mfngéAﬂ N Western Michigan University

UNIVERSITY ScholarWorks at WMU

Master's Theses Graduate College

6-1964

A Measurement of the Spin Relaxation Time of Optically Pumped
Rubidium Vapor

Robert Oliver Breault

Follow this and additional works at: https://scholarworks.wmich.edu/masters_theses

6‘ Part of the Physics Commons

Recommended Citation

Breault, Robert Oliver, "A Measurement of the Spin Relaxation Time of Optically Pumped Rubidium Vapor"
(1964). Master's Theses. 4287.

https://scholarworks.wmich.edu/masters_theses/4287

This Masters Thesis-Open Access is brought to you for
free and open access by the Graduate College at
ScholarWorks at WMU. It has been accepted for inclusion
in Master's Theses by an authorized administrator of
ScholarWorks at WMU. For more information, please
contact wmu-scholarworks@wmich.edu.

WESTERN
MICHIGAN

UNIVERSITY



http://scholarworks.wmich.edu/
http://scholarworks.wmich.edu/
https://scholarworks.wmich.edu/
https://scholarworks.wmich.edu/masters_theses
https://scholarworks.wmich.edu/grad
https://scholarworks.wmich.edu/masters_theses?utm_source=scholarworks.wmich.edu%2Fmasters_theses%2F4287&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=scholarworks.wmich.edu%2Fmasters_theses%2F4287&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.wmich.edu/masters_theses/4287?utm_source=scholarworks.wmich.edu%2Fmasters_theses%2F4287&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:wmu-scholarworks@wmich.edu
http://scholarworks.wmich.edu/
http://scholarworks.wmich.edu/

A MEASUREMENT OF THE SPIN RELAXATION TIME OF
OPTICALLY PUMPED RUBIDIUM VAPOR

by
Robert Oliver Breault

A thesis presented to the
Faculty of thc School of Graduate
Studies in partial fulfillment
of the

Degree of Master of Arts

Western Michizan University
Kalamazoo, Michigan
June 1964



205164

ACKNOWLEDGMENTS

The author wishes to thank Dr. G. E. Bradley for
the generous time and devotion glven to thls research.
His efforts have greatly increased the scholarship of
the paper.

Special thanks to Robert B.‘Stephens for his
suggestions and ald in many phases of the problem,

To the author's wife, Annette, goes the deepest
gratitude for her patlence and understanding in trying
days.

ii



TABLE OF CONTENTS

CHAPTER
I TE PROBLEM AND DEVLLOPMINT OF ATOMIC

ENERGY LEVFLS e o' e e o o 8 o' @ o s G

The prOble e o'e o' 6" e o' ev0e'e o'.0 o'

Statement of the problem ‘¢ ¢ 6 «
Method of approach. « o« o o 6o o o &
Characteristics of vapor. « « «' o'

Atomic Energy Levels. « o o o o o ¢ .o

Fnergy levels due to R-S coupling .-

Fnergy levels due to external fleld
fOr I= 3/2 ¢« ‘e o '@ o e @a'e o e @

II THE 'OPTICAL PUMPING BROCESS « . . . . .
Transition PrObabilityo o o o 'e o o o

9

A probatility transition i1llustration 10

Detection of the pumped state v . '
Circularly Polarized Radiation. . . . .

Orlentation and miXiBs of the mp
sublevels of the §

Occupation probability of state k -
Absorption probability of state k .
Relaxation probability of state k

III  SPIN EXCHANGE COLLISIONS AND RELAXATION
Atomic Populations., % ¢« ¢ o ¢ ¢ ¢ + &

Number of available atoms « . + & &

Absorption by vibrational molecular
mOdGS . ° . e o -" ° Ky ‘o IS » . )

81/2 ‘e o ° o‘w

12

13

i
15

15
15
17
17
17

18



CHAPTER

Spin exchange collisions . « o o « o o &
Relaxation Process « o« o« « o« o o o ¢ o o o

Soin-flip reorientation, « w s & o =
Iv EXPERIMENTAL APPARATUS . « o s @ & ¢ o o o o
The excitation lamp. . ¢« « ¢« & + o o & &
The shutter. « « ¢« « ¢ o o w s & & o o o
Absorption cell. . o« & 4 o ¢ o o o o o o

Helmloilitz: ¢Oi1S. & % « o o o 0 o fg @ @
Radle fregucney field. s « & » #ha' # 4 =
Detection of the signal. ¢ s s « « o + &
Oscilloscope reproductions « o« o« « o o &
v DATA, CALCULATIONS AND CONCLUSION. . . .+ . .

Determination of the Zeeman transitions
Trequenciles.. s s » o & & @ @ » % = 5 W

Bloch cquationsS. o @ & o o o & Fus § o,

Measurement of the Spin: Dephasing.
Ti me ;] T2’ L[] L] L] L] L] L[] L] L] L] L] L] . L] L] L] L]

Measurement of the Spin-Lattice Relaxation
Time, T1 L[] [ ] [ ] L[] L] L] [ ] [ ] [ ] L] [ ] L] L] L] L] L]

Conclusion « ¢ ¢ 4 ¢ ¢ ¢ o ¢ ¢ ¢ o o o o o
APPENDIX A L] L] L] L] L] [ ] L] L] L] . L] . L] [] L] . L] L] L] L]
BIBLIOGRAPHY- . . ° [} o ° L] [} [} [ ] [} ] ] L] [} L] L R [}

iv

PAGE



LIST OF FIGURES

FIGURE PAGE
1. Vectorial Representation of Spin-Orbit coupling 4

2. Coupling, Precession and Projection of Total
anzular Momentum Vector F ¢.eco sovee o oces - 6

3. Atomic Energy Levels for Rubidium 87 in a
Weak Magnetic Field o v v 4+ o« ¢« « o « o o o « +» 8

4, ©Ensemble of Atoms in Three Enerzy Levels
Where X Designates a Particular Atom. « « . « o 11

5. Transition Probability from Higher to Lower
Ener‘sy Levels L] (] L] L] [ (] L] L] (] L] (] L] . L] L] L] L] 12

6. Rubidium Vapor Spin Relaxation Time as a
Function of Buffer Gas Pressure Under
Va.l“i OUS COI’ldi ti OnSo L ] ] . L[] . L[] . L] . ° [ . [] LJ 22

7. Block Diazram of Exnerimental Apparatus . . « . « 24
8. Two Pair of Orthogonal Helmholtz Coils. . . . « . 27

9. The Transient Modulation of the Opacity of an
Optically Pumped Gas Cell When a Resonant R-F
Field 1s Applied to the Bulb., « ¢« ¢« « ¢« o o o o 33

10. Time Increases from Left to Rizht in Units of
2% :mgec/dive. The Photocell Output Increases
from Bottom to Top in Units of 1. mV/cm. Cell
Temperature was 33°C., . . . . . S § el 3 e SEEER

11, The Decay Curve of the Rubidium Vapor
TFENSPRCEMCT & o » « s 0mie = @ & s o o s & ©® o B8

12. Decay Curve of the Spin-Lattice Relaxation
Ti me T 1 L] L] ° L] L] ° ° L] ° L] L] L] L] L] ° L] L] L] L] L] 38



CHAPTER I
THE PROBLEM AND ATOMIC ENERGY LEVELS

In 1949 Francis Bitter proposed a method for opt-
cally detecting radio frequency resonance. That same year
Alfred Kastler, Ecole Normale Superié;re, Paris, France,
introduced a technique, which he called "Optical Pumping",
of concentrating atoms in some of the Zeeman sublevels of
one of the hyperfine state levels of the ground state.
These two experiments are the basls of research involv-
ing optical methods of atomic orientation and of magnetic

resonance.

I. THE PROBLEM

Statement of the problem. It was the purpose of

this study to measure the spin relaxation times of rubld-
lum vapor atoms oriented by polarized resonance absorptio:

with neon acting as a buffer gas.

Method of approach. The optical pumping technique

was used for allgnment. The pumping radiation, consisting
of circularly polarized D1 resonance radiation, was’suddenly
shut off and then turned on again in some specified time
t. The relaxation of the vapor while the radiation was
off, caused the vapor to become more nearly opaque., The

1



rate of development of the opacity then determined the
relaxation time which could thus be measured. In opti-
cal pumping no transport of material is involved, but
rather a "pumping" of atomic spin orientations from an
equilibrium distribution over magnetic substates into a
nonequilibrium distribution in which a preponderance of
spins 1s aligned in a given direction, 1.e., parallel to
the direction of propagation of the circularly polarized
light,

Characteristics of vapor. There are two elements,

sodium and rubidium, on which optical pumping may most
easily be accomplished, Of these, rubidium pumping is
hampered by the lack of intense light sources, but other-
wise presents distinct advantages over sodium pumping.

'6mm) for

These are (a) sufficient vapor pressure (1.5 x 10
good pumping at 5500, in contrast to the 14000 needed for
sodium, and (b) the large sevaration of the Dy and Do
lines (7947 A and 7800 A, respectively) allowing effi-
cient removal of the Dy line by the use of interference

filters.1
II. ATOMIC ENERGY LEVELS

Energy levels due to R-S coupling. Rublidium, Z = 37

is an alkall metal which has thirty-six core electrons

with a single electron in its outer most (0) shell.



According to the Bohr model "only those orbits are permis-
sible for which the anzular momentum of the electron 1s an
integral multiple of ﬁ”, and only those electrons which
are outside the closed shells can be conslidered as contrib-
utingz to the ansular momentum., As the electron orbits, it
has an associated angular momentum called the orbital
angular momentum gliven by quantum mechanics to be: 'tJfﬁjﬁs
where 1 =0, 1, 2, 3, . « « An electron in the zround
state of rubidium may then be represented by n = 5 and

l = 0, with the first exeited state asn=5, 1=1,

As the electron of the rubidium atom revolves, it
also spins or rotates about its axes. The anzular momen-
tum of the electron due to its svin, K\ERQEB , has the
spin quantum number s and the value of one-half, Since
rubidium has only a single outer orbital electron, the
projection of s with respect to a vertical magnetic field
vector ﬁ has as a value for parallel spmin (vector pointing
up), mg = +1/2 and for anti-parallel spin (vector pointing
down), mg =-1/2.

In the calculation of the total electronic angular
momentum, J, for one electron the vector sum of g and i
is used, i.e., 3 =1 + s. The vectorial precession about
3 is due to the magnetic interactions of the magnetic
moments. Since in the case of rubidium atoms, the total

srin anzular momentum, §==§si, and the total orbital



angular momeﬁtum, ?, :fli y 18 for one electron then the

total angular momentum of the electron, 3, 1s J = ; + I.

;
>
FIGURE 1

VECTORIsL REIRESENTATION OF SPIN-ORBIT COUPLING

For the ground state designatipn, n =5, L =0, 8 = 1/2
and thus J = 1/2,
In the historical development of spectroscopy, the
notation for electron conffguration was given as:
i By s B By Hs & +
S P DF G ...
The number of possible values of J, due to the multipli-
city of the state is written as a superscipt and the
total angular momenta J written as a subscript. For
rubldium, 5281/2 represents the ground state and 52P3/2,
52P1/2, the first exclted states. The energy difference
of the two P-states arise because of the spin-orbit
interaction. These two states of different total elec-
tronic angular momentum differ in energy and glve rise

to the famlllar doublet structure in the spectrum of

rubidium,



Because of the existence of nuclear spin, the
ground state and all other states may be additionally
split into a number of substates, the hyperfine states,
These states have slightly different energies, arising
from the interactions of the electron (magnetic moment)
with the nuclear magnetic dipole moment., The discrete-
ness of the eneray states of this hyperfine structure
arises from the quantum-mechanically allowed orienta-
tions of the nuclear ancular momentum E and the total
electronic angular momentum 3. According to the rules
of quantization, the allowed combinations are such that
the total angular momentum of the atom, f, takes on the
inte:ral values F = II + J , IE ed 20, . 5 %5 I -J
only.® For rubidium 87, I = 3/2 and for rubidium 85,

I =5/2. The develooment in the next section is for
rubidium 87 and the develonment of rubidium 85 is similar.
The addition of the total electronic anzular momentum,

J, to the total nuclear anzular momentum, I, iec then
given by B =0 & 4 where; F =1, 2 for J =1/2, and F =

1, 2, 3 for J = 3/2,

Enercy levels due to external field for I = 3/2.

A etill further splitting of energy levels (the Zeeman
snlittinz of the hyverfine =tructure levels) may be pro-
duced by application of an external magnetic field. This

snlittine arises from the different enercies associated



with different orientations of the magnetic moments of a
given F with the external field H and is directly pro-
portional to the magnitude of H in the low field limit,

In a very weak magnetic field, the vector F precesses

2

about the direction of the magnetic field. The pro-

Jection of F on the direction of H, which is m can

F)
assume values differing by unity and ranging from F to

-F, glving 2F + 1 values,

FIGURE 2
COUPLING, PRECESSION AND PROJECTION OF
TOTAL ANGULAR MOMENTUM VECTOR F.

The energy levels for the ground state and first ex-
cited states of a rubidium atom with nuclear spinI =
3/2 are shown on the following page. Transitions
between different F levels, the so called hyperfine
transitions, will involve absorption or emission of
magnetic dipole radiation, with the attendant rule

oF = 0, #1. Transitions between different mp levels,



(with F remaining constant) comprise the Zeeman transi-

tions, with the attendant rule‘L\_mF =0, £ 1. It sholld
be noted that on thls dlagram the spacing between energy

levels 1s not to scale, and for simpliclity the Zeeman

splitting of the 52P3/2 state 1s not shown.
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CHAPTER II
THE OPTICAL PUMPING PROCESS

The efficiency of alignment by the optical pumping
technique involves three factors: (1) transition proba-
bility; (2) occupation probability; (3) circular polariza-

tion of the resonant radiation,
I. TRANSITION PXROBABILITY

Atomlic systems may be described as existing in sta-
tionary states, each of which corresponds to a definite
value of the energy, and thus characterized by a quantum
number of the energy. When two or more states have the
same energy the level 1s called degenerate, and the number
of states with the same energy is the multiplicity of the
level., Transitions between energy states may occur with
attendant emission or absorption of energy as radiation,
or with the transfer of energy to or from another system.
The frequency of the radiation emitted or absorbed by the
system is ziven by Bohr's frequency relation, hy¢ = E5 - Ey,
where E, and Ey are the energies of the states between
which the transition takes place and h is Planck's con-
stant.

The level of the system with the lowest energy is
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called the ground level, and every other level is an ex-
cited level., An atom in the ground level can only absorb
radiation. When the atomic system is not in the ground
level, 1t may spontaneously change to a lower level with
the emission of radiation. The prokablility that an atom
in level 1 will spontaneously change to the lower level

J within a unit of time is called the spontaneous transi-
tion probabllity and 1s denoted by the Eilnsteln coeffl-
clent Aij' Between multiple levels the probability of
all transitions tecomes gﬁz,Aij summed over all state
pairs involved, 1If thefz ii a large collection (ensemble)
of atomlc systems and a4 1s the number of the systems in
the 1th level, the number of transitions tor level J will
be j{giAij per second. Spontaneous radlations will emerge
from‘Ehe atoms of the assembly in a random phase; there-
fore the assembly of independent gas atoms 1s sald to
emit this radiation as an incoherent source.4 In absorb-
ing energy (or in transitions to higher energy levels)

the atoms absorb photons from a beam of radiation produc-
inz an absorption spectrum in the transmitted light. In
the reverse process (transitions to lower energy levels)
the atoms emit photons producing an emission spectrum.

In general, atoms in the form of a gas or vapor exhibit

sharp emission or absorption lines.

A probability transition illustration. Popula-



tion redistritution 1n energy states due to absorption
of resonance radiation may be demonstrated with an en-
semble of atoms having three distinct energy levels,
Ey, Ep, E3, vhere the energy difference between the
levels 1s hy = Ey -Ep, myn. When the ensemble of

atoms 1s exposed to radilation of frequency y = EI - E4

photons of 1light will be absorbed by atoms in state

Eqy and transitions to level E3 will occur.

E3

XXXX E,

XX By

FIGURE &

ENSEMBLE OF ATOMS IN THREE ENERGY LEVELS
WHERE X DESIGNATES A PARTICULAR ATOM

1"

The average time that the atom remains in Ez 1s the mean

life for that »narticular state. Reraadlation of the ex-

cited atom to a lower state, E1 or E2, may occur with
probabilities of the same order of magnitude. Since
any atom after returning to E; may absorb photons of

light and no atom in Ep will absorb that frequency,

given enough time the atom will terminate in the E, state

and the material is then considered to be "optically

pumped” from state Fy to state Ep via state Ez. After



12

pumping, nearly all of the atoms will be found in Es if
the pumping rate is substantially greater then the spon-.

taneous transition rate Ez2——E¢.

0000 Eq
i a
} 1’
L0
. v b
XXX XX Ej
‘,v
XX By
FIGURE 5

TRANSITION PROBABILITY FROM HIGHER TO LOWER ENERGY LEVELS

Detection of the pumped state., A simple method

for the detection of the pumped state was developed by
H., G. Dehmelt® at the University of WVashington, and is
the technique used in this nroblem, The method devends
on the fact that the transparency of the sample to the
light beam varies with the population of state E1. As
atoms arec removed from state E1, the material can absorb
less and less of the pumping radiation, and more of the
radiation passes throuzh reaching a maximum when state
Ey 1s empty. If some of the atoms are suddenly returned
to state E1, transmission light will azain be absorbed

and the intensity of the transmitted beam will drop
sharply.
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II. CIRCULARLY POLARIZED RADIATION

If the pumping radiation is circularly polarized,
i.e., the intrinsic photon angular momenta are parallel
to the direction of propagation, then absorption of a
photon by an atom will lead to a net zain of one unit of
angular momentum by the absorbing atom in the direction
of photon motion.
Absorotion of left circularly volarized quantum
of Dy radiation by an atom in the F = 1, mp = -1 sub-
state, can thus lead to a substate with Dp = O in the
52P1/2 exclted state. When this state reradiates to
the ground state, the dipole radiation rules permit
rOp = 0, =1 with equal probability, so that the atom when
returning to the ground state has a probability of two-
thirds to return to a state with a greater value of
mp than it originally had. 1If no appreciable redistribu-
tion of the population in the various mp levels occurs
between absorption and reradiation of the atom, in time
an excess of atoms would be "pumped" in the F = 2,
mp = +2' ground state level, giving alignment of the

atomic spins.

Orientation and mixinz of the LS levels of 5281/2.

A partial orientation of the rubidium vapor by optical

punping with circularly polarized resonance radiation
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may be obtained even 1f both D; and Dplines exist in the
pumping radiation, If the D, (7800 A) line 1s filtered
out, a larzer orientation i1s possible because the mecta-
nism cecontrolling the orientation process 1s indepzsndert
of the degree of random reorientation in the excited
state.6 If left eircularly polarized ( ¢ +) radiaticn
i1s utilized, the selection rule, eDp = +1 applies to
absorption. The hlghest value mp may attain in the
5251/2 ground state is mp = I + 1/2. Since radiation
inducing transition to the 52P3/2 state (D, 1line) has
been filtered out, the mp = I + 1/2 substate of 5231/2
cannot undergo transitions because for mp = +2 a
alp = +1 would require a mp = 43 state which is not
permitted. Had pumping to the 52P3/2 state not been
prohibited, in addition to the mixing of the magnetic
sublevels, absorption of Dy radiation by the ground
substates would cause a decrease 1n the polarization
of the sample and thus reduce the efficienoy of the
technique,

Excent for the F = 2, mp = +2, a nonabsorbing
level, all the remaining 4I + 1 mp states of the 5281/2
level for rubidium 87 may abserb the circularly polarized
resonance radiationy W, Franzen and A, G, .Emslie have

revported:



If the pumping radiation is sufficlently
intense and the relaxation time i1s suffi-
clently long, the entire population will be
found 1n the single nonabsorbling mp = +2 sub-
level of the ground state. This condition
corresponds to complete orientation of the
alkall atoms, with the nuclear and electron
spins bgth aligned along the axes of quantl-
zation.

Occunation probability of state k. It has been

shown that the occupation probabllity pk(t) of an atom
in the kth state may be ottalned by a solution of eight
simul taneous differential equations of the form, for

rubidium 87 only, of
8 v 8 s

B = =, (byy + wyy) pe+ ) (Dyy + vy By
k=1, 2, i 8, where bij'Ts the probablility per unit

time that an atom 1n substate 1 of the ground 5281/2
state has undergone a transition to a substate J of the
5231/2 state by absorption and re-emission of a photon,
and Wy g 1s the probablility per-unit time of the relaxa-
tion occuring between states 1 and J, The diagonal
terms, ) = k and 1 = k, represent the transition of an
atom in the kP gstate of the ground state to an excitec
state and then back to the k'P state glving no change
in the net occupational probability, hence dlagonal

terms should be omitted from the sum,

Absorption prambllity of state X. Thogé terms

of the preceding sum that affect the total absorption
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probabil¥*ty, assuming that the occupatlonal probatilities
of the levels are equal do not include the diagonal term
transitions because of the discriminatory nature of the
circularly polarized incident radiation. Since the
absorption probability per unit time has been given as
%%bkj for an atom in the k'h state, the total absorp-
tion probabtility of all states will be %‘%Zbkjpk Since

Py = 1/8, for rubidium 87, the average abtsorption

probability per atom per unit time is Ayy = 1A3£fgkj
kJ

Relaxation probability of state k. The collision

of a rubidium atom with another rubldium atom, causing
an exchanze of electrons with opposite spin, and the
collision of an atom with the wall of the container,
producing a reorientation are the causes of the relaxa-
tion. For rubidium 87, atoms that are 1n the F = 2,

mp = +2 state there 1s equal protability of transition
to any of the other seven magnetlc substates. Thus

the probability that relaxation will occur is given

by 1/8 T where 8 is the number of possible substates

and T is the relaxation time,



CHAPTER III
SPIN EXCHANGE COLLISIONS AND RELAXATION

When the pumping radiation passing through the
absorption cell is abruptly cut off, the rubidium vapor
begins to lose 1ts polarization due to collisions with
the cell walls and with other gas atoms. An inert gas,
such as neon, has little tendency to produce depolariza-
tion during collisions and may be used as a "buffer gas"
whose function is to increase the time required by the

rubidium atoms to diffuse to the walls of the chamber,
I. ATOMIC POPULATION

Number of avallable atoms. The chemical defini-

tion for the heat of dissociation (discociation energy),
D, of a diatomic molecule AB is the wvork (ev) required
to dissociate the molecule from the lowest level of the
electronic zround state into two distinct normal atoms,
A + B. This energy has been shown7 to be .46 + ,05 ev
for Rbpy. A calculation of the translational kinetic
energy ior a rubidium atom gives, KE = %kt = ,0417 ev
at 323OK. By using the bond dissociation energy one

can determine how many of the particles are atoms and

b4
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how many remain in the molecular state., By letting

X, = kT/D, then for the rubidium vapor in this probl:m,

2 ('x' X
fz2l+2 wne¥0 .2 e dx =1
(< v~
With £ = 1, then fifty per cent of all the particles

have energies sufficient to become dissociated into
atoms. By taking Avogadro's number, No' as the number
of molecules per gram-mole then the number density ol

an ideal gas at standard temperature and pressure ls:
23 LS
52 = Nog = 6,023 x 10 = 2.7 x 10 particles
7 v 22.4 x 10° EraE=Cl

The vapor pressure, given in Chapter I, is 1.5 x 10'50m,

at BOOOK, g0 that. the particle density inside the absorp-

tion cell, at this specific vapor pressure is n = 2.7 x

19 (1.5_x 1073)

10 76 — =5.3 x 1012 particles. 3ince it

has been determined that two-thirds of these particles
are atoms and one-third are diatomtc molecules, there

2

are 5,3 x 1012 atoms/cm3 and 2.65 x 10 molecu;e:,me

sogorption by vibrational molecular modes. By

elementary mechanics, a partlicle of massu , acted on by

a linear restoring force, -kx, vibrates with a frequeacy

‘, -~

i\\t?

’fTV,}Z Thus the frequenay of oscillatlon for a

<
diatomic molecule is V"Z" Z“ L. wWhere the propor -
/L'(.

-2
tionality constant kK = 2a D Rhas been expanded 1in a

Tavlor series of (r-rg), the interatomic displacement.
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Since the charactecristic temperature of vibration is

Q"-‘
=2 Yihen & = B ‘re—éfgwhere D is the dissociation
sk R T~ It

enerzy and ais a c%nstant determined by the curvature
about the minimum of the potential curve. Applying
the vilues of h, k, 4y, and -4’2,5 = 100°K, which is the
characteristic temperature needed for vibrational

energy level excitation, 1t can readily be seen that

the wavelength N = .5. = ;‘5‘;’—" = 1,430,000 4 1is
(R~

located in the extreme part of the infra-red and hence
has no affect on a 3-1 (8000 A) spectral response
detector tube, and the presence of a large number of
rubidium diatomic molecules in the sample should have

no affect on the atomic system and may be ignored.
II. SPIN EXGHANGE COLLISIONS

There are three kinds of depolarizing collisions
that may occur, (1) a rubidium atom may collide with
the absorption cell wall and may be assumed to rebound
from the wall with an equal probability of being in any
of the elght magnetic substates of the ground state,
thue contributing no net polarization: (2) or the
collision of a rubidium atom with an inert buffer gas
atom causing very little, if any, depolarization because
of the spherical symmetry of the inert gas atoms: (3)
or a rubidium atom may collide with another rubidium

atom and exchange electron-spin coordinates with 1it,
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In this third type of depolarization, L. W. Anderson
and A. T. Ramseyig of the University of Wisconsin have
found that the polarization of the sample is not des-
troyed by the spin-exchange collislons but instead 1is
merely redistributed because the z component of the
angular momentum is a constant of the motion., Because
spin-exchange collisions with buffer gas atoms have
small probability and the buffer atoms inhibit diffu-
sion to the walls, the addition of an inert gas in-
creases the relaxation time of the rubidium atom. The
amount of increase is dependent on the buffer gas
pressure., Figure 6 shows the relationship between the
relaxation time of rubidium and five different buffer
gases, as determined by W. Fr'anzen.10 He has interpreted
the results such that at lower buffer-gas pressures
the buffer-gas inhibited the diffusion of rubidium to
the wall of the container, thus causing a rise in the
curve. The decrease of the curve at higher buffer-gas
pressures is due to disorienting collisions of the

rubidium with the buffer-gas.
ITII. RELAXATION PROCESS

Spin-flip reorientation., The Hamiltonian describ-

ing the spin-flip transition probability of an alkali

atom's outer s (1 = 0) electron has been computed



21

using the application of first-order time-dependent

d &

perturbation theory by R. A. Bernheim of Columbia

University, and has been shown to be y » Z??g 5
eff ] 9155

where J is the total angular momentum of the collid-
ing pair of atoms about their center of mass, S 4 is
the spin of electron j and }; is a constant which may
be evaluated by using the préportionality theorems
used by Van Vleck'? in his treatment of coupling of
angular momentum in molecules. 8ince it has been
assumed that the disorientation arises from a2 spin-
flip of the rubidium atom's single outer electron
during collision, the total electronic angular momen-
tum, J, becomes the common factor associated with

the disorientation and relaxation processes.,
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CHAPTER IV
EXPERIMENTAL APPARATUS

The experimental apnarntus used in this problem
is shown in block diagrz2m form in Figure 7. Resonance
raclation was directed through 2 circular polarizing
filter ond 2 Dy line filter onto the surface of an
absorption cell containinz rubidium vanor. The trans-
mitted light was then detected by 2 photocell whose
output signal was directed into a low nolse, d-c coupled
cathode follower (fppendix A) 2nd shown on an oscillo-

SCOME,

The excitation lamp. A small electrodeless bulb

containing rublidium and argon was inserted in the coil
loop of 2 radio frequency oscillator. The oscillator
w2as designed to produce fifty watts of r-f power at one
hundred megacycles. It contained a 829B dual pentode
transmitting tube connected to a parallel resonance

line with a single loop in the end, The physical advan-
tage of tke single loop is that there 1s 2 small voltage
drop acroes the loop end of the line with large current
surges producing magnetic fields around the bulb, thus
increasing the stability of the light source.

A d-c connected heating coil placed inside the

23
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bulb chamber provided regulated heating of the rubidium
bulb. The optimum temperature giving the best results
was found to be 170° + 20°C. The operation of the lamp
outside the specified temperature limits was found to
cause weaker light intensities and increased light fluc-

tuations,

The shutter. A Packard No. 6 shutter, purchased

from Michizan Photo Shutter Company, Kalamazoo, Michigan,
was used to stop the light flow and to allow the rubidium
atoms to decay in the dark. The shutter has a four inch
diameter and was connected by a thin wire to a solenoid

placed a distance of four feet away.

Filters. Two distinct filters were used: a Dy
line filter which permitted Dy radiation to pass through
but filtered out the Dp (7500 A) line, and a circular
polarizing filter. The circular polarizer was purchased
from the Polaroid Corporation, Cambridge, Massachusetts.
It consists of a polaroid HN7 plastic laminated linear
polarizer and a 210 # 20 myy retardation plate. Maximum
circular polarization was achieved by allowing red light
to pass through the linear polarizer and retardation
plate and f211 on the face of a highly reflecting metal
sheet. The quarter wave ratardation plate was then

rotated with resvect to the polarizer until the minimum
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amount of reflected light came back through the circular

polariaing filter.

Absorption cell. The absorption cell was spherical

and made out of Pyrex glass. It contained both the neon
buffer gas and the rubidium vapor. The neon was obtained
im a epectroscopically pure grade from the Linde Air
Products Company. The absorption cell was housed in an
oven approximately one cubic foot in volume. The oven
was made from a light asbestos pressbozard, Martinite,

To eliminate reflected light transmission, the inside of
the oven was sprayed with black paint, The oven tempera-
ture was regulated by two electrically heated coils. A
d-c source provided the power for the heating elements
and reduced sixty cycle nolse that would otherwise be

introduced.

Helmholtz &oils. The absorotion cell was located

at the center of two pairs of orthogonal Helmholtz coils,
as shown in Figure 8.

The horizontal pair of coils was used to compen-
sate for the vertical component of the earth's magnetic
field. Since the dip angle of the earth's field is of the
order of 730 in Kalamazoo, Michigan, where this experiment
was performed, the earth's field is nearly vertical. A

dip needle placed at the center of the system determined



FIGURE 8

TWO PAIR OF ORTHOGONAL
HELMHOLTZ COILS
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the value of the current needed through the coils to
balance out the vertical component of the field, It has
been shown10 that if the vertical component of the earth's
field was not compensated for less efficient pumping
alignment of the vapor would take place and the light
intensity would return to the value of the unpolarized
state when the ehutter was opened,

The vertical palr of coils provided a static exter-
nal magnesiec field, ﬁo, through the absorption c€ll. The

magnitude of which may be determined from: gy - 4uN I r°
o ,=—F—A— , 3/2
I
where N = 298 turns and r = 58,5 centimeters. Applying
the values for N and r, Ho = 7.3 I.
The axlis of the system was directed along a magnetic

meridian of the earth's ficld inside the room.

Radio frequency field. The method used for the

initial determination of the alignment was that of Zeemgn
transition resonance. A radio-frequency field was pro-
duced by o circular coil, four inches in diametcr,
placed around the absorption cell and orientated at right
angles to Hpe The radio-frequcncy was chopned at a rate of
15 cycles per second.

The r-f field produced by the coll was produced
by a Type 1211-Unit Oscillator which was purchased from

General Radio Company, West Concord, Massachusetts,
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Detection of the signal. The light, after pass-

ing through the absorption cell, is monitored by three 9.8
phototubes whose current 1s proportional to the trans-
mitted light. The interruption of the light by the shutier
causes the photocurrent to drop to a lower valve. When
the shutter is opened the photocurrent rises to a value
that 1s proportional to the transmitted light. This value
will be somewhat less than the steady state condition
optical pumping provides. The radiation then pumps the
sample back to the steady state condition. The signal
voltage 1s sensed by a cathode follower whose output
matches the cable impedance. The signal was d-c coupled
and displayed on the face of a Tektronix 503 oscillo-

scope.

Oscilloscope reproductions. Permanent images

of oscilloscope tracings were obtained with the aid of a
Dumont Type 271-A oscillograoh-record camera. This came-a,
especlally desizned for obtaininz oscilloscope pictures,
was attached to a ligzht hood which was clamped on the
oscilloscope face. A lens speed of f/3.5 was used with

a manual shutter. The film used was Panatomic X developzad

in Kodak D-76.



CHAPTER V
DATA, CALCULATIONS AND CONCLUSION

One of the fundamental calculations necessary to
the unification of this problem was that of determining
the values of the resonance frequencies for Zeeman

transitions of rubidium 85 and rubidium 87.

Determination of the Zeeman transition frequencies.

In a weak magnetic field the spacing between the differ-
/
ent maznetic states is ziven by the Lande splitting factor

gp=6; F(F+1) - I(I+1) + J(J+1) '+ By F(F+1) +I(I+1) -J(J+%)

2F(F+1) 2F(F+1)

which may be approximated as gFEgJ F(F+1)-I(I+1)+J(J+1)
2F(F+1)

2 ~
since 81 = _1 8ne For J =1/2, F = 2, gn=g 1
2000 ¥ F=20 5173

and the eneragy 1is ;iven13 as E = gF«ﬁ%Ho or the frequency

asung/4H
———E%—g* where (4, 1s one Bohr magnetron, HO p A

the external field and h is Planck's constant.
For rubidium 87, 8; =2, 8p = 1/2,

y =1/2(9.273 x 1072')

(H,) = 7.04 x 10° x 1.82 =
6.6 x 10=<f

1:28mc, where Hy = 7.3 I = t.82". gauss for.I = .25 amperes.
' For rubidium 85, gp = 1/3, Mc=2/3/g 850 ke, which

is the frequency of the Zeeman transitions. Experimentally

30
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)és was found to be 525kec and 087 = 825kec. The diifer-
ence in the values is within the precision of the ammeter.

The natural resonance frequencies for the hyper-
fine transitions have been found13 to be I87 = 6834mc

and bé5 = 3035 mc.

Bloch equations. There are several methods for

expressing the rclaxation times in both nuclel in solids
and atoms in a vavor. One of thesc methocds was proposed
ty Fclix Bloch in 1946. He derived a set of phenomenolozi-
cal equations which described the behavior of inter-
acting nuclear par'amagcnts.14 Into these equations two
relaxation times were introduced, T1 revresenting the
s»in-lattice interaction anéd Tp representing the spin-
spin interactions. The underlying physical consid<ra-
tion is that when nonequilibrium of magnetic substates
exists, the maznetization vector, &, which 1s the mag-
netic moment per unit volume, may tend to precess arounc
the external static magnetic ficld vector with an
anzular frequency ;Q:fx;g. Tke relaxation time, T4,
causcs the nonequilibrium rmaznctization vector to tend
exponentially in time toward a thermal equilibrium state
My. The z-component of M will zrow toward M, directed
alonz the z axis and with a mazinitude determined by the
random distribution of swins as Ziven by the Boltzmann

distribution function. The result is thc Bloch
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equation:

dl“/i: (I}xl&) -l—(Mx +My) + (Mg "MO)S
_t L T2 T

1

where My 1s the magnetlization vector at thermal equill-

brium.
'
I. MEASUREVENT OF THE SPIN DEPHASING TIME T2

The mechanisms producing Té may most readily be un-
derstood 1f one considers the following argument.,

When the rubidium atoms in the absorption cell are
optically alined to an external static field, the bulk
maznetization vector of the maznetic moments of the atoms
will be pointinz alonz the direction of the external field
vector ﬁo. If an r-f field, Hi, is appnlied permendicular
to ﬁo’ the bulk maznetization vector, M, will precess
around 51. When M is varallel to the direction of the
11 zht 1t corresnonds to a polarized state mp = +2 and
cannot absorb radiation, tut when M precesses throuzh an
anzle O 180° 1t is anti-parallel to the light flow (and
ﬁo) which corresnonds to a radiation absorntion condi-
tion of mp = -2. Thus small sinusoidal fluctuations in
the optical transparency of the vapor would be produced
as ﬁ periodically precesses around §1. But constant
am»1litude fluctuation i1s a hypothetical situation since

1t assumes homozeneity of Hy through out the entire
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absorption cell. FExverimentally it was assumed that M
precesses around ﬁ1 with g Larmor frequincy ux::gﬁ1. If
there exists a field inhomozeneity, nHy, then a corres-
ponding e will occur and M will tend to "fan out" (dephe se)
in a cone around it. The loss of phase coherence in the
compnonents of ﬁ, due to the field inhomogencity of Hj,
causes the sinusoidal representation of M to decay.

4
(Figure 9) The characteristic time of decay is Tp.

FIGURE 9

THE TRANSIENT MODULATION OF THE OPACITY OF AN
OPTICALLY PUMPED GA= CELL WHEN A RESONANT R-F
FIELD IS APFLIED TO THE BULB.
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Since the decay curve of T2 is exnonential, it can be

«
reprcsented mathematically by I = Ioe—t/Tg, where I 1s

the intensity (amplitude) and t is the time.

FIGURE 10

TIME INCREASES FROM LEFT TC RIGET IN UNITS OF 25 msec/div.
TKE PHOTOCELL OUTPUT INCREASES FROM BOTTOM TO TOP IN UNIT:
OF 1 mV/div. CELL TEMPERATURE Wis 33°cC.

The logarithm (base €) of the averaze decrement of

the decay is given by 4 = 1n [( % (Y1/Yp + Ypo/¥ + Y3/Y4Y
The spin <iepllasir1g time, Tg, is then ziven by

T£': t*/&hwhere t¥% 1s the averaze time interval of the

7
logarithmic decrements. With t¥ = 75 mscec, T2 was found to

be 82 msec.



35
IT. MEASURZI}INT OF TEE SPIN-LATTICE RELAXATION TIME Ty

A family of curvcs showinz the decay of the absorp-
tion cell transparcncy due to volarization decay is pre-
sented in Figure 11. The curve connecting the "recovery"
traces represents the transmarency of the rubidium vapor
as function of the time the shutter is closed. This curve
is exnonential and is assumed to be proportional to the

decay of the sample,

FIGURE 11.

THE DECAY CURVE OF THE RUBIDIUM VAPOR TRANSPARENCY. THIS
PHOTOGR.:.iH WAS TAKEN UNDER Thi FOLLOWING CONDITIONS:
BUFFER GAS, NEON AT A PRES3URL OF .5¢m OF HG: CELL
TEL.fZRATURE, 55°C, OSCILLOSCOPE SUEEF USED, 500 msec/
SCALE DIVISION
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The decrcase in the transnarency of the cell is assumed
to follow the exponential law I = Io(1_€'Aﬁ), whcre I is
the decrease in the transparency of thc cell and I 1is
the decrease in the transparency of the cell from the
steady-state value to the limitinz value which thc curve
approaches asymptotically. Figure 12 shows a plot of

an(Io—I) verses time. The slope of this line is the
To

decay constantA . The averaze rclaxation time, Ty, is . -

™M = 1/)h« 48 t =0, (IO:E) £ 1. This discrepancy is
0

probakly due to the loss in time accumulated in opening
and closinz the shutter. The measured value of the relaxa-
tion time, T1, using ncon as a buffer gas, at a temperature
of 5500 (which corresnonds to a vapor pressure of 3 x

10~0mm of Hg) was found to be 1.21 sec.
III. CONCLUSION

The object of this study was to determine the relaxa-
tion times of a rubidium vapor usinz neon as a buffer
gas. The spin-lattice relaxation time T1, was found to
be 1.21 sec at 55°C.

Provosed projects for futurec work include the
determination of the spin-lattice relaxation time under
various temperatures and with various densitics. The

determination of Ty using other buffer zases has also
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been suggested. By varying the experimental conditions

the frequency of different types of collisions leading
to relaxations may be controlled and the disorienting

interactions may then be studied independently.
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APPENDIX A

The circult dlagram for the phototube detector used
in this problem 1s shown below. It consists of three 918

phototubes and a d=¢ coupled cathode follower.

918

./ + 90

L 6DJ8
\ fJ—v |
.__——_i’/// AN\

10 M

-

To Scope
90 V. >

T
v ! 2000 ohns
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