

3.0

20

37/2 L/ Vrms (p5)

Intercept =-0.98 £ 0.18 us
Slope =4.02 + 0.20 mrad

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40

1/A (ms/rad)

FIG. 4.1. A representative plot of cell length L versus 1/A for a cell coated with OTS and
filled with 5 Torr Ny buffer gas.

It is interesting to compare the dwell times for OTS and paraffin coatings. The
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FIG. 4.2. A representative plot of cell length L versus 1/A for a cell coated with paraffin
and filled with 5 Torr Ng buffer gas.

dwell time for OTS is shorter than that for paraffin, whereas the relaxation probability
for OTS is larger than that for paraffin by almost one order of magnitude. This
implies that the superior antirelaxation property of paraffin is not because of an
extremely short dwell time of spin polarized Rb atoms in paraffin, but because the
average strength of the interactions experienced by them while they are inside paraffin
is much weaker than while they are inside OTS. The OTS coating is only several
nanometers thick [19], unlike paraffin coating, which is coated with vapor and tends
to be thick. Thus, for wall collisions of longer dwell time, spin polarized Rb atoms may
diffuse to the sites near the interface between the glass surface and OTS and become
depolarized. These Rb atoms, upon leaving the OTS coating, will not contribute

to the signal. Thus the long dwell time tail of the dwell time distribution of Rb
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atoms is truncated, resulting in a shorter average dwell time. It was reported that
the OTS coating does not completely cover the bar glass surface [62]. The Rb atoms
can occasionally collide with these bare glass patches and become depolarized. The
relaxation of Rb atoms near the interface and on bare glass patches can help explain
the larger relaxation probability of Rb atoms on OTS coatings.

In their study, Bouchiat and Brossel also measured the correlation time of the
dipole-dipole interaction, which they found to be 7., ~ 4 x 107'% sec [18]. In our
study of OTS- and paraffin-coated walls we measured a much longer dwell time on
the order of ~ 1us. The longer dwell time measured in my study may be due to
trapping of the Rb atoms inside the coating [61], as it is well known that alkali atoms
are known to diffuse into coatings [64,65]. One encounters a similar situation in the
case of ?9Xe in cells coated with Surfasil, also an antirelaxation coating. It was found
that the 2Xe atoms can be trapped inside the coating for as long as 10 us [63].

From the dwell time 7, we can estimate the total number of alkali atoms N,
trapped in the coating per square centimeter in equilibrium to be N. = nl7/m,
where n is the alkali vapor number density and [ the characteristic dimension of the
cell. Using 7, ~ [/v, where 7 = \/m is the mean speed of Rb atoms, the
estimated number of alkali atoms trapped in the coating per square centimeter is
N, ~ n1sv. For example, for paraffin-coated cells with cell temperature of 72°C, we
have 7, ~ 2 us, n = 8.0 x 10"em ™, and 7 = 2.9 x 10*e¢m/s. Thus N, ~ 5 x 101°

cm 2.
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4.2 Experimental Results for RbH-Coated Walls

4.2.1 Measured EPR Frequency Shift

The EPR frequencies measured in the present experiment for o and o~ pumping
can be written as

+)

WwF = wo £ dWiight £ dws, (4.2)

where w, is the EPR frequency of the 8"Rb atom due to the holding field, Fdwygn
is the light shift due to o* pump beam, and 46w, is the frequency shift due to wall
collisions for ¢* pumping. As mentioned before, since we pump the 8’Rb atoms
from the F' = 1 level and probe the Zeeman resonances of the F' = 2 level, we have
dwiight < 0 [66]. That is, the Stark effect causes a negative frequency shift for o
pumping and a positive one for ¢~ pumping. The opposite is true for the frequency
shift due to collisions with polarized walls.

Shown in Fig.4.3 is the dependence of the measured EPR frequency shifts w™) —w,
on the cell length L. The values of w, as obtained from w, = (w™*) +w(~))/2 for each L
fluctuate around its mean, which is used in Fig.4.3, by no more than 27 x 24 rad s ~.
We note that w® —w, is expected to approach a constant £owjighs = F2m x 240 rad s
~1 for large L, when the frequency shift due to wall collisions becomes negligible. One
sees that for small L the freugency shift due to wall collisions outweighs the light shift

and w*) > w(=) whereas for large L the apposite is true and we have w(=) > w*) in

agreement with the semiclassical theory of light shift [66]. The observation that the
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difference w(=) — w*) in the measured EPR frequencies changes sign from negative
to positive as the cell length L increases proves that the observed frequency shift is
not owing to gas phase processes but to collisions with cell walls.

Further evidence is provided by the data shown in Fig.4.4, which displays a pair of
8TRb magnetic resonance curves taken under the same experimental conditions but in
an OT'S-coated cell. One sees the dramatic difference between the data taken in RbH-
and OTS-coated cells. In RbH-coated cells, we have w(*) > w(=) for cell length < 0.18
cm whereas in the OTS-coated cell, which has a cell length of 0.094 cm, we still have
wt) < w) | indicating that the light shift still dominates. In fact, in OTS-coated
cells, under any of our experimental conditions, we have not observed w(*) > w(=),
implying that the EPR frequency shift due to collisions with OTS-coated walls is not
detectable in the present experiment. The striking difference between the data taken
in RbH- and OTS-coated cells and the cell length dependence of the frequency shift
conclusively rule out any gas phase process as the cause of the observed frequency
shift, and unambiguously prove that the observed frequency shift is due to collisions
with RbH-coated walls.

The light shift dwjgn: from Eq.(4.2) is obtained by measuring w) and W) in an
OTS-coated cell (Fig. 4.4), in which the shift due to wall collisions is negligible. Thus
we have dwyign = A/2 = -2 x 240 rad s~ 1.

The frequency shift due to wall collisions in RbH-coated cells can be computed

from Eq.(2.21) for each value of L. For example, for L = 0.138 cm, we found from the
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in Fig 4.3 and Fig. 4.4 are the same and are described in the text.
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FIG. 4.4. The measured EPR curves in an OTS-coated cell under the same experimental
conditions as in Fig.4.3. The OTS-coated cell has the same Ny density as the RbH-coated
cell. The left curve corresponds to ot pumping and therefore w(*™). The right curve corre-
sponds to o~ pumping and therefore w(~). The shift between these two curve is equal to
twice the light shift.

EPR frequencies w(™) and w™*) that A = -27x 228 rad s~ (see Fig.4.3). Therefore
dws = (—A—=20wyignt) /2 = 2mx 354 rad s™! or 354 Hz. The EPR frequency shifts due

to wall collisions calculated in this way for each cell length L are given in Table III.

Table ITI. EPR frequency shifts dws /27 due to wall collisions in the RbH-coated cell.

Cell length L (cm) 0.138 0.158 0.175 0.200 0.212 0.227 0.243

dws /27 (Hz) 354 298 250 190 169 145 124

Therefore, using the dw,s shown in Table III for each L, we can numerically solve
Eq.(2.24) and Eq.(2.26) for u, and wu,, from which we obtain ¢, from Eq.(2.27). We
plot in Fig.4.5 the numerically calculated d¢; for each L. The computed values of d¢

increases with L. This is because the wall relaxation rate increases with decreasing L,
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and therefore the 8" Rb vapor and consequently the surface polarization, as well as, d¢s,
decreases with decreasing L. This is also consistent with the experimental observation
that the Faraday rotation signal which is proportional to the Rb vapor polarization,
decreases with decreasing L. In spite of the large error bars, the phase shift d¢, seems
to display saturation behavior as L increases. Physically this is probably due to the
following reason. When L is sufficiently large, the contribution to the total relaxation
rate from wall interaction becomes negligible, and the 8"Rb vapor polarization and

consequently the wall polarization, as well as d¢;, becomes independent of L.
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FIG. 4.5. The dependence of the numerically calculated average phase shift d¢, on the cell
length L.
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4.2.2 Broadening due to the Oscillating Magnetic Field (rf
Broadening)

In discussing the Faraday rotation signal in section 2.3.2, we neglected the spin re-
laxation. If we include relaxation due to other processes, the Faraday rotation signal

is given by [42]
W
(wo —w)? +wi+T27

S ~ (4.3)

where wy = B is proportional to the oscillating magnetic field amplitude and I' is
the relaxation rate due to other processes. One sees from Eq.(4.3) that in the presence

of the oscillating magnetic field the linewidth Aw, /, is given by

Awijy =T +wf (4.4)

The load resistor in the circuit that fed the ac current into the rf coils was adjusted
so that the variation in the impedance of the circuit during the scan of the EPR
curves was insignificant. Thus the voltage V' applied to the rf circuit by the function
generator was proportional to the amplitude of the oscillating magnetic field. This
was further checked using a small pickup coil at the cell location. Therefore Eq.(4.4)
can be written as

Awf/z =TI?+ a®V? (4.5)
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where we have written w; = aV. In order to obtain I' we measured the EPR linewidth
for four different voltages applied to the rf circuit. We plot the square of the linewidth,
Aw? /20 against the square of the voltage. The square root of the intercept yields I,

the relaxation rate in the absence of rf broadening. Thus I'/27 = 2.37 kHz.
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FIG. 4.6. In a RbH-coated cell the linewidths of the EPR curves was measured for four
different voltages applied to the rf circuit.

4.2.3 Paramagnetic Impurities

It is important to address the possibility that paramagnetic impurities on the surface
such as F-centers could play a significant role in the observed frequency shift. This

possibility can be ruled out as described in the following. Paramagnetic F-centers are
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known to form when alkali salt is heated in the presence of alkali vapor. We were
able to notice the formation of F-centers in the coating by the observance of a slight
darkening of the salt-coated cell, which was seen in the cell after ~ 1 year. Although,
we did observe F-centers over time, the frequency shift did not noticeably change.
There are two physical reasons as to why the F-centers are not contributing to the
observed frequency shift. First, due to the fact that we heat up and cool down the cell
slowly, the F-centers in the coatings can be reasonably considered to be in thermal
equilibrium. More entropy is gained if the F-center is in the bulk of the coating than
on the surface because thermodynamics does not favor surface F-centers. Since the
Rb atoms that contribute to the signal in our experiment only interact with the salt
surfaces, those Rb atoms do not interact with the F-centers in the bulk. Second, the
T of the F-centers in RbH, if we assume it is comparable to that in the much-studied
alkali halides, is ~ 107 sec [67], about four orders of magnitude shorter than the Tj
of Rb™ nucleus in the RbH salt. Therefore the F-center electrons are most likely not
polarized, and consequently cannot cause frequency shift.

It is well known that Rb atoms in the vapor can very easily adsorb on the walls
if precaution is not taken, and then become paramagnetic impurities. A detailed
study was made of this phenomenon [68]. To avoid these adsorbed Rb atoms it is
very important to always keep the cell body at a higher temperature, say 10° C or
more, than the stem, where the Rb metal is, and it is equally or more important to

maintain this temperature difference during (1) the heating-up so that Rb atoms will
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not evaporate from the stem and deposit on the cell walls and (2) the cooling-down
so as to make sure the Rb atoms will have time to diffuse to the coldest place, i.e. the
stem. In our experiment we maintain the body and stem temperature difference to
be more than 10 degrees, and the cooling-down time of the cell typically takes more
than five hours. Therefore the average time for a Rb atom to diffuse to the coldest

' = 1 sec. Therefore during the

spot (stem) is of the order of (4cm)?/30 cm?sec™
cooling down and heating up time Rb atoms can easily reach the coldest spot, the

stem, and will not condense on the cell walls.

4.2.4 Spin Diffusion

In contrast to DNP in which the polarization is generated in the bulk, for RbH the
polarization is generated on the surface. The polarization propagates into the bulk
through spin diffusion. Spin diffusion has been studied in connection with the spin
lattice relaxation [69-71]. Bloembergen showed that the spin diffusion constant is

given by [69]

D =Wa* ~ a*®/50T, (4.6)

where W is the spin-exchange probability between two neighboring spins in a crystal,
a is the distance between two spins, and 77 is the longitudinal relaxation time. Using
a=2x10"8cm and T} = 107 sec he finds the spin diffusion constant to be D ~

1072 cm?sec™!.
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The diffusion length is ~ +/DT}, where D ~ 107'2 cm?s™! is the spin diffusion
constant [69] and 77 is the spin lattice relaxation constant. For CsH , 71 ~ 100s and
therefore the diffusion length Ap is 0.1 gm. Using an NMR spectrometer the Princeton
group found the average bulk polarization to be 4 times the thermal polarization,
which is

21 v, hB B _5
T i 3.3x 10 (4.7)

<Kz >thorma1 -

Because the spin diffusion length is two orders of magnitude smaller than the sample
thickness, the polarization near the surface of the cesium hydride salt is 100 times
larger than the polarization measured by the NMR spectrometer.

For RbH T} ~ 0.1s and therefore Ap is 30 times smaller than for CsH. Thus, in
the RbH coating the polarization is contained in a surface layer about 30 angstrom

thick, and consequently the surface is easier to be saturated than for the CsH coating.

4.2.5 EPR Frequency Shift in the Absence of Light

In the experiment described above, the measured EPR frequency shift includes the
contribution due to collisions with polarized walls as well as that due to the Stark
effect. We devised an experimental method to be described in the following, which for
all practical purposes eliminates the contribution due to the light shift. The frequency
shift due to wall collisions observed using this method is larger since it is not offset
by the light shift, which has opposite sign.

In this case, the Rb vapor can be pumped either from F = 1 level only or from



85

both F' = 1 and F = 2 levels because the light shift makes negligible contribution
to the EPR frequency. To make sure that the observed frequency shift that had the
same sign as the helicity of the pump light was not due to light shift but due to wall
collisions, we also made sure that the F' = 2 pump beam caused a negative light shift
by slightly detuning it to the high frequency side of the resonance. As one would
expect, when the vapor was pumped from both FF = 1 and F = 2 levels, a larger
frequency shift was observed. This is due to the fact that the surface polarization
of the RbH salt is much larger due to the increased vapor polarization from two
beam pumping. The pump beams passed through an optical chopper, rotating at a
frequency of 2 Hz, and were blocked by the chopper for about 20 ms during each cycle
(see Fig. 4.7(a)). A weak s-polarized evanescent probe beam was used to detect the
polarization of the 3’Rb vapor. This was done by applying a weak oscillating magnetic
field, amplitude-modulated at 2 kHz along the y-axis. The oscillating magnetic field
induced Zeeman transitions in the F' = 2 level. Both the evanescent probe beam
and the oscillating magnetic field were always on. The time constant of the lock-in
amplifier was 3 ms. This time constant was dictated by the signal-to-noise ratio. The
signal had to be averaged 30 times when using a 3 ms time constant. Frequencies
of the oscillating magnetic field that were further away from the peak frequency of
the EPR curve especially needed to be averaged in order to obtain a sufficiently
good signal-to-noise ratio. We stepped the oscillating magnetic field frequency w and

recorded the Faraday rotation signal as a function of time (Fig. 4.7(b)) for each of
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these frequencies. We used the same method as described in section 2.41 in order to
obtain the Faraday rotation signal.

As the pump beams were unblocked the angular momentum of the 3’Rb vapor
was transfered to the RbH walls and the Faraday rotation signal started to recover,
eventually reaching the equilibrium value So.(w).

The EPR frequencies of 8’Rb atoms were measured by stepping the oscillating
magnetic field frequencies across the Zeeman resonance line. We note that at the
equilibrium value S (w) the Faraday rotation signal is at its maximum and the plot
of Seo(w) versus w yields the usual magnetic resonance line in the presence of the
pump beam. The decay part of the signal corresponds to the time period in which
the pump beam is blocked (the red segment of the signal in Fig. 4.7(b)). We chose a
point S;(w) on this segment of the decay signal for each frequency w of the oscillating
magnetic field. This resulted in the magnetic resonance curves in the absence of the
light shift. Each point analyzed on the decay signal for each w was chosen such that
the same amount of time t passed once the pump light was blocked (¢t = 0). By
plotting each of these points against the corresponding frequency w of the oscillating
magnetic field we obtained EPR curves in the absence of light shift. The EPR curves
obtained using this method for ¢ and ¢~ pumping light are shown in Fig.4.8 - 4.10.
The EPR curves in Fig. 4.8 and Fig. 4.9 used one beam pumping whereas the EPR
curves in Fig. 4.10 were obtained with two beam pumping. The fact that the EPR

frequency shift is larger in Fig. 4.10 is consistent with the fact that two beam pumping
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produces high vapor polarization and therefore larger wall polarization.
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FIG. 4.7. The resonance signal as the pump beam is being chopped. As the pump beam
is blocked the signal decays until the pump beam is unblocked.

To more clearly understand how this method nearly eliminates the contribution
from the light shift, we consider the phase shift accumulated by these 3’Rb atoms
when the pump beams are blocked at ¢ = 0 which is dwygni(—1"), where the 8"Rb
atoms that were polarized at time T (T < 0) would begin to accumulate phase shift
due to the light until the pump beams were blocked at t = 0. Thus, at time t the
probability for these 8"Rb atoms to maintain polarization is e~*=7)/7® /7~ and so

the average phase shift due to light shift at time ¢ is given by
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0
dPlight = / dar 5wlight(_T)e_(t_T)/TRb/TRb = 5wlightTRbe_t/TRb (4.8)

We can make the following interpretation from Eq.(4.8). We can consider the moment
when the pump beams are blocked, at ¢ = 0, in which case, from Eq.(4.8), we find
that the average phase shift of Rb atoms due to light shift is dwiightTr,. As ¢ > 0 there
is no longer any additional contribution to the phase shift due to the Stark effect,
thus as time goes to ¢ the phase shift decays as e™*/7® /7, Moreover, we deduce that
the average phase shift due to the Stark effect is zero, in that the points we select on
the decay section of the signal in Fig. 4.7(b) (in order to obtain our EPR curves) are
t > 10 ms and 7, ~ 107 s.

We have found that the EPR frequency shift due to collisions with polarized walls
increased with the density of the Rb vapor and the power of the pump laser as shown
in Fig. 4.11 and Fig. 4.12. This can be understood as follows. The frequency shift
due to wall collisions is proportional to the wall nuclear polarization, which in turn is
proportional to the angular momentum flux into the surface. This angular momentum
flux into the surface increased with the density and polarization of the Rb vapor. The

latter increased with the power of the pump beam.
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FIG. 4.8. The EPR curves for ™ and ¢~ pumping light, where only F' = 1 pumping was
used. The curves were analyzed on the decay part of the signal in Fig. 4.7(b) after the
pump beam was blocked. The EPR frequency shift A = 910 Hz.
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Chapter 5

Conclusion

Wall interactions play an important role in many atomic physics experiments. They
are one of the main spin relaxation mechanisms. Wall interactions can also cause a
shift in the magnetic resonance frequency. In this dissertation I studied wall interac-
tions on two types of surfaces: antirelaxation coatings and alkali hydride (RbH) salt.
The focus of my studies is on the frequency of the electron paramagnetic resonance of
the gas phase 8"Rb atoms due to the wall interactions. A non-traditional method was
used for these studies. I measured the EPR frequencies for ¢(*) and ¢(~) pumping in
a cell of variable length. The typical cell length is ~ 0.1 cm. One important feature of
the experiment is the use of an evanescent beam to probe the Rb vapor polarization.

In antirelaxation-coated cells the dependence of the measured EPR frequency on
cell length allowed me to extract the average dwell time 75 of a spin polarized Rb atom

on the OTS and paraffin surfaces. The dwell time 74 was found to be of the order of
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1 ps, significantly longer than the value reported in the literature. The measured long
dwell time was attributed to the porous nature of the antirelaxation coating, which
is typically composed of saturated long hydrocarbon chains. At a cell temperature of
72°C the dwell times for OTS- and paraffin-coated walls are 0.9 + 0.1 pus and 1.8 £
0.2 us, respectively. Since the relaxation probability on OTS is about one order of
magnitude larger than that on paraffin, the observation of a longer dwell on paraffin
seems to indicate that the average strength of the interactions experienced by the
Rb atoms while they are inside OTS is much stronger than the interactions they
experience while inside paraffin.

In RbH-coated cells, the surface of the RbH salt was nuclear spin polarized by
spin exchange with optically pumped Rb vapor. In these cells I observed a large
shift (~ several hundred Hz) in the EPR frequency of the gas phase 8’Rb atoms in
a millimeter-sized cell. By measuring the dependence of the EPR frequency shifts on
the cell length and by comparing the EPR frequency shifts in RbH-coated cells with
those in OTS-coated cells, I provided convincing evidence that the observed EPR
frequency shift is due to collisions with RbH-coated walls and not due to gas phase
processes. The observed EPR frequency shift is due to the Fermi contact interaction
between the s-electron of the adsorbed 8”Rb atom and the polarized nucleus on the
RbH salt surface. The measured EPR frequency shifts allowed us to calculate the
ensemble-averaged phase shift d¢, experienced by the Rb atom while adsorbed on the

walls. Under our experimental condition d¢, is about 70 mrad.
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The frequency shift due to quadrupole wall interaction causes a splitting of the
magnetic resonance line, which could lead to line broadening if different magnetic res-
onance component lines are not resolved. Magnetic hyperfine interaction, on the other
hand, as far as frequency shift is concerned, is equivalent to a magnetic field acting on
the spin polarized atoms. Therefore it can cause a systematic error in the magnetic
resonance frequency. Since the frequency shift due to wall collisions, unlike that due
to gas phase collisions, increases with decreasing cell size, this systematic error in the
magnetic resonance frequency, the magnitude of which has yet to be determined, may
not be completely negligible in high precision miniature atomic magnetometry. Even
though the Fermi contact wall interaction does not directly cause a line broadening,
indirectly it can through the following mechanism. The equivalent magnetic field de-
pends on the wall polarization, which in turn depends on factors such as the power of
the laser that pumps the alkali vapor. Therefore, fluctuations in the laser power can
potentially cause fluctuations in the wall polarization, leading to a fluctuation in the
equivalent magnetic field and consequently a broadening of the magnetic resonance

lines.
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