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ABSTRACT

Part One presents a determination of the magnetic
moment of the proton in water in units of the Bohr magneton.
By comparing the electron spin flip frequency of atomic
hydrcgen in a hydrogen maser with the NMR frequency of pro-
tons in water we have obtained gj(H)/gp' = 658.216 00°21(69),
representing an accuracy of 10 parts per billion (ppb).
From this we obtain up'/uB = 0.001 520 952 983(17) (11l ppb).
Our result differs from the previously accepted value by
150 ppb.

Part Two presents measurements of the velocity depen-
dence of the cross section for fine structure transfer col-
lisions. Transfer between the fine structure components of
the sodium 3P states induced by collisions with neon and
argon has been studied. We find good agreement with theo-
retical predictions for the Na-Ar collisions and sharp dis-

agreement for Na-Ne.



TABLE OF CONTENTS

ABSTRACT . . - . L] L] . - - L] - - L] - - - - .

LIST OF FIGURES AND TABLES . « « « « o o & &

II.

III.

Iv.

PART ONE

Magnetic Moment of the Proton in H

INTRODUCTION + ¢« « « ¢ o ¢ o « o o o =

THEORY OF THE EXPERIMENT . . . « « « &
IT.1 Method of Measurement . . . . .
I1.2 High Field Hydrogen Maser . . .
II.3 NMR TheOXry « ¢ o o o o o o o o =

II1.4 Fourier Transform Analysis . . .

APPARATUS AND EXPERIMENTAL PROCEDURE .

- III.l blagnet . - . L] L] . L . » L] - . -

III.2 Sample Holder . .« ¢« « ¢ « o « &
I11.3 Sampla Translator . . . . . .‘.
IIT.4 Microwave Cavity and NMR Coil .
IIT.5 Electronics and Data Acquisition

ITL.6 ProcedUlre =« o o o o o o = o ¢

RESULTS AND ANALYSIS . « « ¢ « o o o &
Ivil Plan e . * L 4 * - . . L] L] ° L] . .

IV.2 Analysis of the Electron Signal

A4

12

17
17
18
23

24

30
30
30
36
39
42
47

54
54



TABLE OF CONTENTS (continued)

IV.3 Analysis of the Proton Signal .
Iv.4 Corrections . . . . . . ; . . e

IV.5 Final Results . « « « o o o o &

V. DISCUSSION .« v o ¢ o o o o s s o o
V.l Previcus Work . « « « o o o o =
V.2 Temperature Effects . . . . . .

V.3 Derived Results . +« ¢ « « o o =«

APPENDIX A Verification of NMR Frequency

Determination . . . . . .

APFPENDIX B Details of Correction Calculations
APPENDIX C Computer Programs . . « + =+ =

APPENDIX D Schematic Diagrams . . . . .

REFERENCES . . . - - . . . . - 3 . . 2 - .

PART TWO

Inelastic Collisions in Excited

I. INTRODUCTION .« ¢ ¢ o o o o o o o « =«

I I . THEO RY L] L L ] * . L] L] - - - L ] - . L .
IT.1 Simple Approaches . . . . . .« =«
I1.2 Molecular Potentials . . . . .

II.3 Semi-classical Theory . . . . .

Na

page
59
63

78
78
79
80

87
91
122

128

137
137
143
145



III.

Iv,.

TABLE OF CONTENTS (continued)

IX.4 Quantum Theory . . . .

II.5 Theory of the Experiment . . . .

APPARATUS AND EXPERIMENTAL PROCEDURES

I1ITr.l1 Vacuum System . . . .
III.2 Source Flange . . . .
I1I.3 Rotating Beam Souxce .

III.4 Laser and Input Optics

II1.5 Fluorescence Collection Optics

JII.6 Detection Electronics

- .

. .

III.7 Procedures - Rotation Mode

III.8 Procedures -~ Laser Velocity Selection Mode

RESULTS AND ANALYSIS . . . .
IV.1l Methods of Analysis .
IV.2 Na-Ne Collisions . . .
IV.3 Na-Ar Collisions . . .

IVv.4 Na-Ee Collisions . . .

E]

DISCUSSION « « « o « o o « =
V.1l Relation to Other Work
V.2 Comparison of Methods

V.3 Suggestions for Future

page
149

156

162
162
l64
171
176
185

193

226
226
227
230



TABLE OF

APPENDIX . . . .

REFERENCES . . .

ACKNOWLEDGEMENTS

BIOGRAPHICAL NOTE

CONTENTS (continued)

6.
page
233
235
237

239



LIST OF FIGURES AND TABLES

FIGURES, Part Ons

figqure number page
1l Hydrogen Energy Levels . . .+ « ¢« ¢ « ¢« o« « &« « o 19
2 Schematic Representation of High Field Maser . . 21
3 Sample Bulb .« ¢ ¢ « & o o o o o « o « o o o o o 32
4 Collimator 2ssembly + « « ¢ o« « s o o s « « o« » 34
5 Bulb AsSemblY + « o« o « o « » o « o o o« o » o « 35
6 Sample Translator . « . « « o o o o o o o o « o 37
7 Exploded View of Cavity Assembly . . . . . . . . 40
8 Coil Coupling Circuit . « .« » « « o &« o« « « « o 43
Q Maser EleCtronics .+ o v o o o o o o o o o« o « o 44
10 NMR ELectroniCs .+ « « o o o o o o o o o « o« « o« 46

11 Data Digitizer « « ¢« ¢ ¢« ¢ ¢« ¢ o o o o « « « « . 48

12 Bulb Measurement Set-Up . « « . « « o « + « « « 52
13 Maser Signal . « v ¢« « &« o o o o o o o o « o « » 56
14 Transform of Maser Signal . . . « + « « « » . « 57

15 NMR Signal . . . ¢ o ¢ 0 o o e e e e e e .. 60
16 Transform of NMR Signal . . . ¢« ¢« « « « « « « - 61
17 NMR BUulb . + o o o o o o « o o « « o o s o « » « 66
Al Centroid Extrapolation « . « « « ¢« o + « « « « « 85
D1 Maser Audio Amplifier . « .« o o o o o o o = o« o 122
D2 NMR Audio Amplifier . « ¢ ¢ o « o « « « o o « o 123

D3 Pulse Buffer and Divider . . ¢« + « « o s « « + o 124



LIST OF FIGURES AND TABLES (continued)

FIGURES, Part Two

figure number

1
2
3
4
5

6

Velocity Range of Various Methods .
Avoided Crossing .« « « o o o o o =«
Landau-Zener Transition Probability
Na-Ar Potentials . . . . « « &+ « &
Coupling Regions . . « ¢ « « « o =
Na-Ne Cross Section . . . « +» « «
Na-Ax Cross Section . . « « ¢« o « &
Na-He Partial Cross Sections . . .
Sodium Level Diagram .« « « « o o »
Vacuum System . . « o« « o ¢ o o o o
Na Source 2ssembly . . « « ¢« « « &
Oven 2ssembly . ¢« + « o o ¢ o o & -«
Oven Rotation Mechanism . . . . . .
Rotating Beam . « « &« + o « o o o «
Gas Nozzle Assembly « o« o « o o = o
Dye Laser Internal Optics . . . . &«
Auxiliary Laser Optics . . . . . .
Laser Beam Alignment Optics . . . .
Circular Polarizer Alignment . . .
Collection Optics + ¢« o « ¢ o o « &
Collection Lens Assembly . « . . =«

-

page
134
139
142
144
147
152
153
154
158
163
165
166
169
173
175
177
179
182
184
186
187



LIST OF FIGURES AND

figure number

22
23
24
25
26
27
28
29
30
31
32
33
Al

A2

table

Periscope « « « ¢« ¢« o o o - =

Beamsplitter . . . .« &+ ¢ o .

Detection Electronics . . ...

Na Velocity Distribution ..

Na~Ne

Na-Ne

Na-Ne

Na-Ne

Na-~Ar

Na—-Ar

Na-Axr

Geometry for Polarization Axis Tests

.

Cross Section, Laser Selected

Cross Section, High Power
Cross Section, Rotation Selected

Cross Sections, Comparison

Cross Section, Laser Selected

Cros Section, Rotation Selected

3

TABLES (continued)

.

Cross Section, Parallel Polarizations

V/F Circuitry . « « « « « « &

Scaler Gate .« « o « ¢ o o o o

Results of All Runs . .

Corrections and Uncertainties in gj(H)/g

TABLES, Part One

P

Corrected Values of gj(H)/gP' e o e o o

page
64
67
76



On Monday, when the sun is hot

I wonder to myself a lot:

"Now is it true, or is it not,

"That what is which and which is what?"

On Tuesday, when it hails and snows
The feeling on me grows and Jgrows
That hardly anybody knows

If those are these or these are those.

from "Lines Written by a Bear of Very Little Brain”

by A. A. Milne

1o,



PART ONE

THE MAGNETIC MOMENT OF

THE PROTON IN HZO

11.
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I. INTRODUCTION

Nuclear magnetic resonance (NMR) is the most precise
method for measuring most magnetic fields. The NMR frequency

v' is related to the field by
v' = u'H/h (1)

where u' is the effective nuclear magnetic moment. The
effective moment differs from the free moment due to effects
of molecular shielding and bulk diamagnetism. In order to
determine the field in atomic units, p' must be related to
atomic constants. The most convenient link is through the
ratio u'/pB where ug = eﬁ/Zme is the Bohr magneton. We pre-
sent here a new determination of up'/uB where up' is the
effective magnetic moment of the proton in a spherical sample
of water. The reason for choosing water as the NMR standard
will be discussed in Sec. III.2.

up'/uB plays a role in nearly every measurement of a
fundamental constant which involves a magnetic field. For
example, the proton-electron mass ratio is currently deter-
mined by comparing the proton moment in nuclear magnetons

with the proton moment in Bohr magnetons:

m p_'/u
P = N .
g -P——7—up. T (2)

The quantity up'/uN is measured by comparing the cyclotron

frequency V. of a proton (or other ion) to the NMR frequency
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of protons. up'/uB appears as a natural conversion factor
between the NMR frequency and atomic constants.
As another example, the fine structure constant may be

obtained from a measurement of Ypy’ the gyromagnetic ratio

of the proton in water according to:

- u ' 1/2
°‘l={4rlz 70 EE"‘L’Z‘%] (3)
o “lab’™abs "B Yp

where R_ is the Rydberg for infinite mass. (The electrical
measurements involved in yp' and l% are in ''practical' or

"as maintained" units such as NBS amperes and NBS volts; the
ratio Qlab/Qabs connects these to absolute tinits.) Yp‘.is deter-
mined by measuring the MMR frequency of protons in water in a
magnetic field produced by a current distribution of known
strength and geometry; up'/uB effectively relates this fre-

quency to atomic constants:

1, " = _©

The gyromagnetic ratio of the free proton, Yp may be
determined from Yp' by using up'/uB in a slightly different
context. Since Yp involves knowing a field in terms of cur-
rents and geovmetry, rather than in atomic units, up'/uB is not
used as a conversion factor to atomic units, but rather to
eliminate effects of molecular and bulk diamagnetism on the
protons in water:

u/uB‘

= v .
Yp Yp §§T7ﬁ£ . (5)
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(It should be noted that in experiments such as this where
the magnetic field must be measured in terms of currents and
geometry, the achievable precision is generally lower than in
experiments where the field can be measured in atomic units
by NMR.)

Other quantities whose measurement explicitly uses up'/uB
include the anomolous electron moment and the magnetic moment
of the neutron. PRecause of the interdependence of the funda-
mental constants, up'/uB has an indirect effect on many other
quantities; for further discussion the reader is referred to
the most recent adjustments of the fundamental constants
(TAY69, COH73).

The ratio up‘/uB also has important applications in the
determination of molecular diamagnetic shielding constants.
Although magnetic shielding constants can be measured by NMK
with great precision relative to a given standard, their
absolute determination requires the measurement of at least
one shielding constant absolutely. The absolute, total

diamagnetic shielding for protons in a spherical sample of

water is .
w ! w '/u
= - _R__ 3 - B -

Using o(HZO), the shielding of protons in any molecule can be
determined by comparing its NMR frequency to that of water.
The case of molecular hydrogen is of particular interest;

o(HZ) can be calculated from first principles and provides a
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testing ground for the theory of diamagnetic shielding.

The best value of up'/uB prior to this work is due to
Lambe and Dicke (LAM59) who compared the electron spin flip
frequencies in atomic hydrogen with the NMR frequency of a
water sample. The electron resonance was observed by micro-
wave absorption in atomic hydrogen buffered by other gases.

The quoted uncertainty, 66 ppb (parts per billicn), was due
to statistics and to unresolved questions about the effect
of the buffer gas. As is discussed in Sec. V, there is an
additional uncertainty due to the unknown temperature of the
sample and other sources of systematic error which were not
appreciated at the time of the measurement.

Recent developments have necessitated an improved measure-
ment of up'/uB. Measurements cf Yp' by Olsen and Williams at
NBS (OLS76) at a level of parts in 107 require improved accu-
racy in up'/uB in order to determine a by eq. 3. Measurements
of the electron g-factor anomoly (RIC75) and the neutron
moment (RAM75) at a level of precision requiring a better
up'/uB are currently in progress. Recent theoretical calcu-
lations of o(HZ) by Reid (REI75) are at a level where a more
precise value for up'/uB is needed to compare theory and
experiment.

We present here the result of a new determination of
up'/uB based on comparison of the NMR frequency in a water
sample and an electron transition frequency in a hydrogen
maser. The chief source of statistical error in the Lambe-

Dicke experiment was in the determination of the electron
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signal line center. The present work provides an improvement
in electron linewidth by a factor of 30, and in intrinsic
signal to noise by a factor of 10. No buffer gas is used,
eliminating a major source of the uncertainty in the previous
work. Our final uncertainty, 10 ppb, is due mainly to esti-
mates of uncertainties in systematic errors.

A brief account of our results has been published else-

where (PHI75). We present here the details of the experiment

and data analysis.
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II. THEORY OF THE EXPERIMENT

II.,1 Method of Measurement

up'/uB is determined by measuring gj(H)/gp’ and using

the relation

g.' g.(H) g
Vo = P+ J . &
Wo'/Mp = gTEY g 5 . (7

J e

gj(H)/gp' is measured by alternately observing in the same
magnetic field free induction decay signal from protons in
water and electrons in atomic hydrogen. The resonance fre-
quencies are determined by fourier analyzing the free decay

signals. The proton frequency is proportional to gp':

v ' = 'w H/h .
P 9p ' HgH/ (8)

The observed electron frequency must be corrected for the
effects of hyperfine coupling and nuclear spin to obtain the

field-coupled contribution to the electron frequency, defined

as
. = ~g.uH h .
V5 gsugH/ (9)
g. (H) vj
thus, 3 — = 55 . (10)
P p

Resonance line Q's for both proton and electron are 10.7

or greater, with signal~to-noise ratios of 30 to 100. Deter-

mination of the line centers is therefore not a major problem
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in measuriag gj(H)/g ' to a part in 108. The major theoretical

P
and experimental difficulties arise from the problem of
assuring that each sample "sees" the same field. Even after
extreme care in design has been taken £o accomplish this,
there remain corrections whose magnitude must be carefully
calculated. These arise in part because the water sample is
liguid while the hydrogen is gaseous, which leads to unavoidable
differences in the effective shapes of the two samples. There

is also a problem arising from the different manner in which

each substance samples the field during the measurement.

I1.2 High Field Hydrogen Maser

The hydrogen maser used in this experiment is designed
to operate in a high magnetic field, though in other respects
it is similar to the low field hydrogen maser (KLE62) (RAM65).
Fig. 1 shows the energy levels of hydrogen in a magnetic field.

In the high field limit mj and m_. are good quantum numbers.

I
We observe the transition mj =1/2, my = -1/2 » mj = ~1/2,
mp = ~1/2, corresponding to the electron flipping its spin.

The transition frequency Vos is given by the Breit-Rabi formula

(RAM56) =
Vs =V --\-)—9-{1+x(1— 1+ 1172 (1la)
23 5 V5 7 3 2

where v, = -g.u H/h (11b)
i gjuo / v ;
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Level m. m
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FIG. 1 HYDROGEN ENERGY LEVELS



Vi = 91H H/h ' (11c)
v, + v

x=-t-9 (114)
(o)

ﬁt the field of about .35T used in the experiment
Vg 9?00 MHz and x = 7. Once v23.is measured, Vj m>y be
determined from Eg. lla using known values of vo, the zero
field hyperfine splitting, and ;?%g; , the ratio of nuclear
and electronic g factors.

Fig. 2 is a schematic diagram of the high field maser.
Molecular hydrogen is dissociated in.a discharge tube which
provides the source for an atomic hydrogen beam. The beam
passes through a hexapole state selecting magnet which focuses
atoms with electron spin "up" into a spherical storage bulb.

A collimator at the entrance of the storage bulb increases the
storage time and confines the atoms to the spherical region of
the bulb. The bulb is at the center of a microwave cavity tuned

to v by means of. which oscillatory fields are applied

23’
and detected. The cavity is situated between the poles of a
magnet in the most homogenous region of the magnetic field.
Because of the state selection, most of the H atoms have
their electron spins pointed along the field. This results in
a much larger polarization of the sample than is present in
thermal equilibrium (as in the Lambe-Dicke experiment) so that

a large resonance signal may be obtained with relatively few

atoms.
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«—HEXAPOLE STATE
SELECTING MAGNET

MAGNET
" POLE FACE

COLLIMATOR

X BAND
CAVITY

POWER IN—> POWER OUT—

\

\STORAGE
BULB

FIG. 2 SCHEMATIC REPRESENTATION OF HIGH FIELD MASER
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A 7/2 pulse of microwave radiation near frequency 023
rotates the net moment perpendicular to the static field,
whereupon it precesses and radiates at frequency Vo3 which
is measured.

The relaxation rate of the radiation moment is dominated
by three processes. The first is physical escape of atoms
from the bulb. The second is relaxation of the radiating
moment by collisions with the wall of the storage bulb. Both
of these processes are simple rate processes which cause the
radiating moment to decay exponentially. Finally, inhomogen-
leties in the magnetic field cause individual components of the
ensemble magnetic moment to precess at different rates, thus
relaxing the net mcment. If the atoms cross the bulb sufficiently
rapidly, motional narrowing occurs and the field inhomogenieties

also produce an exponential decay, the rate given by (SLI63):

2
Yrielg = <Bw T, (12)

where <Aw2> is the mean square deviation of the precession
frequency over the bulb and T is the mean time for an atom to
cross the bulb. Other processes such as spin exchange which
also relax the radiating moment are not significant in our case,
but would nevertheless lead to exponential decay. The spectral
shape of the signal from the maser is therefore known to be
lorentzian.

There are a number of well known systematic effects which
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can shift the frequency observed with the maser, These include
the effects of inhomogenieties, wall collisions, spin exchange
collisions and cavity mistuning. These effects have been dis-
cussed in detail elsewhere (WAL72a) and in a typical maser
experiment (WAL72b) were in the order of parts in 1011. In
no case can these errors have an effect as large as 1 ppb for
our experiment.

For a more complete discussion of the theory of the high

field maser, the reader is referred to earlier work on the

subject (WAL72, WIN72, MYI66).

II.3 NMR Theory
The NMR signal is observaed using standard techniques of
pulsed NMR spectroscopy (ABR61, FAR71). Free induction decay
is observed and the signal is fouxier‘analyzed. The usual long-
itudinal and transverse relaxation processes for liquids operate
to relax the free induction signal exponentially. In addition,
the macroscopic field inhomogenieties cause relaxation which
depends in detail on the nature of the field. This is in sharp
contrast to the case of the maser where macroscopic motion of
the H atoms results in motional narrowing and exponential decay.
One can regard the NMR signal which results from a sample
in an inhomogeneous field as the sum of signals coming from
various volume elements of the sample, e§ch decaying exponen-
tially according to the intrinsic relaxation mechanisms but
oscillating at the frequency determined by the magnetic
field at its location. The spectrum of this signal

is a sum of lorentzians at each of the different



24.
frequencies. More precisely, it - is -the convolution
of a 1lorentzian of width determined by the simple -
rate processes with the distribution function of NIR
frequencies over the sémple volume. This is strictly true
only if‘each volume element contributes proportionately to
the signal, that is, if the r.f. field in the NMR coil is
uniform over the sample. The NMR frequency which we wish to
obtain from our measurement is the frequency corresponding
to the volume average magnetic field. Under conditions of
r.f. field uniformity this is the centroid of the absorptive
spectrum. Methods for determining this centroid for an arbi-
trary line shape are discussed below.

One possible systematic effect in the determination of
the NMR frequency is the presence cof dissolved impurities in
the water, especially paramagnetic impurities. In samples
which have been heavily doped with paramagnetic salts to.
increase the longitudinal relaxation this effect can be very
important, but in samples as pure as tap water, the effect is
not significant at the 1075 level (WAU74), so we can safely

assume this error to be negligible for distilled water.

I1.4 PFourier Transform Analysis

The frequency spectra of the maser and NMR free induction
decay signals are obtained by fourier analysis. The signals

are heterodyned to an audio frequency, the audio signal is
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sampled periodically in time and the results are analyzed by
taking a discrete fourier transform of the resulting set of
points.

If the signal is sampled at rate 1/1, a set of signal

points f(tj) result, where

tj = jT ’ : (13)

the discrete fourier transform of f(tj) is

-1
g(wk) =_£

f(tj)e‘lwktj . (14)
j |

0
While in principal this expression could be evaluated for any
value of Wy s all of the information is contained in a set of

N values given by

2T .

W = Nt k P 1l (15)

A
=
IA
2

Note that the function g(wk) is periodic in k with period N.
In practice the function g(mk) is evaluated by means of a fast
fourier transform (FFT) algorithm which simplifies machine
processing provided N is chosen to be a power of 2 (COO065,
BEL72).

If we assume the signal f£(t) to be an exponentially

damped oscillation (as is the case with the maser signal):

£(t) = cos(u,t + ¢)e ¥* © (16a)
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we obtain:

-Ycos ¢ = (w,-w,) sin ¢-

7, 2
(mo mk) + v

Re glu) = - %- (1+6)

Yycos ¢ - (wo+mk) sin ¢
2

+ (1+6") )
(wo+wk) + v

+ periodic repetions (16b)

where ¢ and §', which arise from the finite integration’ time,

do not depend on w, for w, given by Eq. 15. They are of the

SNT

k k
and are small for sufficiently large N.

order of e~
The term in Eqg. 16b which is centered at w = W is the
resonance of interest. The feature at w = B, is an image
due to the negative frequency components of the signal. (This
arises because the signal is real, oscillating as cos mot.
If the signal were expressible as eiwot the image would disap-
pear.) Eg., 14 reveals that both the signal and the image are
repeated with pericd 27/t. Wings of the image and of the
repetition lines can contribute to the signal at w ~v Wy and
cause distortion.
For the maser signal the determination of wg is a straight-
forward problem of fitting Eq. 16b to the transformed sig-
nal. The NMR signal however, does not have a well known func-

tional form since it's damping depends on the details of the

magnetic field inhomogenieties. The general nature of the
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transformed signal, however, is indicated by Eq. 16b, There
is an absorption-dispersion feature centered at W = Wy and a
similar image feature at W = ~w,. The periodic repetitions
produce features at W = Wy + .2wn/T and W = Wy 4+ 2mn/t where
n is any integer. The true NMR frequency is defined as the -
average NMR fregquency over the volume of the sample. If every
volume element contributes equally to the éignal, that is,

if the r.f. field is uniform, this becomes

' =
05" NMR f ga(w)wdm (17)
where ga(m) is that portion of the transform signal which
corresponds to the purely absorptive part of the first term
in Eq. 16b. To obtain ga(m) from g(w), real and imaginary

parts of g(w) are combined:

cos ¢ Reg(w) + sin ¢ Img(m) = ga(m) + image

+ repetitions (18)

where the image term has in general both absorptive and
dispersive components. :

The difficﬁlty presented by Eq. 18 is +that the
wings of the images and repetitions overlap ga(w) in the
region where gg(w) is large. Repetitions of ga(w) are not

bothersome, since they are absorptive and fall off rapidly.

In addition they are symetrically distributed about ga(w) so
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their effects tend to cancel. The image and its repetitions
on the other hand generally have dispersive components which
fall off slowly and which tend to add rather than cancel.

Two steps may be-taken to minimize the effects of the
images. First the sampling frequency is chosen so that the
images are symetrically distributed about the signal spectrunm,
and therefore as far away as possible. Choosing 1/t ='2wo/ﬂ
places the image at —ug and its first repetition at 3mo, so
that both are separated from the signal by 2wo. Second, the
heterodyne beat frequency, W is cﬁosen to be as high as
possible, thus spreading out the pattern of images. With
these precautions the effects of the images can be made negli-
gible.

The problem remains of determining the proper value of
¢ in Eg., 18 since in practice ¢ is not known a priori. The
problem is complicated by the fact that the absorptive line
shape is in general assymetric. The most successful method
we have found for doing this is an iterative procedure in
which ¢ is varied so as to make the wings of ga(w) symetric
about an assumed value of wp'; a new value of wp' is computed
from ga(m) and this is used as the symmetrization point
for a new ccmputation of ¢. Because even an inhomogeneously
broadened line such as our NMR signal is lorentzian in its
wings, this method is not sensitive to the details of the

line shape. The integration region for the determination of
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wp' is restricted to a small region symmetric about wp' to
avoid the effects of images. (The images could be eliminated
experimentally by performing the fourier transform on a com-
plex fc(t) formed from the real signal plus a signal fi(t)
delayed by 90° to provide the imaginary part. The problem here
is to insure accurate quadrature of the signals. We have cho-
sen to deal with the problem Eomputationally rather than elec-
tronically.)
We have tested the procedures described above for deter-

mining the average NMR frequency by performing the analysis

on computer generated NMR signals, formed from sums of expo-
nentially decaying signals with various frequencies (WRI74).
In cases corresponding to linewidths and asymmetries several
times greater than those encountered in practice, errors in

determination of the true average frequency or centroid of

the NMR line corresponded to a few ppb.
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III. APPARATUS AND EXPERIMENTAL PROCEDURE

Because much of the apparatus has been described previously
(MYI66, WIN70, WAL72), we focus here only on features which are

new or are essential to the experiment.

III.1l Magnet

A permanent magnet, described in connection with earlier
experiments with the maser (WIN72, WIN70, MYI66), was used.
The field is approximately 0.35 T, the pole diameter is 26.6 cm,
the gap is 6.5 cm. A set of 16 electrical shims produces a

7 ovar a 2 cm diameter volume,

field homogeneity of 1 part in 10
as determined by the decay rate of the electron signal. Care-
ful thermal isolation and temperature regulation results in a
drift rate of typically 2 ppb/min. The short term field jitter

is less than 10 ppb.

III.2 Sample EHolders

A key problem in an experiﬁent which requires interchanging
samples is to insure that both samples "see" the same field.
Because the sample holders appreciably alter the field by their
intrinsic diamagnetism, meticulous care was needed in their
design and construction.

Our approach was to construct sample holders which are as
identical as possible, and then to eliminate residual errors
by reversing their roles so that each holder was used both for

the water and the hydrogen signal.



31.

The sample holders were fabricated from fused quartz.
This material was chosen because it can be shaped with high
precision, can be coated to inhibit wall relaxation of H atoms
and because it has a low loss factor at the 9 GHz electron
frequency. (The low loss factor is needed to avoid undue
loading of the microwave cavity.)

The sample holders are in the shape of spherical bulb
with a cylindrical neck (Fig. 3). They were formed by vacuum
shrinking a quartz tﬁbe around a graphite form. The forms
were machined from high purity graphite in the shape of a bulb,
1.27 cm diameter, with a stem, either 0.254 or 0.457 cm diam-
eter. The form was removed from the bulb by drilling the stem
region and burning the remainder in a furnace at about 1200°C,
while flowing pure oxygen into the stem. Sphericity of the
bulbs was checked with an optical éomparator using a method to
be described later in this section. The dimension is generally
within 25-50 micron of the graphite form, and successful bulbs
differ in their largest and smallest diameters by less than
0.2%.

The outsides of the bulbs were lapped spherical with a
diameter of 1.429 cm. Four suitable bulbs were produced, two
with .457 stems, which we shall designate as Pair A, and two
with .254 cm stems, which we shall designate as Pair B. The
entire experiment was separately performed with each pair.

The sample bulbs were treated with a coating agent to
inhibit relaxation of the atomic hydiogen. Teflon, most com-

monly used, could not be applied successfully because of slight



DIMENSIONS, cm

"—-——-dz——-—ﬂ

w >

d 4
16 | .63
25 | .58

32,

1.27

cm

3.21 cm

«— 1.43
cm

FIG. 3 SAMPLE BULB



33.

surface irregularities, Instead, the surfaces were treated with
(CF3CH2CH2)ZSiC12 (CrRA73), a flourinated wvariant of "Dri-Film",
(CH3)2SiC12. The coating procedure, developed by Valberg
(VAL69) is as follows: After thoroughly cleaning the bulb with
acids and solvents and finally rinsing‘with water, several

drops of the flourinated dri-film are put in the bulb and
swirled around. Water is added to complete the reaction, and
the bulb is rinsed with water. An acetone rinse is then used

to remove oils formed by the reaction.

A collimator, needed to contain the hydrogen, was fabrica-
ted from a glass capillary array (Corning 0080) supplied by
Galileo Electro-Optics (Sturbridge, Mass.). The capillary diam-
eter is 25y, the array thickness is .075 cm, and the trénsmis-
sion is 50%. Collimators were used cn all sanple holders to
maintain symmetry. Each collimator was glued with Duco House-
hold cement to the end of a tube which fit into the bulb stem,
locating the collimator just above a tangent to the spherical
cavity. The tubes were fabricated from quartz for pair A and
acrylic plastic for pair B. Boron nitride alignment collars
were glued to the tubes with Torr-Seal (Varian Asscciates).

The entire collimator assembly is shown in Fig. 4.

Each pair of bulbs was fixed together into a rigid assem-
bly, Fig. 5. Dummy stems were fixed to the bottom of each
bulb with Torr-Seal. The lower stem of the NMR bulb was joined
to a push rod by a boron nitride fitting. The joint was made
smooth and flush to allow it to pass freely through an o-ring

vacuum seal. The push rod is a quartz tube with a Delrin fit-
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ting threaded to accept a lead screw,

The NMR bulb was filled with distilled water until the
water surface almost touched the collimator. (The meniscus
surface is later measured by a procedure described below.)
Water does not wet the coated bulb surface, so it is prevented
from contacting the coliimator and being drawn upward. It is
impossible to avoid severe capillar,; effects with organic
liquids which do wet the surfac> — an importanﬁ factor in
choosing water as the NMR standard.

The entire sample assembly was glued in a cylindrical jig,
held by carefully machined collars and rods. The distance
between bulb centers, nominally 5.05 cm, was determined from
neasurements of the stem lengths and glue fitting thicknesses.
Optical measurements of the separation agree with these

measurements o between 25 and 100 microns.

III.3 Sample Translator

Determining gp'/gj(n), involves measuring the NMR and
maser freguencies in rapid alternation. This requires that
the bulbs be moved quickly and smoothly, and be located accu-
rately. Because the field is significantly distorted by any
material, only the bulb assembly can be allowed to move in the
interchange procedure.

The mechanism for interchanging the samples is shown in
Fig. 6. The bulb assembly moves with a sliding fit in a pre-
cision bore guartz tube which extends through the maser cavity.

(The fit is so good, that a small flat had to be ground on the
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side of each bulb to allow air to pass during assembly.) In
order to reduce loading of the microwave cavity, the 0.D. of
the tube was ground to 1.550 cm, reducing the wall thickness
to .06 cm, |

The_quartz tube is evacuated, An aluminum O-ring compres-
sion fitting, glued to the lower end with Torr Seal, provides
a vacuum seal between the tube and the bulb push rod. 2an
acrylic plastic housing for the translator is bolted to the
compression nut of the C-ring fitting. A 4-40 (American Stan-
dard thread size) aluminum l=ad screw threads into a Delrin
nut at the bottom of the push rod (see Fig. 5). Rotation of
the bulb assembly is prevented by a radial pin which rides
in a groove cut into.the acrylic translator housing.

The lead screw is driven by selected ncn-magnetic brass
spur gears which are driven, via a flexible plastic tube, with a
plexiglass drive rod which extends out of the magnet gap. The
drive rod, operated manually, is connected to a turns counter
which allows the lead screw to be located to 1/20 turn. The
bulb positioning was repeatabie to within 30p.

The only motion of the drive mechanism is rotation of
essentially cylindrical parts, so that only the position of the
bulb assembly changes with respect to the magnetic field.
Therefore only the bulb assembly need be considered when eval-
vating the effects of material on the magnetic field "seen" by
the samples.

As with all components placed in the magnetic field, only

selected non-magnetic parts were used in the construction of
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the translator, Materials were tested by placing them close
to an operating maser pulb., Materials which caused frequency

8

shifts greater than 1 x 10 = at distances of 4.5 cm were

rejected.

III.4 Microwa:: Cavity and NMR Coil

The requirement that only the bulbs move during the sample
interchange puts stringent limitation on the design of the
microwave cavity and NMR coil. The coil and cavity must
enclose the same volume withcut interfering with each other
excessively; this means that neither a coil nor a cavity of
conventional design, one of which wculd have to be placed
inside the other, cculd be used. Furthermore, the NMR coil
must produce a uniform field over the sample volume. We
arrived at a design in which the coil itself formed the cylin-
drical part of the microwave cavity. As shown in Fig. 7 the
coil is made from 10 1/2 turns of copper ribbon .07 cm thick
and .51 cm wide which were close wound on a 3.9 cm diameter
form. Turns were insulated from esach other with mylar tape.
Coupling holes .48 cm in diameter were made on opposite sides
of the coil-cavity.

The endplates shown in Fig. 7 Qere made of foil segments,
about .01 cm thick, fixed to acrylic forms. The endplate is
an annular disc about 3.85 cm in diameter with a 1.7 cm hole
in the center. The disc is slit alcng a radius to open the
r.f. circuit. Small copper flanges provide capacitance to

allow the microwave currents to flow across the gap. The
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split disc is glued to the acrylic form with "5 Minute" Epoxy
(Devcon Corp., Danvers, Mass.). The endplate is completed
with foil rings around the outer and inner diameters of the
form. These ringé, about 1 cm long, prevent loss of microwave
energy through the hole or past the joints. The inner ring
makes a loose fit around the quartz tube, the outer ring makes
a loose fit into the coil~cavity. The rings are insulated at
their overlaps with tape or Duc) cement to break the tangential
r.f. circuit. They are fixed to the acrylic form with mylar
or Scotch magic tape.

The quartz tube is vacuum sealed to the upper acrylic end-
plate form, which in turn is sealed to the evacuated tube which
encloses the state selected atomic hydrcgen beam.

Energy is coupled to the microwave cavity by ordinary
copper X-bhand waveguides which mate to acrylic flanges faced
with copper foil (see Fig. 7). The foil is insulated against
direct contact with the cavity to prevent shorting of the r.f.
coil. A coupling screw in the output waveguide allows critical
coupling. The acrylic flanges are securely bolted to the top
plate so that cavity, waveguides and top plate form a rigid
structure. The cavity is tuned by adjusting the penetration of
the bottom plate. The waveguides are coupled to the rest of
the microwave system with standard waveguide flanges separated
by a stack of copper and plastic spacers. The copper spacers,
slit to prevent r.f. currents, prevent excessive capacifance

" being coupled to the coil via the waveguides.



42,

The coil is cqupled and tuned by means of a capacitor net-
work which joins it to the input and output coaxial cables. The
arrangement is shown schematically in Fig. 8. The capacitance
values were chosen to give the best output coupling and mini-
mum loading due to input coupling.

The microwave cavity resonates at 9200 MHz in the TEOll
mode with a Q of about 2000. The coil is tuned to 15 MHz, with
a Q of about 20, Thé r.f. field strength was mapped and found
to vary by no more than *5% peak deviation over the volume

occupied by the sample bulb.

III.5 Electronics and Data Acquisition

A simplified bluck diagram of the maser electronics is
shown in Fig. 9. The klystron freguency, 9200 MHz - Vo
where Vo is nominally 29.988 MHz or 29.992 MHz, is mixed with
a gated signal at 32 MHz to produce pulses at 9232 MHz - Vo
which drive the electron spins into free precession. Pulse
length is adjusted to provicde a 90° pulse. The magnetic field
is adjusted so that the electron resonant frequency Va3 is
about 2 kHz above or below the electron drive frequency. The
signal radiated at frequency Vo3 s neminally 9202.01 MHz, is mixed
with the klystron frequency to produce an i.f. signal 2 kHz
above or below 32 MHz., The i.f. signal is then converted to
2 kHz by mixing with 32 MHz in an audio mixer. A gate elimi-
nates the driving pulse to avoid saturating the audio mixer.
The audio amplifier incorporates a lowpass filter with a band-

width of about 3 kHz. The use of two values for Vo yields
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what are essentially both positive and negative audio beat

frequencies, which we refer to as the positive and negative
sidebands. By comparing data from the two sidebands we can
determine whether any frequency pulling effects exist in the
audio detection system. These would show up as a difference
in the apparent value of Vos depending on the sideband used.

All of the generated frequencies shown in Fig. 9 are
ultimately referfed to the laboratory standard, a stable crys-
tal oscillator which is compared periodically with WWVB. The
generated frequencies may be taken as exact for the purpose of
this measurement, being accurate to better than 1 ppb.

The NMR electronics is shown in Fig. 10. The r.f. driv-
ing signal, determined by the frequency synthesizer, is chosen
to be about 950 Hz above or below the proton rescnant frequency
vp'. Because of the large offset frequency and since the driv-
ing signal is weakly coupled into the coil, it was not possible
to achieve a 90° pulse. The output of the coil is critically
"coupled to a 50 coaxial cable which feceds a wideband preamp.

A pair of crossed high speed germanium diodes which serve as a
limiter, plus a gate, blank most of the driving pulse from the
audio mixer; the residual feedthru is minimized by adjusting
the phase of the reference to the mixer. The audio signal,
~950 Hz, passes through a 100 kHz cutoff lowpass filter into a
bandpass amplifier, centered near 950 Hz with a bandwidth of
about 60 Hz. Both positive and negative beat frequencies can
be used to check for audio pulling effects. All generated

frequencies are derived frcm the laboratory standard.
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The data digitization scheme, identical for the electron
and NMR signals, is shown in Fig. 11, A 10 MHz signal derived
from the laboratory standard is digitally divided by 1202 to
produce clock pulses at 8319.46...Hz. The divider is cleared
by the pulse which triggers the NMR or maser drive pulse, so
that the clock pulses are fixed in .time with respect to each
free decay signal. The clock pulses trigger a sample and hold
circuit which samples the signel; an analog-to-digital converter
produces a serial digital signal for each sampled point. This
digital signal is read by the computer, a PDP-11/20, via a CAMAC
interface system. fhe maser signals are stored at the 8 kHz
rate, the maximum consistent with the conversicn rate of the
ADC. (The NMR rate is limited to v4 kHz since data must be taken
for 1 sec and 4096 points is the largest set which can ke
fast fourier transformed by the computer.)

Successive signals from either the maser or NMR are
averaged by accumulating them in core. After a preset number
of signals is accumulated, the averaged data is presented on
a storage scope for visual display and transferred to disc

storage.
IfI.6 Procedure

Preparatory to taking data, the resonant frequencies of'
the NMR coil and maser cavity are adjusted by observing the
transmission with varying input freguency. The magnetic field
is shimmed for maximum homogeneity by observing the NMR free

decay signal while adjusting the current in various electrical
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shims, If the signal-to-noise ratio is especially poor or if
- very fine adjustments are to be made, effects of the shims
are observed using computer averaged signals, The NMR pulse
length, typically 450 ﬁsec is set at this time tc give the maxi-
mum signal. Pulse separation is typically 5 ~ 10 sec.

The sample assembly is next translated so that the maser
bulb is in position. The magnetic field is set to give the
desired maser frequency by changing the current through a trim
coil., Maser pulse length, typically 100 usec, and pulse separa-
tion, ~10 msec, are also set at this time. The field is not
disturbed from the time the field is set until a complete run of
‘data is obtained. Care must be taken, for even moving a steel
chair in the laboratory can cause shifts of tens of ppb.

Data taking begins with the maser signal. 2856 to 512 maser
signals are averaged. Somewhat more than 64 signal points are
sampled, of which 64 will be fourier transformed. At a sample
rate of n8 kHz the observation time is about 8 msec, adequately
long compared tc the electron signal lifetime, less than 1 usec.
Five separate averages are recorded. The klystron lock frequency
is adjusted to change the sign of the audio beat frequency and 5
more averages are obtained. Total observation time is about 40
sec or 4 sec per average. Real time is about 80 sec, including
the time to change klystron freguency.

The bulbs are next translated to the NMR position by one
experimenter, while a second makes the necessary changes in the
electronics. Simultaneously, the computer transfers the maser

data to magnetic tape. Elapsed time between last maser signal



50.
and first NMR signal is about 3 minutes, Four to nine NMR sig-
nals are averaged with 4096 or more points sampled. The obser-
vation time per signal is about 1l sec; the NMR signal lifetime
is typically 200 ﬁsec. Three averages are recorded, the NMR
drive frequency is changed to reverse the sign of the NMR beat,
and three more averages are obtained. Total observation time is
about 30 ~ 60 sec. Real time is about 3 - 6 minutes.

The bulb and electronics change process is now reversed to
prepare for another collection of maser data. Five complete
cycles of maser and NMR data constitute a run, taking about one
hour of real time. The time at which each signal average is
completed is recorded by the computer. Occasionally data for
one cycle is taken with no signal sc that the pulse response of
the audio detection system can be observed. Data is limited to
5 cycles by the capacity of a magnetic tape and the stamina of
the experimenters. During a compléte run the magnetic field
would generally drift less than 1 part in 107; if the drift
exceeded this, the klystron frequency would be adjusted to keep
the maser audio signal close to its nominal value of 2 kHz. The
temperature of the gap was measured from time to time but was
never found to depart from 34.7°%C.

Two or three runs were often taken during any one night and
several nights of data were taken with each bulb configuration.
After sufficient data was obtained with a given bulb configura-

tion, the bulb assemblywas carefully removed from the apparatus

to be measured and photographed.

-
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The sample assemblies were measured for sphericity and the
location of the water meniscus was determined using a Jones and
Lamson Model FC~1l4 optical comparator, The set-up is shown in
Fig, 12, To avoid optical distortion due to the quartz spheres,
the bulbs are placed in a rectangular viewing box with flat
windows on four sides. The box is fillied with a fluid whose
index of refracticon matches that of fused guartz (trichloroethy-
lene and isopropanol or glycerol and water can be mixed to
achieve the proper index). Bulbs can be checked for sphericity
by comparing the enlarged images in various orientations with
a circular template. The meniscus in the NMR bulb is clearly
‘visible if a diffuser is used between the mercury arc source and
the bulbs, and may be photographed by placing a film holder in
the image plane. A magnification of x10 is used for the photo-
graphs.

The object table of the comﬁarator is rotatable and mounted
on ways which translate in directions orthogonal to the optic
axis. Thus the distance between the bulbs can be accurately
determined. The average pitch of the lead screw in the sample
translator is also measured using .the optical comparator.

When the measurements on the bulbs are completed, thre bulb
configuration is switched with each collimator and collimator
holder staying with their respective bulbs. The epoxy joint
between the two bulbs and the joint to the push rod (see Fig. 5)
are broken by heating. The NMR bulb is emptied and recoated

and all old 