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1, INTRODUCTION

This program is concerned with the physical phenomenon of the nuclear ;

magnetic resonance relaxation of two isotopes, 199Hg and 201Hg, of vapor-
phase mercury in contact with the walls of a container., The technique

of orientation by optical pumping is employed to enhance the net nuclear

magnetic moment, and optical techniques are also employed to monitor the

PIEE T Y

dynamics of the nuclear spin system.

;
5
]

i;

During part of the current reporting period, detailed calculations were
carried out on the effects of steady-state and randomly-fluctuating
quadrupole perturbations upon the dynamies of the 201Hg spin svstem,
These calculations are described in Chapter 2., The investigation of var-
ious cell fabrication and heat treatment techniques were continued, and
is described in Chapter 3. Other experiments and calculations relevant
to this project are presented in Chapter 4. Publications which resulted
from these efforts are listed in Chapter 5, and suggestions for future
studies are presented in Chapter 6. The remainder of this introductory
chapter describes the important results obtained during this reporting
period, and briefly describes the experimental method used for establish-
ing and monitoring the nuclear spin distribution,

1.1 HIGHLIGHTS OF THE RESEARCH EFFORT
The work done during the reporting period has resulted in an improved

understanding of the mechanisms responsible for the relaxation of the
nuclear spins, has clarified the conditions which exist in the actual
NMR cell, and has eliminated from consideration some of the mechanisms
which had previously been suggested as causes for relaxation,

The origins and effects of both randomly-fluctuating and steadv-statce

201

quadrupole perturbations on Hg have been clarified grecatly. It is now
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understood that the randomly-fluctuating quadrupole perturbation, which

is responsible for the relaxation of 201

Hg, is more a consequence of the
adsorption of that atom than a consequence of the fine details of the
surface at the adsorption site, since an electric field gradient, direc-
ted perpendicular to a surface, is a necessary condition for adsorption
to occur. The correlation time of this randomly-fluctuating perturbation ;
is approximately equal to the adsorbed atom's sticking time, which is de-
termined by the strength of the adsorption. The relaxation time of 201Hg
is inversely proportional to both the strength and the correlation time
of the fluctuating perturbation., Therefore, any mechanism which weakens
the adsorption of mercury will cause both a weaker electric field gradient
at the surface and a shorter sticking time, and will therefore increase
the relaxation time of 201Hg.

The expression for a quadrupole perturbation contains three terms, defined

in Section 2.,1. An energy-shift term describes the change in the magnetic
energy levels, a torque term describes the torque felt by the nuclcus,

f and a 2w term is related to the coupling between levels whose quantum

: numbers m differ by two. In the past, only the energy-shift term has

been considered, but the importance of the torque and 2w terms in the
quadrupole perturbation is now more fully appreciated. For instance, at

0 = SSO, the energy-shift term of the quadrupole perturbation is zero, but
the torque and 2w terms are non-zero., This means that the nuclear spin
feels a torque and can be relaxed,even though its magnetic energy lcvels

, have not been shifted by the perturbation., When the torque and 2w tecrms
E are included in the description of a randomly-fluctuating quadrupole per-

turbation, the relaxation rate in a cube-shaped cell is found to be in-
dependent of cell orientation, This prediction has been verified by a
: careful experiment.

The cffects of the energy-shift term of a steady-state quadrupole per-
201

At

turbation upon the dynamics of a Hg spin system have been calculated

201

in detail. VPrevious calculations had modelled the four-level Hg spin

p—
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system as three separate two-level systems. Although such a model is
simpler to use, it does not yield insights into the interrelationship of
the various types of spin distributions (e.g. ,orientation and alignment
distributions, both transverse and longitudinal to the external magnetic
field) of this multi-level system, During the current reporting period,
calculations were performed using spherical basis operators to describe
the spin system, These calculations yielded a detailed functional form
for the time dependence of signals from freely-precessing 201Hg in the
presence of a quadrupole perturbation. Several of these predictions were
verified experimentally, In addition, the calculations yielded insights
into the effects of a quadrupole perturbation combined with a transverse
rf magnetic field. The steady-state distribution in this case is a
linear combination of both orientation and alignment distributions, even
if only one type of distribution is being replenished by optical pumping.

The variation of the phase difference between the precessing orientation
distribution and the external rf field, as a function of parameters such
as relaxation times, pumping rates, resonant frequency, and the frequency
of the external rf field, has been examined. These results have vielded
insights into the effects of the cell wall upon the steady-state dyvnamics
of the spin system. These insights are expected to prove useful in the
development of devices which make use of optically-pumped mercury vapor.

The elemental composition of the silica cell wall surface was investi-
gated, using X-ray photoelectron spectroscopy. The mercury nuclei are
believed to interact predominantly with the first few atomic lavers of

the interior cell wall, According to this analysis the wall surface is
pure 5102, with no mercury or other impurities present to within a 1%
detection limit. The analysis did not reveal any significant difference in
elemental composition among the surfaces of cells before heat treat-
ment, after heat treatment, and after exposure to strong uv radiation,
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The results of experiments performed during the reporting period have
eliminated several previously-considered hypotheses for causes of mercury
relaxation. Experimental results indicate that the surface near the cell
tip area is not the dominant mercury relaxation site in cells prior to
their first heat treatment, but that relaxation occurs to some degree over
the entire cell surface. Silica glassblower's smoke consists of small
particles of silicon dioxide, not monoxide, and it does not form a strong
relaxing site, since a cell which contained visible amount of such smoke
was found to have relaxation times comparable to other cells from the
same batch which did not contain such smoke. Also,as stated above, the

relaxation of 201

Hg due to electric field gradients does not vanish at
certain orientations of the field, since the torque and 2w terms must

still be considered.

1.2 SUMMARY OF EXPERIMENTAL TECHNIQUES
The experimental method for monitoring the nuclear spin distribution has

been described previously (see, for example, reference 1), and is
summarized here.

The NMR signals are observed from mercury vapor in a container which is
usually made from fused silica. Except for the cube-shaped cell described
in Section 2.6.4, the cells are 1 cm diameter spheres. They are baked

out under vacuum during fabrication, no buffer gas is intentionally in-
troduced, and the mercury density is chosen to be sufficiently low so
that the mercury interacts strongly only with the walls of the cell,

The experimental apparatus is shown in Figure 1.1. The 253.7 nm light
202

from the Hg readout lamp is slightly off resonance from hyperfinc

199”g and 201 2) (3) that

if such light is directed perpendicular to the Ho magnetic field and is

components of Hg absorptions, and it can be shown
elliptically polarized, then the direction of the axis of elliptical

polarization is rotated through an angle proportional to the transverse
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orientation moment and the ellipticity of the polarization is changed by
an amount proportional to the transverse alignment moment (these moments
are defined in Section 2,3)., The linear analyzer in front of the photo-
detector causes only the rotation of the polarization axis to be de-
tected, causing a change in intensity at the photodetector. A quarter-wave
plate placed in front of the analyzer would cause only the change in
ellipticity to be detected., Therefore, it is possible to monitor either
the orientation distribution or the alignment distribution individually.

A longitudinal spin distribution is created by optical pumping with a
204Hg lamp, whose 253.7 nm light is absorbed efficiently by hyperfine com-
199Hg and 201Hg(2). If this light is linearly polarized,

then only an alignment distribution is established. If it is circularly

ponents of both

polarized, then the distribution is predominantly an orientation dis-
tribution, with a small alignment moment, These longitudinal distribu-
tions are rotated into a transverse distribution by means of a transverse
oscillatory magnetic field at the Larmor frequency, applied through the

AC coils shown in Figure 1,1, In these experiments, the Hy field was
199 201

about 1.3 and 3.5 gauss for measurements on Hg and Hg, respectively,

which corresponds to a Larmor frequency of 975 Hz,

Relaxation times usually are determined by establishing a transverse or-

ientation distribution and by then simultaneously shutting off both the

pump beam and the transverse magnetic field. If no quadrupole perturba- ;
tion is present, the signal decays exponentially., The relaxation time,
which is determined by a circuit not shown in Figure 1.1, is the time
required for the signal to decay by a factor of e. A more accurate
method for determining relaxation times, with no light present, was used

for the cube-shaped cell and is described in Section 2.6.4,

In developing the model for the interaction which takes place on the cell

199

wall, Hg with a nuclear spin of 1/2, interacts only with magnetic
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fields, while 201Hg, with a spin of 3/2, possesses an electric quadrupole
moment and interacts with electric field gradients as well as with mag-

netic fields.
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2. EFFECTS DUE TO QUADRUPOLE PERTURBATIONS

2.1 INTRODUCTION

The nucleus of 201Hg has a spin of 3/2, and can be affected by quadrupole

perturbations from various sources, Such perturbations can affect the
relaxation of the nuclear spins, as well as their steady-state free
precession,

A quadrupole perturbation is a small change in the magnetic energyv levels
of a system with a spin greater than one half, It has two properties of
interest: energy levels with different values of |m| have different shifts
in energy, and the strength of the perturbation V varies with the angle

6 between the perturbation symmetry axis and the quantization direction:

2

V %(3COS 6-1) = Pz(cose) (2.1.1)

where Pz(cose) is a second-order Legendre polynomial., Note that V changes
sign as 6 is varied from 0° to 900, passing through V = 0 at 6 = 54.740,
and that V(9) = V(-9).

A quadrupole perturbation also causes a torque T, which is given by the
derivative of V with respect to 6:

T =« cos®sinf « sin29 (2.1.2)
The torque is zero at 8 = 0° and at ¢ = 900, but not at 0 = 54,74°,

A rigorous quantum-mechanical description of a quadrupole perturbation
vields terms proportional to the energy shift and to the torque, along
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with a third term whose classical analog is less clear. This term can
couple magnetic energy levels whose quantum numbers m differ by two, and
it varies with angle as sin26. An admittedly vague classical analog of
this term can be given in terms of the precessional motion of a spin in

a quadrupole field. If the spin precesses about the axis of the quad-
rupole field (e=0°), its motion can be completely described by functions
which are periodic with respect to a single frequency, w. If it precesses
about an axis which is perpendicular to that of the quadrupole field
(6=90°), a description of its motion requires functions with a periodicity
of 2w as well as functions with a periodicity of w. The third term in

the quadrupole perturbation is related to the amount of this second-
harmonic content in the precessional motion of the spin. It will be called
the "Z2w" term in the discussion below,

The angular dependences of these three terms is illustrated in Figure 2.1.1.

In the past, only the effects of the shift in the average energy levels(1s5)
have been studied. These effects include beats in the decav sie-

nals of 2Ong in the presence of a steady-state quadrupole perturbhation.
During the current reporting period, theoretical models for quadrupole
perturbations were improved, and some of the predictions of these improved
models were tested experimentally. This chapter of this interim report
describes the origins of such perturbations, the theoretical method which
was used to predict their effects, and the experimental tests of these
predictions.

2.2 SOURCES OF QUADRUPOLE PERTURBATIONS
There are two major sources of quadrupole perturbations in mercury mag-

netic resonance experiments: interactions with the cell wall, and inter-
actions with the optical-pumping and readout light. Understanding the
interactions between the mercury nuclei and the cell wall is the primary
goal of this investigation, The interactions with the light beams often
cause a much stronger quadrupole perturbation, which is more easily




Energy Shift

—- — = Torque
‘ s e v, 2w

FIGURE 2,1.1 - Angular Dependence of Quadrupole Terms (Arbitrary Scale)

10

bt -




THE SINGER COMPANY ¢ KEARFOTT DIVISION

observed and quantified. Both types of perturbations will be described
in this section.

2.2.1 Perturbations Due to the Cell Wall
201

The nucleus of Hg has an electric quadrupole moment, and therefore a
quadrupole perturbation can arise from the effects of an electric fiecld
gradient at the nucleus., Such a field gradient exists whenever the mer-
cury atom is adsorbed onto the cell wall, regardless of the mechanism for
adsorption., If an atom is adsorbed onto a surface, then there must be an
electric field pulling it back toward the surface if it moves away, pushing
it away from the surface if it gets too close, and equal to zero at the
equilibrium distance from the surface (see Figure 2.2.1). Therefore, the
electric field has a gradient normal to the surface. A weakly adsorbed
atom such as mercury on fused silica is usually free to hop about the
surface, which indicates that any electric field gradients parallel to the
surface arc much weaker than the component normal to the surface,

The quadrupole moment Q of the nucleus is defined by

eQ = | or? (3cos?6-1)dv (2.2.1)
volume of
nucleus

where ¢ is the magnitude of the electronic charge (e>0), p is the charge

density within the nucleus, and the integral is to be done for the

201

nucleus in the m = +I state (i.e.,m = +3/2 for Hg). The quadrupole

(4)

is cigar-shaped, with the cigar parallel to the quantization direction

moment of the nucleus is positive , which indicates that the nucleus

when m = #3/2, 1If this cigar-shaped distribution is placed in the clec-
tric field gradient described above, it will tend to orient its axis

11
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perpendicular to the field gradient axis. [If the quantization axis is
parallel to the field gradient axis (9=0°), then this orientation corre-
sponds to a linear combination of m = 21/2 states, and it indicates that
the +3/2 states have the higher energy. This corresponds to a positive
quadrupole perturbation, which for a spin 3/2 particle is defined as a
perturbation which raises the *3/2 levels relative to the *1/2 levels at
8 = 0.

A polarized atom is adsorbed and desorbed many times before it is relaxed,
and it therefore samples the entire cell surface. This results in a
randomly fluctuating perturbation. If the strength of the field gradient
is uniform over the entire cell wall, then it can be shown that both the
energy shift term and the torque term average to zero over a cell which is

a perfect sphere or a perfect cube, The 2w term does not average to Icero,

A slight departure from thesc shapes, caused, for instance, by the scaloff

tip, can result in a non-zero average value for the energy shift and

torque terms as well, which imples a steady-state perturbation. The
effects of this non-zero average energy shift have been studied pre-
viously(l’s).

In summary, the forces which cause adsorption on the cecll wall also give
rise to an eclectric field gradient at the nucleus, which causes a quad-
rupole perturbation on 2Ong. The axis of this field gradient (and,
therefore, of the perturbation) is directed normal to the surface. The
average value of this randomly fluctuating perturbation is determined

in part by the geometry and the orientation of the cell,

2.2.2 Perturbations DNue to Light

The fact that uv light near 253.7nm can shift the energv levels of mercury

(6)

has been verificd theoretically and experimentally, This shift occurs

because the uv light can couple the ground state to the excited state,
and this coupling tends to shift the energies of the various magnetic

13

VheaTa el e




p—" e

¥ '
THE SINGER COMPANY ¢ KEARFOTT DIVISION

levels in both states. If the shifts for the 201

Hg m = :3/2 levels arc
not equal to the shift for the m = #1/2 levels, then a quadrupole pertur-

! bation will result, 1t can be shown that this perturbation also has the
torque and the 2w terms., Since this light-induced perturbation is
stronger and is more easily controlled experimentally than the cell-wall-
induced perturbation, it is useful in experiments for detection and
measurement of the effects of quadrupole perturbations,
Ao

.3 Consistency of the Algebraic Signs of the Perturbations
I'f the torque and the 2w terms are neglected, then the combined effect of

quadrupole perturbations {rom two sources is simply the algebraic sum of

the energv-shift terms, [If the two perturbations have energv-shift terms
which are equal in magnitude but opposite in sign, then the net energy-

. shift term is zero, As described above, the perturbation due to the

clectric field gradient on the cell wall is proportional to +P2(cosﬂl),

i where " 15 the angle between the quantization direction (determined by
the external magnetic field) and the axis of the average quadrupole per-
turbation due to the cell wall, The theory of light-induced energy shifts
predicts that linearly polarized uv light from a ZOZHg lamp, directed

perpendicular to the quantization direction, causes a perturbation which

15 proportional to —P:(cosﬁl), where 62 is the angle between the polari-
zation and quantization directions, Suppose the perturbations f{rom these
two sources cancel each other for a certain pair of values of Y and AR
[ " 1s increased, then v, must also be increased in order for the per-
turhations to cancel cach other again, since P,(cos8) is a monotonic
function of o for 0° = 8 = 90°, Preliminary experiments, which detected the
presence of a net quadrupole perturbation by looking for a non-cxponential
decay (Section 2.4) confirm this relationship between i and 0, Since

the two perturbations arise from different tvpes of mechanisms, these re-
sults strongly support the descriptions for both the cell-wall-induced

and the light-induced quadrupole perturbations,

[ 14
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2.3 DENSITY MATRIX AND SPHERICAL BASIS OPERATORS
In the catculations described in this Chapter, as well as in most calcu-

lations of the effects due to perturbations, the nuclear spin distribu-
tion is described in terms of a density matrix p, defined by

p =) o Im<m'| , (2.3.1)
mm' mm'

where |m> are basis states with a z-component of angular momentum m. The
density matrix has the property that the expectation value <I> of any ob-
servable I is found by multiplying the corresponding operator Io by o

|%
and taking the trace:

<[> = Tr(Iop p) . (2.

i
.
(%]
pa—

The observables of interest are the signals observed using either the
rotation of linearly polarized readout light or the change of ellipticity
of elliptically polarized readout light., The corresponding cperators
are, respectively,

IL =1 = Re(I,) (2.3.3)
and

I[, = Im(Iz[+ + I+IZ)’ (2.3.4)
where [y o and I, are angular momentum operators.

Two tvpes of spin distributions have been considered. A longitudinal
distribution has all spins parallel to the static magnetic field HO. Such
a distribution can be established using optical pumping, with the light
along the “o direction, A transverse distribution has a component of

spin perpendicular to Hy» and can be established, for instance, by applying

15
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a transverse magnetic field to a longitudinal distribution., When no trans-
verse field is present, the transverse component of the spin magnetic
moment precesses around the Ho direction at the Larmor frequency, and

can be detected by the readout light described above.

The time-dependence of p is given by

L= r0%,00, (2.3.5)

and a solution for this equation 1is

o Fi/mkt (i/h) ¥t T 3o

p(t) = p(o)e 2.

where % is the total Hamiltonian for the svstem,

It is possible to perform the calculation of p(t) using the density
matrix as expressed in equation (2.3.1); however, this leads to verv com-
plicated algebraic expressions. A much simpler method is to express the

density matrix, the Hamiltonian, and the operators corresponding to ob-

servables in terms of spherical basis operators TLM' defined hy(')
Ty = 1 ImdCn-Ml (-1 MY ckkL; m, M-m) (2.3.7)
LM ’ > e
m
where K is the total spin of the atom (K = 3/2 for “Olug), and

C(KKL; m, M-m) is a Clebsch-Gordan coefficient. Specifically, for k=3/2,

-5
[

00 %Zlm><m|= %ﬂ , (2.3.8a)
m

-3
n

1 ) .
10 ~ 7% g‘ mimyml = 22 T, (2. 3.80)
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Cv3le3/2)21/2) + zl21/2pF1/2) + v3131/2) 33727

— eey o O

(2.3.8¢)

I+
-

-
9
[}
'

2,11 ;—;_- rvesszy a2l - 131/2033/21)

-1
=3 — (1,1, + 1,1), (2.3.8d)

etc., where the definitions of Iz and 1, have been used:

J Iz|m> = mim) (2.3.9)

or
[, =] mlﬁ)(iml
m
and
Lny = ((3/2 % my(5/2 + m) 2 mel) (2.5.10)
or

I, = v3 123/ /2] + 2]+1/2p < 31/2) + v3)31/2) <3372

The T, y's obey the orthonormality relationship

e _ M ..
Crltim Toomed = S Syeme CS11 (=.3.11

17
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Therefore, if the density matrix is expressed as a linear combination of

7y

the TLM'S, using the phase convention of Happer or Rose

p = E D7 oy m T oM (2.3.12)

then the evaluation of expectation values of observables becomes very
simple. For instance,

I, = Tr(l,p)
: M 5 3
= Tr((V/S rlo)(% y (-1)7 opym TL’_M) (2.3.13)
14
= V500
and
[, = Re(I,) = Re(Tr(I,p)
= Re(Ir((-/T0 Ty M(-1)“0LM T ) (2.3.14)
Similarly,
[ = Im(I 0, + I,T) = 2/8 Im(p,;). (2.3.15)

Therefore, when the density matrix is expressed by equation (2.3.12), the
rotation readout signal will be proportional to Re(pll), and the ellipti-
cally polarized readout signal will be proportional to Im(OZI)'

18
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(8)

The TLM's obey the commutation relation

Clyws T d = 5, oo e CC2L + 1200+ 102 C.3.10)

X W(LL'KK;L"K)C(LL'L";-MM')[(-1)L*L'+L"_1-] .

This expression is not as formidable as it might appear to be, since

many of the terms in the summation over L" are zero, and since the Racah
coefficients W(LL'KK;L"K) and the Clebsch-Gordan coefficients can be ob-
tained from tables in the literature(g). Therefore, equation (2.3.16)
can be used to solve equation (2.3.5), which leads to a set of coupled
differential equations for the density matrix elements pLM(t). In many
cases, these differential equations can be solved, and the solutions vield
directly the time dependence of the ohservables of interest. This method
was used to evaluate the 201Hg decay transients (Section 2.4) and the
steady-state solutions in the presence of a transverse rf magnetic field
(Section 2.5), and in conjunction with second-order perturbation theory,
to evaluate relaxation rates due to an anisotropic quadrupole perturba-
tion (Section 2.6).

2.4 NON-EXPONENTIAL DECAY
Non-exponential relaxation of the transverse magnetic moment of an optically-

2
pumped spin distribution has been reported for nuclei such as “Ong(l) and
83, .(10)
r
199

, which have spins of 3/2, but not for spin 1/2 nuclei such as

Hg or 129

Xe., This departure from exponential decay has been explained
in terms of a quadrupole perturbation, which affects only nuclei with a
spin greater than 1/2, Calculations which have been reported in the past
have modelled the effect of the perturbation as a splitting of the spin-
3/2 resonance into three separate frequencies(l) or have calculated the
cffect of the perturbation in terms of a 4x4 density matrix. Although

these c¢alculations were able to explain correctly the observed nonexpo-

19

. “




v A R R

-

THE SINGER COMPANY ¢ KEARFOTT DIVISION

nential decay, they do not reveal directly other effects of a quadrupole
perturbation, such as its effect on the transverse alignment moment or on
longitudinal orientation and alignment moments, This section describes a
calculation of such effects using spherical basis operators, a method
which yields explicit expressions for signals observed from any trans-
verse or longitudinal distribution. The calculation is specialized to the

201 83K

case of a spin 3/2 nucleus such as Hg or T.

The results described in this section are presented in greater detail in

an unpublished Singer Company, Kearfott Division Technical Report(ll).

2.4.1 Theory

vt sestemmeenrsrl,
The method described in section 2.3 is followed here, with both the density
matrix p and the Hamiltonian % expressed in terms of spherical bhasis
operators TLM’ If the spins are in free precession with a Larmor frequency

W and are subject to a quadrupole perturbation with an energy-ﬁwq, then,
for K = 3/2, the Hamiltonian M is given by

% = fw (V5 Tg) + fle Too- (2.4.1)

The terms in the quadrupole perturbation proportional to T and T,,

21
have been omitted. This corresponds to the case where the angle bhetween

the perturbation axis and the quantization direction is zero (see Section
2.1). Analytic solutions have not yet been found for the general casc of

TZI’ T22 non-zero,
As described in Section 2.3, a set of coupled differential equations is
obtained. In the present case, the equations can be separated into sub-

sets according to the value of M,

For M = 0, the equations are

I = % L = 1,2,3, (2.4.2

20
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which indicates that the longitudinal moments do not become time-
dependent in the presence of a quadrupole perturbation.

For M = 1,
d o= iw oy + iu, /TS (2.1 30)
dat "11 o”11 Q P21 2.4,3a
%f Prq = inV37Sp11 + iw0021 + in/275031, and (2.4.3b)
d . .
I P31 = 1wQ/275021 * iwgpzy- (2.4,3¢)

These can be solved by setting
imot o C S
Pry = e (pL ¥ pL Costt + Py, Slant)’ L=1,2,3, (2.4.4)
and by applying the boundary conditions at t = 0:

C
pp1(0) = pL° - oy, L =1,2,3. (2.4.5)

The result is:

2+3coswnt

— p11(0) + V375 sinugto, (0)

+ Zg(costt-1)031(0) , (2.3.0a)

Py (t)

OZI(t) = i/373% siantpll(O) + COSthOZI(O]

+ /775 SiantQSI(O), and (2.4.0b)

21




rt-"«*

THE SINGER COMPANY ¢ KEARFOTT DIVISION

pSl(t) = lg-(costt-l)pll(O) + i/2/5 siantQZI(O)

3+2coswAt

+ 3 04 (0). (2.4.6¢)

These equations do not take into account the exponential relaxation of
the spin distribution due, for instance, to interactions with the walls
of the container. The relaxation can be included(ls) by rewriting equa-
tion (2.3.5) as

dp _ 1 dp -
dt  h (¥ ,0] - HTlrelaxation (2.3.7)

In many cases, each component LM relaxes exponentially with a relaxation
time T The effect of including this relaxation in the calculation is

L
YT for 1= 1,2,5.

that the terms le(O) are replaced by terms le(O) e

In the presence of a quadrupole perturbation, two effects are noted: 1)
the normal orientation and alignment signals show "beats', and 2) the
signals from the normally unobserved distributions appear, 90° out of
phase with the '"normal" signal., Beats in the free precession decav of
orientation signals for spin 3/2 atoms have been reported(l’lo). In those
experiments, the quadrupole perturbation resulted from asvmmetryv of the
cell which contained the atomic vapor. In reference 1, the orientation
signals for the unperturbed system were interpreted as the sum of three
orientation signals at the same frequency, arising from three two-level
systems ([3/D~> |1/2> , [1/2» > |-1/2) , |-1/2>~+ [-3/2> ) all with the
same cnergy difference between levels. The quadrupole perturbation then
causced a slight shift in the !i1/2:> energy levels relative to the !'3/3>
levels, which caused the three signals to be split into threec slightly
different frequencies. This frequency splitting was observed as beats in

the amplitude of the orientation signals.

22
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This same picture can be used to explain the appearance of an alignment
signal during free precession of an initially pure orientation distri-
bution, Figure 2.4.1a-3a shows three spins, corresponding to the three
two-level systems, at t = 0, when their distribution has an orientation
moment along the x-axis and has no alignment moment. Figure 2.4.1b shows
these same spins at t = Nn/wo, where Nniwo/w1>>1. The quadrupole pertur-
bation has caused the spins to precess at different rates, and their dis-
tribution now has an alignment moment (along the v-axis) as well as an
orientation moment (along the x-axis). Later, as in Figure 2.4.1c, the
orientation moment disappears, while the alignment moment is still non-

Z2ero.

It was shown above (equation 2.4.2) that the density matrix elements
corresponding to a longitudinal orientation or alignment distribution do
not change in the presence of a quadrupole perturbation. Therefore, no
additional time dependence is introduced. The model of three two-level
systems, described in the previous section,provides a simple physical
picture for this lack of change under a quadrupole perturhation. When
the spins are aligned parallel to Ho’ they do not precess. Therefore
there are no oscillatory signals whose frequencies can be split, and the

mechanism shown in Figure 2,4,1 does not occur,

In the absence of a quadrupole perturbation (wQ = 0), equations 2.4.6
show that the rotation of the linearly polarized light is determined only
by the transverse orientation distribution, and the change in ecllipticity
of elliptically polarized light only by the transverse alignment distri-
bution, as mentioned above. The equations also suggest that an octupole
moment distribution, once cstablished, can, in principle, be detected
using optical readout of the free spin precession in the prescnce of a
quadrupole perturbation.

23
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2.4.2 Lxperimental

The spin distributions were established and monitored using the Faraday

readout apparatus described in Section 1.2, The switching circuit for
the transverse magnetic field was connected to the pump beam shutter so
that the pump beam and the transverse field could be shut off simultan-
eously, after which the nuclear spins were in free prccession, affected
by only the ”o field and the quadrupole perturbation., In these experi-
ments, the perturbation was the result of unequal readout-light-induced
frequency shifts for the |+3/2) and |£1/2> sublevels of 201

Section 2,2,.,2). Similar but weaker effects have been observed for quad-

Hg. (seo

rupole perturbations caused by interactions with the cell wall.

A typical decay curve for an orientation distribution (circularlv polarized

pumping light) is shown in Figure 2,4.2, along with the results of a
lcast-squares fit to the first term in equation (2,4,6a),There is good
agreement between theory and experiment except for the second peak
(between 60 and 100 seconds)., No improvement was obtained by a fit to
the sum of the first and second or of the first and third terms of
cequation (2.4.6a), indicating that the observed signals were due only to

an orientation distribution.

Results for an alignment distribution (linearly polarized pumping light)
are shown in Figure 2.4.3. A pure alignment moment should yield no signal
until after the transverse magnetic field has been turned off. The ob-
served nonzero signal at t = 0 is probably due to the presence of an
orientation moment along with the alignment moment. Two possible causes
for such an orientation moment are: 1) optically active components in the
pump beam, which result in slightly elliptically polarized pumping light,
and 2) the combined interaction of the transverse magnetic field and the
quadrupole perturbation, which can be shown to produce a transverse orien-
tation moment cven in the presence of purely linearly polarized pumping
light., The experimental data were least-squares f{itted to the sum of the
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first and second terms in cquation (2.4.6b), and rcasonable agreement was
obtained. Note that the fitted value of w, in Figure 2.4.3 is reduced by 3
approximately one half when the readout light intensity, which is the
source of the quadrupole perturbation, is reduced by one half, in agrece-
ment with the proportionality of the light intensity, the light-induced i
quadrupole perturbation, and the "beat frequency'" of the decay transients,
The shorter relaxation time for the upper trace is due to the increased K
relaxation caused by the full-strength readout light.

4
The calculations described above yield explicit expressions for the time ii
dependence of a freely precessing spin distribution in the presence of a
quadrupole perturbation, and they show in a concise manner how the A
various trasnsverse moments are coupled by such a perturbation. The cal- [
culations were done explicitly for a spin 3/2 system, but the method could
be applied easily to other values of spin, since this value enters the
calculation only through the commutation relation for the TLM'S (equation
2.3.16) and the coefficients in the expression for the Hamiltonian
(equation 2.4.1).

2.5 COMBINED QUADRUPOLE PLERTURBATION/TRANSVLERSE MAGNETIC FIELD/PUMPING

RADIATION/RELAXATION

The situation is frequently encountered where the mercury nuclei are
subjected to the combined effects of a steady-state magnetic field “o’

a transverse rf magnetic field ”1’ a quadrupole perturbation, optical
pumping radiation, and relaxation on the cell walls. The time dependence
of the density matrix p is then given by

N . dp . 1p 5
dt R L(ZLO ) ST zfQ)’O] tTE |pump &T ‘relaxation (2.5.1)
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where the terms Z}O, 7#1, and ’#Q are the Hamiltonians corresponding to the
Ho and Hy magnetic fields and to the quadrupole perturbation, respectively

and are given by

R o= he I, = he /5 T, (2.5.2)
Y, = hoy e_iw“ﬂz(lx) eiwauz (2.5.3)
= /5/2 tw, o 10ats T“’(Tl,_1 - Ty ) ottt Tl“, and
%PQ = hwy for m = £3/2; -huy for m = +1/2 2.5.4)

= fug Ty

In the above ecquations, w is the Larmor frequency, Wy is proportional to
the strength of the rf magnetic field (ml = Y”l’ where vy is the gvro-

g 1§
proportional to the strength of the quadrupole perturbation. The terms

magnetic ratio), w, is the frequency of the rf magnetic field, and w

of the quadrupole perturbation proportional to T21 and Ts, have heen
neglected in this calculation., This implies either that the quadrunole
axis is parallel to “o (where these terms are zero) or that only first-

order perturbation is assumed.

The last two terms in equation (2,5.,1) are assumed to be given by

dOLM . dOLM . _ 1 ( - R ey
Tt IPUNP It |relaxation T °LM M7 IR

where = is the relaxation time for a spin distribution with multipolarity
I, and RlM is the steady-state value of PLM due to optical pumping when no
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transverse field is present., An orientation distribution has I = | and an
alignment distribution has L = 2, Also, Rim 1s zero unless M is zero,

for the case where optical pumping produces a longitudinal distribution,

The time dependence of the density matrix can be found using the method
described in Section 2.3. The result is fifteen coupled differential
equations with the fifteen variables QLM(t) for L. = 0 to 3 and M = 0 to I,
which are listed explicitly in Figure 2.5.1. The steadv-state solutions
can be assumed to have the for.
iMwat
OLM(t) = e PIM (2.5.0)

where oM is now used to designate the steady-state magnitudes of the
various density matrix elements, These solutions are then substituted
into the coupled differential equations, which then can be simplified to
a set of simultaneous equations for the time-independent variables SRYE
These equations are too cumbersome to solve analytically, but numerical
solutions can be obtained easily using a digital computer, This was done
for various values of Wps W, RLM’ and Aw, where Aw = WaoT oWy

Before solving these cquations, several items should be noted:

1. The quadrupole perturbation is the only coupling hetween
states of different L, Therefore the orientation and
is Tero,

alignment moments do not affect one another when ‘0

o

The transverse Hl magnetic tield is the only coupling
between states of different M, In the absence of such a
field, the longitudinal and transverse moments are inde-

pendent,

In many experiments, the NMR signals are obtained by using the Faradayv

readout signal to drive the transverse ll1 magnetic field (see, for

30
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example, Section 2,2.1 of reference 12). A phase difference A¢ between

the signal and H caused, for instance, by the electronics which drives

1’
Hl’ would cause a change in the frequency of the signal, Examination of
the numerical solutions of the simultaneous equations indicates that

Aw and A¢ are related approximately by

2

bw T A(w)Ryqug (1 + B(ml)wé)- 80(C + D(uplug + E(ml)ué), (2.5.

where the coefficients A through E are positive and are functions of W],

-
i/

as well as of T1s Ty T3, and RlO‘ Several features of this relation can

be noted:
1. For wy = 0, equation (2,5,7) reduces to
Aw = -CA¢.

This result is also predicted by modelling the ZOIHg spin
system and the “1 drive as a resonator in a feedback loop.
One would expect that the constant C is inversely propor-
tional to the relaxation time 1, of the resonator.

2. For R = 0, the first term is zero, but there is still a

20

dependence of pAw upon wq» Also, examination of the numerical

solutions for P11 and P21 shows that the quadrupole pertur-
bation produces a transverse alignment moment even if no

longitudinal alignment moment is being produced by the optical

pumping. At rcsonance (Aw - 0), the transverse alignment

moment produced by the cuadrupole perturbation is 90° out of

phasce with the transverse mnment produced by alignment

pumping.
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3. For A¢ = 0, the frequency change is proportional to the
product of the alignment pumping rate and the quadrupole
perturbation, when the perturbation is weak. The numerical
solutions for RlO = 0 (no orientation pumping) show that
the quadrupole perturbation again mixes the transverse
orientation and alignment moments, and produces a transverse
orientation moment which is 90° out of phase with the
transverse moment produced by the orientation pumping.

When the orientation pumping is not zero, these two trans-
verse orientations moments add, vielding a net orientation
moment which is out of phase with “1' This phase difference
between ”1 and the Faraday readout signal causes a f{requency
shift Aw in the same way that a phase shift in the electronics

of the feedback loop causes a frequency shift.

4. No numerical solutions have been found for which Aw is
independent of Wy unless Wy is zero or unless hoth RZO and
A¢ are zero. This fact confirms that the response of the
NMR cell to a change in H1 amplitude is a valid check for

the presence of a nonzero quadrupole perturbation.

Although the calculations described in this section do not deal dircctly
with the reclaxation of the nuclear spins on the wall, thev show that a
steady-state quadrupole -perturbation, which can be caused by interactions
between the nuclear spin and the wall, can affect the steadv-state dis-

tribution of the nuclear spins.

2.0 RELAXATION DUE TO A FLUCTUATING ANISOTROPIC PERTURBATION

The relaxation of a nonthermal distribution of spins has heen calculated
(13)

by several authors , but all of those calculations assumed an isotropic
relaxing potential, Recent vapor-phase NMR relaxation mcasurements in
containers of various shapes have shown the need for a theoretical treat-

ment of relaxation caused by a potential with a fixed orientation with
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kil

respect to the static magnetic field used in such experiments, The first

part of this section summarizes one of the more general calculations in

(8)

tropic relaxation mechanism. The second part deals with the specific

the literature, and extends this calculation to the case of an aniso-

example of a spin-3/2 atom relaxing due to an electric field gradient,

and the third part gives explicit expressions for relaxation of spin-3/2

atoms due to electric field gradients on the walls of cells with various o

PV IV

shapes and orientations. The final part describes experimental results

obtained using a cube-shaped cell, and compares the results to the theore-

tical predictions,

The reader should keep in mind that only the relaxation due to an aniso-
tropic potential is calculated here., The relaxation rates due to isotro-
pic mechanisms must be added to the rates predicted here in order to

arrive at an estimate of the experimentally observed rates,

The results described in this section are presented in greater detail in

| an unpublished Singer Company, Kearfott Division Technical Report(14).

2.6,1 Theorz

This calculation follows the method of Happer(s)

i matrix p and the randomly-fluctuating perturbation V in terms of spherical

, who expresses the density

: basis operators (see Section 2.3):

M
D = -1 T d 2.6.1
o] Z M( ) OLM I,,-M’ an ( \ )

i ]

V(t) =) (-1 V (1) T, M

Happer makes usc of the density matrix in the interaction representation,
1, which is given by

| (i/h) Mt -/t

7= e pe (2.0, 31
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He also assumes that V is isotropic,has a multipolarity £, and has an ex-
ponential correlation function:

2 -T/Tc

<V2m(t)V2m,(t-T)> av = D Sp o CDT Ve 2.6.4)

2

where V™ is the mean-squared strength of the perturbation, Te is the

correlation time, and the symbol < > v denotes an ensemble average. The
general formula for the time dependence of the density matrix o based

upon second-order perturbation theory is stated in reference (8) as

g% = - <f} [V*(t),[V*(t-T),O]]dT\>>aV (2.6.5)
0

where V*(t) is the potential in the interaction picture,

(i/h) M t i/ Wt
VA(t) = e ! ° v(t) e ) Fo 2.6.6)

for the unperturbed Hamiltonian }#;.

Happer then shows that the time dependence of the density matrix due to

relaxation can be expressed as a set of equations

d _ s -

It OL,M = IZJ' RLL'(M)UL',M’ (2.0,7)
where

L' = L, L 2 2,....L (22 - 2).

The fact that the reclaxation couples only those elements of the density
matrix with equal values of M is a consequence of axial svmmetry as ex-
pressed by the ém _p term in equation (2.6.4).

’
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[f V is no longer assumed to be isotropic,but to have cylindrical syvmmetry
about some axis, then equation (2.6.4) must be modified slightly. The
term V2 is replaced by a term Vim’ dependent on £ and m:

-T/TC

- 1 . m «,2
<?@m(t) Vzm'(t'TJ:>znr" T 5m’_m,(-1) VRm e . (2.0.8)

The terms V?m are the mean-squared values of ng(t) defined in equation
(2.6.2). Also, note that

where V% is defined for equation (2.6.4).

The term 6m is a consequence of the assumed axial symmetry of the

-m?
potential(lé)T It will be shown below that if this term were not present,
then the randomly fluctuating potential V would be able to couple density
matrix elements of different m, which is not physically reasonable, For
instance, 1if 990 and 0y were coupled, then V would be able to transform

a longitudinal orientation distribution into a coherentlv-precessing
transverse orientation distribution. Such a transformation can only he
made by a non-random potential, such as a transverse rf magnetic ficld

near the Larmor frequency,

(16)

of spherical harmonics. In this case, the Gm-m' term follows f{rom inte-

In the special case for ¢ = 2, Cohen-Tannoudji expresses V in terms
gration over the azimuthal angle ¢. Such integration is necessary, cven
1f the symmetry axis ol the quadrupole potential has a fixed angle + with
respect to the quantization direction, since this random potential inter-
acts with the spins at random intervals during their Larmor precession,

which corresponds to random values of ¢. (Cohen Tannoudji then integrates

over the polar angle 6, since his calculation assumes an isotropic po-
tentialj,
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Equation (2.6.8) can be substituted into (2.6.5) to give the time depen-

] dence of the density matrix o: i

2.6,10)

DIV

X [IQ,U’LTQ,u' T

’

e il 3\

Lol

x<:2 dt exp (iwut + iwu'(t+r))VE’_U(t) VQ,-U'(t_TS> ave

0

Commutation relations for the spherical basis operators are given in the
appendix of reference 8., With these commutation relations, the double

commutator in equation (2.6.10) above can be expressed as

[T2 LT 2.6.11)

su? S a,ut? TL,MH ) ; ApLapu'™ TX,MW-W"
where the calculation of the coefficients AlLAuu'M is tedious but straight-
forward. The last cerm in equation (2.6.10) can be evaluated using i

equation (2.6.8):

<i} dv exp(iwut + dwp' (t-1)IV, (%) Vz,~u'(t'TS> av

0

” : ., 1 R,
fo dt exp(iwut + iwy (t-T))(ZT:T)(S_“’U,)(-I)H 2.6.12)

-1/71.
X V2 e ¢
Ly-u

I

Byl 1 1
(-1 (Vl,-uTc)(YTTT)(leTC-I) ot
i_ 37
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The term 6_u " prevents the unphysical results discussed above,
’

l

Substituting (2.6.11) and (2.6.12) into (2.6.10),and changing the sign of
the dummy index p,yields

% GO LM T L, -
b2
- \
-7 Mo ) Barap-pt =D Vo e T (2.0.13)
I M L,-M 0o 4(22+1)T1+1wrc) A,M Seve s

Equation the coefficients of TLM on both sides yields

- u 2
d o =3 AILL’Lp-uM( {37 VZu Tc o ) (2.6.14)
dt "L,-M L', u (2£+1)(1+1wrc) L', -M R

Iquating (2,6.14) is identical to equations (23) and (24) of reference (8)
2

except that V™ is replaced by Vzu, which must then be brought inside the

summation over u. A few cxamples of equation (2,6.14), for the special

case of a spin-3/2 particle, are given below.

For 2 = 1:%

d 2 vl 2 2 ,
T 010 T 7 T8 Tl 70107 15 V%o (2.0.15a)
tlwt
C
2
v
d o1 2 11 1,2 2 .
Jr o911 =~ 15 Wy * m)"u"" 57 V10 VI1) 711 (2ue.1sm)
C
2
d 2 Vi1 2 .2 ; _ !
REd 020 = = 5 Tc(l—-(———)z)ozoa- FTCVIIOZO’ and (2.0.150)
+{(WT
C

*the symbol " —) " indicates the limit wt <<
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2
5V
d o 2 11 1.2 2
i IRE U S ST LA 5°c V10 * V11092
¢ (2.0,15d)
2. %
2 2
d L2 [ Yoz,
dt " 10 75 ‘¢ 1+(wTC)2 1+ (20t ) 10
2 2
1. Vo Va2 .
- 73t - 21930 r

1+(mrcj2 1+(2wTC)
— - gt LOV5 W50 - Lvi -v3 o], (2.6.16a)
Z5 TC 21 227710 AUt 22/ 304 -0 {

2 5
5V3 V3
d 1 - 2 21 22
o = - T [ (3V5, + + )0 (2.6.106b)
T Ty e GV T T T

22
" V0 T (Vo )05y )
1+(2wrc)
- - 3 [(3V2+tV2+7v2)
75 Te 20 21 7 eV
- 2 2
+ BV - Vidogd
2 2
b = b Mk o Toc
Jc Y20 ° T % T¢ + 3)020 (2.6.16¢0)

I+t ) 1+ (20t )"

; > 2
= - 5 1 (V3 + V3,00, , and

'l *the symbol"” -5 " indicates the limit wTC<<l
l 39
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2 2
\'s 2V
d 1 2 21 22
o = - T (V + + lo (2,6.16d)
Tt %21 T TctV20 Tt )? 1e(zur 2 21

1 2 2 2
—> - gt (Vyp + V3 * 2V55)0,.

2.6.2 Example: Electric Field Gradient

The energy operator for a particle with a total spin I and with a quad-

rupole moment eQ (e is the elementary charge), within a cylindrically
symmetric free-space elcctric field with a gradient q along the field

symmetry axis, is given by(17)

v - 2l9Q a2 0s20+312sin%0+3(1_ T _+I_1_)sin6cos6-127,  (2.6.17)
op + € X z2°x "x'z s ’ cene

where 0 is the angle between the symmetry axes of the quadrupole and of
the electric field, and IZ, Ix’ and IZ are spin angular momentum opera-

tors, It is easy to show that (2.6.17) is equivalent to

L 2

Vo, = KT%Y%gTT [ (3(3 coszo-1))(31§ -1

. 1 .2 2 2. A
+ (351n0cose)(IzIx+IxIZ) + (7)(351n 0)(1X - Iy):. (2.6,18)

)

Using the definition of the spherical bhasis operators, and defining

VO = chQ/4I(ZI ~ 1), it can be shown that
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with
1 2 R
VZ,O = 6V (5(3cos"6-1)) = 6V _ P,(cosd), (2.0.19a)
v2,11 = +/6 Vo(3sin6C056) = 1/E'VO P%(cose), and (2.6.19D)
/& .2 4 2
Vo, 22 = =7 Vo (3sin™0) = SV, Pjlcoso). (2.6.19¢)

The terms Pz(cose) and sz(cose) are Legendre and associated Legendre

k functions. Note that Voo corresponds to the shift in magnetic energy

levels ot the spin system, and that VZtl corresponds to a torque on the t
spins due to the electric field gradient.

Equations (2.6.19) are substituted into equation (2.6.16a) and (2.6.16b). i
Assuming that wrg< 1 and that T30 and g5, are negligible compared to 90

and 991> the result is

%? 019 = —Rochg(z-Zcosze)olo, and (2.6,20a)
T 9 - -R T VZ(1+cos?0)oy, (2.06.200)

where the constant RO is equal to 54/25, and where 6 is now the angle be-
tween the clectric field symmetry axis and the quantization direction.
The latter is determined by the static magnetic fiecld in magnetic reso-

nance experiments,

flquations (2.6.20) make some strange predictions., For instance, at

6 = 90° they predict that the longitudinal spin distribution relaxes
twice as fast as the transverse distribution. This is not in agrecment !

with magnetic-resonance reclaxation-time measurements, where the transverse

T 41
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relaxation rate 1/T2 is always faster than or equal to the longitudinal
rate l/Tl. However, the above calculation does not consider isotropic
mechanisms which can considerably increase the actual transverse relax-

ation rate,

2,6.3 Wall Relaxation for Various Container Shapes

The relaxation of spins of vapor-phase atoms occurs on the wall of the
18)
1( .

respect to the static magnetic field “0’ and therefore the relaxation rate

container or cel Each portion of the wall makes a fixed angle with
due to a fluctuating anistropic quadrupole perturbation can be calculated
by summing or integrating the angle-dependent relaxation rates (equations
2.6.20) over the cell surface. The electric field gradients arising from
the cecll wall have their symmetry axes perpendicular to the wall surface,.
Therefore, 0 in cquations (2,.6,20) represents the angle between Hy and the
normal to the cell surface. For a spherical container, the relaxation
rate is obviously independent of cell orientation, The variation of
rclaxation rate for spin-3/2 atoms due to electric field gradients on the
walls versus changes in cell orientation for other shapes is summarized
helow (see Figures 2.60.1 and 2.06.2).

Cube -Shaped Cell:

When the cube is oriented with its faces parallel or perpendicular
to ”o’ there are four faces parallel to “o (0 = 900) and two faces
perpendicular (6 = 0) (Figure 2,6.1, B = 0°). Therefore,

,
nio %T Y10 T -R01Cv§[4(2)+2(0)] = -8 Ry CVS » and (=00
1 d - Z 2( = R 2
T TF 941 T R VSl A(1)+2(2)] = -8 R VO,

11




55°

D & g

FIGURE 2.60,1 - Orientation for Cube-Shaped Celt
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When the cube is oriented with HO along a body diagonal, it can
be shown that the normals to all cube faces make an angle of
54.74° with H_ (Figure 2.6.1, & = 55°). This is the angle to

which V’O’ the shift in energy levels, is zero. Then

1 d 2 .
ETE Ir %10 © -ROTC\Ofb(4/3)]

[
1]

ol
-8 ROTC\O, and

tJ

1 d - P2 2
6_1—1- a-f 011 = -ROTC\O[6(4/J) |

-8 R T V7, (2,060,200
0'¢C

o]

When the cube is oriented so that two sides are parallel to i

and four sides make an angle of 450, (Figure 2.0.1, = = a0y,
L d o} = -R 1 V2[2(2)+4(1)] = -9 R Yz and {2.0,23
G109 dt "10 0oco o'c o’ " Tl
L. d o = -R 1 VZ["2(1)+4(3/°)I = -8 R1 .\

911 It “11 0 C O i 0o ¢ o

It cuin be shown that for all cube orientations in which a face
diagonal (dotted line in Figure 2,6,1) is perpendicular to iy
the relaxation rates for 0 and gy, are equal and arc inde-
pendent of cube o?ig?tation. This is not in agreement with pre-

vious predictions lHHlowever thosc calculations did not

include the T, ,, and T, ,, terms,
“ - ’

» &~

Right-Circular Cylinder:

)

Consider a closed right circular cylinder with radius R and
length L, definc e = L/R, and let & be the angle between H - and
the cylinder axis. On the end faces, the angle * bhetween HJ and

the surface normal is equal to A, while for points on the curved

45
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surface, this angle is given by cosu = sinusing, where the azi-
+ o]

muthal angle ¢ is shown in Figure 2.0.2. Integrating over the

entire surface,

d = =R V2 4 Rz) l+e- & si 2%-‘ ‘2“)w and

Jf \510 =z - OIC 0( kil ( £ 4 sin -Cos =1 INERR 14

4 = -R 1 Vz(’ﬂRz)(l+€+ t sinZH+co<zﬁ)d (2.0.240
dTe 11 0o c o " 7 s 11° T

For a long cylinder (e>>1), this reduces to

! 2. 2 1 .2
5? 010 = "Ryt Vo (4mRTe) (1- 5 sin"8)o ), and
S oy = “RyTVi(2mR%e) (14 7 sin‘g)s, ). (2.0.25)

while for a flat disk (e<<1)

- = -R v2(4 RZ)(]'COSZB+C(]' 1 'iinzl'\'))‘ and

Tt 10 © olcotT T 100 ¢

d _ 2 2 2 i y
dt Oll - -ROTCVO(ZWR ) (1+cos B)cll' (2.06,200

Note that the longitudinal and transverse relaxation rates be-
come cqual to cach other at g = 54.74° for anv value of .. \gain,
this 1s the angle for which V,O, the shift in the cnerpv levels,

is zero.

t
—~

These relaxation rates do vary with cell orientation, At
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T — T
1
l

| 0

for the cylinder and 8 = 90~ for the disk, the longitudinal re-
laxation rate is twice the transverse rate, Again note thuat
these rates are due only to the anisotropic quadrupole perturi-

tion, and not to other effects such as dipole perturbations,

2.6.4 Experimental

Measurements of longitudinal and transverse relaxation rates were made

using a cube-shaped cell, The fused-silica cube, approximately 1 o¢nm on
a side, was evacuated and then filled with a dry vapor of mercury en-
201 V12

. . . 99 . .
riched with the isotopes 1“Hg and Hg at a density of about 1t

atoms/cm3. The cell did not contain a buffer gas.

The transverse orientation moment was detected by means of the transverse
r{ Faraday effect using the apparatus described in Section 1,2, Relaxua-
tion rates were determined using modificed pulsed NMR tcchniqucs.(zn) At
the start of each measurement, both shutters were closed, and no current
was applied to the AC coils, A longitudinal moment was c¢stablished by
opening the pump-beam shutter for 60 seconds, which is about ten times
longer than the pumping time. The pumping time is the time required to
orient a fraction 1/e¢ of the atoms, assuming no relaxation, For measure-
ment of the longitudinal relaxation rate I/Tl, the pump shutter was
closed, and, after a measured delay, the readout shutter was opened <imul-
tancously with the application of a short pulse through the AC coils, T'ihnas
pulse was controlled by the switching circuit and was adjusted such that
the longitudinal moment was rotated by 900, making it ohservable with
Faraday readout, The resulting amplitude was recorded on a T-Y recorder
for various values of the delay time. The amplitude (after the pulse)
versus the delay time can be least-squares fitted to an cxponentiial
tunction to Jdetermine the relaxation rate. For measurcement of the trans-
verse relaxation rate 1/7T,, the pulse was applied simultancously with the
closing of the pump-heam shutter, so that a transverse Jdistribution

exizted during the measured delay time, after which the readout shutted
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was opened and the signal was observed. Note that the rcadout and pump
light could not affect the measured relaxation rates, since all relaxation

took place with both beams off,.

[t is important to check for the presence of non-exponential decay when

(1’5). Such departure {rom cx-

analvzing the results of this experiment
ponential decay can occur if VZO’ the shift in the magnetic encrgv levels
due to the quadrupole perturbation, does not average to zero over the
entire cell surface (see Section 2,4),., It can be shown that this average,
<V2&> , 1s zero over the surface of a cube for all orientations with
respect to the ”o magnetic field. A nonzero average can he caused by the
presence of the cell sealoff tip (a major source of this effect in
sphervical cells) or by a slight elongation of the cell shape (the

cell walls were not flat enough to verify any elongation), It can be
shown that either of these two effects will result in a value of <%3u>

which has the same angular dependence as Voo itselt:

<%Zd> a Pz(cose) = %(3COSZO-1), (2.0,27)

where 0 is now the angle between H0 and an axis whose orientation with
respect to the cell depends upon the cell shape. The functional torm of
the decay transient 1or transverse relaxation is shown in Section 2.1 to
be given by

S(t) = S(O)c-t/r (2 + 3C08m)t) (206,28

Q

where S(t) 1s the signal at time t, 1 its the relaxation time, and S

proportional to <V,d> . longitudinal decay transients are believed to be

nmatfected by a nonzero <\',0> .

Measurenments of longitudinal and transverse relaxation rates, l'i\ and
Iy, were nade tor a cube-shaped cell in several orientations, Specitie-

2 : )
ally, measurements were made along the three equivalent . = 07 axes, three
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of the tour cquivalent R = 55° axes, and three of the six equivalent
1 - = 90° axes. The axes arc identified by numbers in Vigure 2.6.3, The i
L term "equivalent axes" refers to the fact that a given value of - can be é
L obtained with respect to different cube faces., For instance, the . = 58° i

axis can be obtained by aligning “o along anv ot the four cube body
diagonals. The individual cube faces can be identified by features such o
as bubbles, scratches, or the location of the sealoftf tip (not <hown in

Figure 2,6.3).

[P E 4

7y

Longitudinal and transversc decay transients were nonlincar-least-squares
: fitted to cquation (2.6.28). All of the longitudinal decay transients
vielded wa equal to zero,within experimental uncertainty, and relaxation
times between 40 and 44 seconds, showing no apparent variation with cell
orientation. The transverse decay transients vielded relaxation times a
few percent shorter than the corresponding longitudinal relaxation times,
and values of Wy @s shown in Table 2,6.1.

{

Note that the values of w, are roughly proportional to [P, (cos=)i. There-
fore, 1t the cell is assumed to be clongated along axis #3
i in Figure 2.6.3, then the results can be explained in terms of the non-
exponential decay which is predicted for cells with such a shane.

(19)

Previous results had indicated that the transverse relaxation rate
did vary with the cube orientation, [t is now belicved that the apparent

variation was duc to a small departure from cxponential decay, which was

not sc¢vere cnough to cause a noticeable curvature in a logarithmic plot
of signal vs time (which should be a straight line for an cxponential
decay), but was able to affect the apparent slope of the line, which is
proportional to the relaxation rate. The previous experiments were net
conducted on more than one of the equivalent cube axes, and thev Jdid not

measure longitudinal relaxation rates., i

49
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l FIGURE 2.6.3 - Axes of Orientation ot Magnetic Field
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TABLE 2.6.1 - Values of Quadrupole-Splitting Parameter
for Various Cube-Shaped Cell Orientations

wQ(XIOB) P, {(cos@)
Axis f 8 (see Figure 4) (Hz) 2
1 0 8.3+1,5% -0.5
2 0 14,3+1.,3 -0.5
3 0 21,5+0.,8 1
4 55 5.1+2,6% 0 N
5 55 0.0£0.1 0
6 55 0.0+0.1 0
7 90 5.1+1.9 .15
8 90 6.4+3.1 .25
9 90 10.1#1.6 -0.5 ;

*values not reproducible from day to day
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2.7 CONCLUSIONS

The results described in this section show that the four-lcvel snin svstem

of 201“g can be conveniently described in terms of spherical basis oper-

ators, and that this description can predict effects which are not pre-

ZOIHg as three

dicted by the simpler but less rigorous description of
two-ievel spin systems. The results also indicate that a description of
a quadrupole perturbation solely in terms of the shift in energy levels,
without including the effects of torques which may also be present, might

not be sufficient for predicting the effects of such a perturbation.
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3. CELL FABRICATION AND TESTING

3.1 TIP-ONLY HEAT TREATMENTS

The surface of the cell near the sealoff tip can be expected to be diff-

erent from the remainder of the cell surface, since the latter is baked
for several days to achicve maximum cleanliness while the former is
freshly created, by glassblowing, at the time of secaloff, and is never
subsequently baked in a high-vacuum system. It had been suggested that
only this unbaked surface near the cell tip is responsible for the strong
relaxation observed in cells just after sealoff, and that the changes in
the cell surface which are caused by heat treatments occur mostly at that
arca, This hypothesis was tested by applying heat treatment only to

the tip area,

Two cells, C-2 and W-165, were given tip-only hecat treatments to deter-
mine if the cell tip area is the dominant region of the cell surface for
mercury relaxation, The first treatment was done in a small funnel-
shaped apparatus made from fused silica, sketched in Figure 3.1.1a. After
a one-hour heat treatment at QZOOC, neither cell showed signals, How-
ever, a thermocouple placed inside the tip of a dummy cell (Figure 3,1.1M)
showed that the temperature inside the tip probably had not excecded
500°C. It was found that three turns of nichrome wire, placed directly
around the cell tip, could raise the inside temperaturce to about TSUOV, as
measured by the thermocouple. In the past, most cells showed moderate
signals after a 750°C heat trecatment, but these two cells still showed no
signals after a second tip-only heat treatment with the heater wire
directly on the cell tip as described above. The cells were then given

4 onc-hour heat treatment in an oven at 750°C after which they showed mod-
erate signals but short (<2s) relaxation times. These results strongly

suggest that the relaxation of the nuclear spins is not confined to the

tip areca, bhut that it occurs over the entire inner surface of the cell,




Cell

\/ _— Fused Silica Funnel

p Heater Wire
P /l/
PERN

Thermocouple
FIGURE 3,1.1a - Cell Tip-Only Heater

Thermocouple (.003" wirel

VQ// Dummy Cell with Hole

FIGURE 3.1.1b - Thermocouple Inside Cell Tip
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The two cells then were given a 930°C, one-hour heat treatment, C(ell
199Hg (at 150°C)

Hg (at 300°C). These values are similar to those of other

W-165 then showed maximum relaxation times of 70s for
and 56 s for 201
cells made from the same material, Cell C-2 showed performance slightlvy
poorer than that of W-165. Both cells improved after the 930°C heat
treatment,but not after the tip-only heat treatment, which further indi-
cated that the mercury relaxation is affected by changes which occur over

the entire cell surface.

3.2 EFFECTS OF ABBREVIATLED HEAT TREATMENT PROCEDURE
Nearly all of the cells made during the past few years were given a series 3

of onc-hour heat treatments at about 7500C, SSOOC, and 925°¢C. Signal

strengths and relaxation times usually increased after cach heat treat-
ment, and rarely improved significantly after additional heat trcatments.
A test was conducted to determine whether the first two heat treatments
were necessary for achieving good cell performance. Five cells from the
same batch were used for this test, Two of them received the scquence

of three heat trecatments at different temperatures, and the other three

received heat treatments only at the highest temperature., The relaxation
times of these cells at 200°C are shown in Table 3.2.1 below., These
results indicate that the 765°C and 860°C treatments are not crucial and
that the 930°C heat trcatment is the most effective toward improving cell
performance. The first two heat treatments have thercfore been omitted
during processing of cells made after this test.

TABLE 3.2.1 - at 200°C After Different Heat

T199/ 201
Treatment Sequences

Cell W-156 W-159 W-162 W-157 W-100
Treatment iIligh Temperature Only Standard
After 765°C - - - 0.6/1.4 0.8/1.0
After 860°¢C - - - 72734 70/33
AMter 9308c 53/27 96/ 32 14/19 70/29 85730
After 930°C 70/29 86/29 42/19 69/28 74727
55
\‘\
. FRBENSRN S
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3.3 THE CAGNAC CELL STABILIZATION METHOD
(21

A heat treatment procedure was suggested by B, Cagnac , who was able

to produce stable cells by repeatedly cycling the cell temperature between
room temperature and 400°C while continuously exposing the cells to reso-
nant ultraviolet radiation, This procedure was tested recently, using

ccells prepared on both ion pumped and oil-diffusion pumped vacuum svstems,

Three cells from the batch used to test the ablreviated heat treatment
{(see section 3.2 above) received the Cagnac treatment, The first four
heat cveles were done in the relaxation-time measurement apparatus, The

relaxatton times were short, but the cells improved slightly with cach r

201

cvele, For instance, typical Hg relaxation times at 100°C were 0,9 Sy

l.2 s, 1.5 s

b4
the cells received 26 heat cycles in a different oven, exposed to strong

, and 2,0 s during the four respective heat cvcles. Next,

resonant uv, which caused a slight decrease in relaxation time,but a

drastic decrease in mercury vapor density, At this point, the

observed relaxation times were not more than a few seconds. Finally, the

cells were given a 930°C heat treatment, after which their vapor densi-

ties and relaxation times were comparable to the other cells in the bhatch i
after a 930°C heat treatment. Typical relaxation times at this point are
shown in Table 3.3.1, and can be compared with values for other cells fron
the same batch shown in Table 3.2,1, Subsequent exposure to strong reso-

nant uv caused the relaxation times to drop to as low as one tenth of the

i

)
values shown in Table 3,3.,1, as well as causing a slight reduction in !
vapor density, The results on these cells do not duplicate Dr, Cagnuc's j
results, The monotonic increase in relaxation time with temperature and i
eradual overall increase in relaxation time with successive heat cveles :
which were obscerved with these cells, are not obscrved in the cells proe- {
nared usine the usual methods, Most cells exhibit long relaxation time- only
after high-temperature heat trecatment, rather than after low-temperature 5

heat cvoling with resonant uv, ,

!
|
|
1
{
1
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TABLE 3.3.1 - Relaxation Times gfter Cagnac Cvcles
followed by a 930~ Heat Treatment

Cell T1gg (200°C) 7201 (200°C)

W-155 55
W-158 78
W-161 63

[SS TN S B VS |
~N Ao

A new batch of cells was then fabricated and filled using the oil-diffu-
sion-pump vacuum system in order to duplicate more closely the experimen- 1
tal method used by Cagnac. The cells were baked at 1000°C for two days

i il

but a leak became evident when the cells were cooled. Fortunately, the

leak was found before the mercury ampoule had been broken. The lcak wus
fixed and the cells were baked again for several days at 1000°C with the
system pressure going as low as 2 x 10"8 torr with all heaters on. The
cells were cooled slowly to 700°C and the oven was then removed. The b
mercury ampoule was cooled to about 0°c, and, when the break-tip scal wuas
broken, the system pressure gradually rose to about 5 x 1077 torr, At
this point, a glass valve was closed, isolating the cells and ampoule {
from the rest of the system, The mercury was driven into the ccll mani-
fold, which was then sealed off from the vacuum system. The cells were
kept at elcvated temperatures with the manifold tip in liquid nitrogen

for four days, after which the cells were removed from the manifold.

The batch was divided into two groups of four cells cach. The control

group received heat treatments at 940°C and at 950°C for one hour, and
the test group rececived 29 heat cycles cxposed to resonant uv, NMR sig-

nals were sought during the first three heat cvcles and during the last

heat cvele, but no signals were found, This group of c¢ells was then

: o,. . .
gilven a 9407C one hour heat treatment, after which strong signals were

observed. The results for all cells are summarized in Table 3,3,2 bhelow.,

Note that there is no significant difference between the performances

i
|
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of cells from the two groups after the first heat trecatment, and that the
performance of the control group degraded slightly after the sccond
heat treatment. Excessive heat treatments have been observed to degrade

the performance of cells in previous batches,

TABLE 3.3.2 - Relaxation Times for Cells Prepared
on 0il-Diffusion Pump System

After [irst Heat Treatment After gecond Heat Treatment
200°C Maximum 200°C Maximum
Group Cell 199 201 199 201 199 201 199 201
Test W-167 78 s 30 s 78 s 52 s - - - -
W-169 94 39 94 44 - - - -
W-171 109 45 109 61 - - - -
W-173 83 43 108 62 - - - -
Control W-168 90 s 39 s 98 s 55 s 75 s 34 s 7S s Jo s
W-170 91 33 91 53 74 29 74 39
W-172 129 44 129 69 113 1 113 61
W-174 119 45 119 63 120 43 120 62

Although the current batch of cells was filled using an oil diffusion
pumped vacuum system, similar to the svstem used by Cagnac, his results
were still not reproduced here, since no signals were observed before

the 940°C heat treatment.

3.0 WATER-FREE SPECTROSIL CELLS

A water-free form of the Spectrosil brand of fused silica (Thermal-

\merican Fused Quartz Co., Montville,NJ) has recently become available,

The suitability of this tvpe of silica for cell fabrication was tested by

making a batch of four cells (C-1 through C-4) from this material and tour

cells (W-163 through W-1066) made from Suprasil W, the material normally
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used for cells. In a new cell bakeout technique, applied for the first
time to this batch, the high temperature cell bakeout was not started
until the vacuum system pressure had dropped to 10'8 torr with the en-
tire system at 400°C. The pressure rose more than expected when the cells
and manifold of this batch were first heated to 1000°C, but it then de-
creased as cell bakeout was continued. ;‘

Cells W-165 and C-2 received the tip-only heat treatments described in
Section 3.1. The other six cells received 930°C heat trecatment for onc
hour., The performance of these cells is summarized in Table 3.4.1
below.

TABLE 3.4.1 - Water-free Spectrosil/Suprasil (Cells
After One Heat Treatment

T199’ sec T201, sec
Cell 200°¢C 250°C Maximum 200°¢C 250°C  Maximum
c-1 5 33 59 16 42 63
C-3 15 36 70 19 40 63
C-4 6 35 65 14 38 53
W-163 102 - 102 44 - 68
W-164 91 107 107 42 56 64
W-166 76 98 43 59 59 67
(- 3% 13 50 80 17 41 58
C-4% 3 17 23 10 30 40

*after second heat trcatment

The relaxation times of the water-free Spectrosil cells did not risce as

quickly with temperaturc as those of the cells made from Suprasil W, and

their maximum values were not as high, Therefore, the three Spectrosil

cells were given another heat treatment, at 945°C for onc hour. Cell (-1 :
fost most of its mercury vapor, and cells C-3 and (-4 showed slightly

poorer overall performance., These results indicate that watcer-frec
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Spectrosil is not as good a starting material as Suprasil W,

3.5 MERCURY PURIFICATION

During the reporting period, many techniques were developed for improving

the purity of mercury and for handling it under vacuum, Most of these
techniques were developed during fabrication of the clectrodeless lamps

which are needed for these optical pumping experiments, and therefore,the

2

effects of such techniques upon relaxation in NMR cells have not vet been

determined,

The isotopically-enriched mercury is currently being received in the form

of mercury oxide, and not in the form of mercury metal as had heen receives

previously. The oxide is reduced by heating under vacuum, During such

heating, oxygen is released, along with smaller quantities of water and
other atmospheric constituents, A residue remains after the mercury has
been distilled away from the area where the oxide is decomposed., Ffforts

arc currently underway to identify this residue,

The mercury then receives multiple distillations under vacuum, using a
long vertical silica tube and a movable ring-shaped cold trap. The mer-
cury droplet is placed at the closed bottom end of the tube and the top

end ot the tube is attached to the vacuum system. The ring-shaped cold

trap is placed around the tube, about two inches above the mercury. When
the mercury is heated, it evaporates and then condenses as a thin tiln
near the cold trap. The trap is then raised two inches and the process
is repeated.  In this manner, the mercury can get distilled several tines

without having to be driven for long distances within the vacuum svstoen,

Once the reduction and distillation has been completed, the purificd
mercury is isolated in a break-tip ampoule during the high-temperature
hakeout of the cells or lamps, Therefore, any impurities gencerated Jduring

bakcout cannot come in contact with the puritied mercurv, The usce of
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such ampoules is probably the most important step in maintaining the
mercury purity, since mercury is excellent getter and will readily absorb

many contaminants.

When the break-tip seal is opened, a small but significant "puff'" of gas
can be detected by the residual gas analyzer, This indicates that some
outgassing has occurred inside the sealed-off ampoule. To reduce the
effects of such outgassing, a non-evaporable getter (S.A.LE.S. ST-171) was
placed in a side-arm attached to one of the ampoules, in order to

absorb any outgassed impurities. The getter can act as a pump onlv after
it is activated by heating to about 900°cC. Unfortunately, a large amount g
of organic impurities was released during the activation, and it took :3
several days to reduce the concentration of these impurities to an accen- |
table lcvel., The ampoule containing the getter and the multiple-distilled
mercury was then sealed off, When it was opened several days later, no

puft of gas was detected. However, the organic impurities again showeld

up as the mercury was heated to be driven into the lamps, Therefore,
more work is needed in order to utilize the getters most effectively,

although they do show promise for improving the mercury cleanliness,
As mentioned above, these techniques were developed mostlyv while fabri-

cating lamps, In the ncar future, they will be used for filling \MR

cells, and their e¢ffects upon cell performance will then bhe tested,
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4., COMPLEMENTARY INVESTIGATIONS

4.1  SURFACE ANALYSIS OF CELL WALL MATERTALS

in the past, much information on the relaxation of mercury nuclear -oins

has been obtained through measurements of the decay rate of signals
arising from optically-detected precession of the spins., However, this
technigque cannot measure directly the interaction between the cell wall b
and a mercury atom at a specific site on the wall during a single short
sticking time, and it cannot characterize the state of the wall surfuce,
except in general macroscopic terms. Various surface spectroscopic v%
techniques, including X-ray photoelectron spectroscopy (APS or SOV,
secondary-ion mass spectroscopy, ion scattering spectroscopy, and Auger
electron spectroscopy, recently have become readily available. These ' !
techniques are sensitive to the atomic composition and oxidation states
of the atoms in the first few atomic layers, which is the portion ot the

cell which interacts most strongly with the nuclear spins of the mercury

vapor atoms. X-ray photoelectron spectroscopy can identify the atoems
present at the surface and can also determine their oxidation state.
Sccondary-ion mass spectrometry is extremely sensitive for detection of
certain impurities, especially alkali metal atoms., lon scattering
spectroscopy is sensitive only to the outermost atoms at the surface,
which are the atoms which interact most strongly with the mercury nuclear
spins, Auger electron spectroscopy is sensitive to the electronic state
of the surface atoms, and has an imaging capability with a resolution ot

0.2 microns.

Fhe main disadvantage of these techniques is that the cell must bhe broken
in order to perform the analyses, [t is possible that the cell wall wocht
change during the process of breaking the cell, mounting a picce o! the
ceil wall into a sample holder, and inserting it into the vacuum svater
ror analysis,  Despite this drawback, these analysis technigues can ardd

asreatly in characterizing the impurities present on the cell surface,
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Several cell surfaces were analyzed by XPS. This technique was chosen

because knowledge of the oxidation state of the atoms was desirable and
because XPS causes the least amount of damage to surfaces such as silica,
The analyses were performed at the analyvtical laboratory of Perkin-llmer,

Physical Electronics Div,, Eden Prairie, Minn.

Three cells were investigated: W-133 (a high-quality cell), W-132 (a
high-quality cell which had been degraded by exposure to resonant uvl and
a control cell (a cell which had been sealed off with mercury,hut had not
been heat trecated). All cell surfaces were found to have silicon and
oxyvgen in chemical states identical to that of Si0,. No mercury and

no other impurities werce deteccted. No differcnces_in surface compositioen
or structure were found, except for variations in the distribution of
chemical states of carbon adsorbed from the lab atmosphere. It is not
known whether this difference was significant in relation to cell per-
tormance or if it was due to random variations among the samples, The
results of these tests indicate that the difference between good and bad
cells is not due to an overall change in composition, but that it is duc
cither to some subtle change of the entire cell surface or to a pross
change of a small portion of the cell surface area. The sealoff tip was

considered to be a likely arca for such a gross change (see Section 3,171,

These observations indicate that the fabrication, bakeout, and processing
of the cells remove most foreign substances and result in cells with
clean 5102 walls, lyvdrogen, as well as oxvgen combined with elements
other than silicon, may also have been present, but could not bhe obh-

served by the techniques emploved.

i.2 2 TLTEN GLASSBLOWER'S SMOKE

.t had been suggested that the relaxation of mercury in fused silica o).
micht be affected by particles of so-called "glassblower's smoke'™ whioh
wavoend oupoin the cell atter sealoff.,  This "smoke” is a white, novden

rdm owhich is produced during the strong heating nceded tor shaping of
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fused silica or for sealoff of cells, Although some sources clailnm that it
is composed of silicon monoxide (Si0) it was determined by XPS suriace
analysis to be fused silica (SiOZ). However, such small particles of
fused silica may have different surface properties than the silica ot the
cell wall, and may cause relaxation of the mercury nuclear spins. xperi-
ments were performed to test whether such smoke would be affected hv the
heat treatments which are known to improve the performance of NMR cellsx,

Several samples of silica ''glassblower's smoke' were prepared to test
whether such smoke is affected by a typical 950°C cell heat treatment,
The samples were divided into three groups: one receiving a bakeout
2t 980°C for ten days under vacuum, another receiving a similar bhaking

in the ambient air, and a control receiving no treatment. After treatment,

no differences among the samples were seen under a 30X microscope. The
samples were then examined under an electron microscope, wherc again no
differences could be detected. Therefore, the glassblower's smoke, if

present in the cell after sealoff, is probably not eliminated by heat

trecatnment.

A fortunate accident confirmed that glasshlower's smoke is not a strong
rclaxation site for mercury. One of the cells, W-164 containcd a clearl.
visible amount of glassblower's smoke on its inside surface, As can be
scen from Table 3.4.1, its performance was not markedly different iron
that of the other Suprasil cells in this batch, Therefore, it is Jdoubt-
ful that the presence of small amounts of glassblower's smoke in a col!

will affect its performance.

403 CORRELATION TIME OF THE WALL POTENTIAL DUE TO MOTION OF THU MIRCURY

ATOM

During attenpts to explarmn the apparent dependence of relaxation tirme

upen caubice cell orientation, the possibility of a long correlation tive

Cowas considered, The predicted relaxation time is independent ot cell
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orientation only if Wt is small compared to unity, where « is 2s times
the Larmor frequencv.(see Sectio:r 2.0). If wr_ is not small, then hoth
the longitudinal and transverse relaxation times should show a variatioen

bt
on the order of (wTC)“.

The original calculation (see Section 2.6.1) assumed that the relaxing
potential was a continuous stationary random fluctuation with an exponen-
tial correlation function

-1t/1
<V(B)V(t + 7)> = ¢ c. (4.3.1)

However, a vapor-phase atom only is affected by the relaxing potential
while the atom is adsorbed on the wall, The potential can be modelled ax
a4 continuous potential which is turned on when the atom is adsorbed and
is turned off when the atom leaves the surface. The correlation f{unction

for this potential will be different from equation (4.3.1).

We assume that the probability of an atom remaining on the surface for u
-1/T
time v is e S, independent of how much time the atom has alrecadv spent

on the surface. Note that the average time for an atom to remain on the
surface is then equal to Tge We also assume that the average travel time
between sticking events is T,» SO that the probability of an atom bheing
on the surface is TS/(TS + Tv). Finally, and most important, we¢ assumce
that the potential during one sticking event is completely uncorrelated
from the potential during another sticking event, Therefore, it 7 is

long c¢nough so thata desorption and subsequent rcadsorption occurs hetween

time t and time t + 1, then <V(t)V(t + 1)> must be zero,

e correlation function is the ensemble average of the product

Vit V.t + 1), This is given by

“V{t)V(t + 1)>= Proh(particle on surface at time t) (4.3,

x Prob(particle still on surfacc at time
(no desorption)

x<V(t)V(t + 1)> for particle remaining on ~urtiace

JUUSRORRp gre  y
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T -1/t -T/TC

or

<V(B)V(t + 1)> = e . (4.3.3)

with

1:-—1-'0-—1.
Teff Te Ts

Usually, Te is much shorter than Tgs SO 1/1S can be neglected.
The overall effects of turning the potential on and off thereforc arc:

1) the average potential is reduced by a factor

TS/(TS + TV), and

2) there is an upper limit of T for the effective

correlation time Toff of the potential,

In the special case of the cubic cell, we can not assume that different

sticking events are uncorrelated. If we assume that the atom is moxt

likely to desorb in a direction perpendicular to the surface, then the

atom 1s most likely to end up on the opposite cube face, where the values "
ot the quadrupole perturbation are the same, Therefore, the potentials

a4t two successive sticking events are correlated,

The above situation was simulated using a Monte-Carlo calculation. The .
potential was set cqual to +2 (arbitrary units) on two opposite cube
faces, and to -1 on the other four faces. This corresponds to axes 1-5

in Figure 2,0.3, A particle was placed randomly on the inner surface,
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and then was desorbed, with the probability of desorbing at an angle v
(relative to the normal to the surface) assumed to be proportional to

(22)

cos0. The potential at the point where the particle hit the cube was
then determined. The product of the starting and ending potentials was
computed and was then averaged for 5000 random paths., The result ot the

calculation was that

<V (0)%s = 2

H
o
.
(38}

<V(0)V(1)> (4.3.4)

<V(0)V(2)>

1
(=]

where V(0), V(1), and V(2) are, respectively, the values of the potential
at the beginning, after one trip, and jsfter two trins across the cell, e
can define a correlation time for this process in terms of the rate of
decrease of <V(t)V(t + 1)>, neglecting the fact that this model onlv cvaluntoes
V(t+t) for values of 1 corresponding to an integral number of trips across
the cell. The value of <V{(t)V(t + t)> decreases by a factor of ten after
onc trip, and therefore the correlation time is roughly one half of the
average travel time, since e-2 ~ 1/10, Since the actual travel times are
not all equal, the degree of correlation after a time 1 will be less, which
means that half the average travel time is an upper limit for the effec-
tive correlation time. In the cube-shaped cell, the average travel time

Is approximately 10'4 sec, and (wrc)2 then works out to bhe less than 59,
Any change in relaxation times caused by this effect would be less than

the uncertainty of the experimental results.
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4.4 AVERAGE TRAVEL DISTANCE OF A MERCURY ATOM WITntIN A CELL

The average path length of a mercury atom across the cell was computed

for spherical and cubic cells. If all angles of desorption are equally
likely, then the average path length is ,667D for a spherical cell of

diameter D, and .925L for a cube with side L. [If the probability for

desorption at an angle 6 is assumed to be proportional to cosO,(sz) then
the average path lengths are .75D and ,955L., A cubic cell has an averapce
path length 27% greater than a spherical cell which fits inside the cube,
(D
(b

to be directly proportional to the average path length, these results r

L) but 27% less than a spherical cell which fits around the cube

H

L /3 = cube body diagonal). Since the relaxation time is expected

indicate that neither of these shapes is inherently better for achicving
long relaxation times by providing a long average path, and that the best
cell shape for maximizing the path length is the one that hest {ills the

available space,

4.5  THE DARK FILM IN MERCURY LAMPS

An rf-excited electrodless-discharge mercury lamp is a svstem where mer-

curyv-silica interactions are expected to be stronger than the interactions
in NMR cells. The dark film which often forms in these lamps has bheen in-
vestigated, in order to gain insight into the mercurv-silica interactions
which can occur in both lamps and cells. Some of the results were de-
scribed in the previous interim rcport(lz). Examination bv electron
microscopy had shown a complicated surface structure, and X-rav analvsis
(EDAX) had detected only mercury and silicon, The {ilm was stable in
acids known to attack mercury and its oxides. 1t decomposed at a tenmper-

ature above BSOOC.

Durin, the current reporting period, samples of this film were analvied
using X-ray photoelectron spectroscopy (XPS) to determine the chemical
state of this film, Only silicon, oxygen and a relatively small amount

of mercury were detected by XPS, with chemical shifts corresponding to
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elemental mercury and to silicon and oxygen as found in fused silica.

This would indicate that the film was a mixture of clemental mercury and

Si0,. llowever, the X-rays necessary for XPS are known to decomposce mer-
e

cury oxides by local surface heating.(zs)

Although no time dependence

was observed for the chemical shift of the mercury XPS pecak, 1t is still
possible that the film had some other chemical structure which was rapidlv
decomposed by X-ravs. A similar atomic composition was f{ound on a region
of the lamp surface where no film was visible. It is doubtful that the

mercury in these clear portions was adsorbed directly from the mercury
t]" \—1)

vapor in the lamp, since mercury is only weakly adsorbed onto silica, 7'~
It is more likely that the film growth occurred to some extent over the

entire lamp surface.

The tests described above indicate that the film is not composced salelyv
of clemental mercury or of its oxides, It is doubtful that impurities
play a major role in film growth, since impurity levels monitored during
Tamp tilling were observed to be very low, and since no residual inmpuri-
ties were found in the film by EDAX and by XPS. As was mentioned in the
previous interim roport(lz), a possible chemical composition tor the tiln
is a mercury silicate. Although zinc and cadmium, which are divectlvy
above mercury in the periodic table, form silicates which have high

(25)

melting points and are stable in most acids, no detailed descriptions

of a mercury silicate or of its preparation has been found in the litera-

ture, (25,20,27,28)

In fact, Ropke and Eyscl(ZS) reported that they were
unable to synthesize Hg25i04 from HeO and SiOz at elevated temperature

and pressure. Therefore it is possible but unlikely that the {ilm is
composed of a mercury silicate. More likely compositions arc a miature

of clemental mercury with SiO, and a mixture of mercury oxide with
oxvgen-deficient silica., The relative concentration of mercurv, as de-
termined by XPS, was small (about 3%), and it is plausible that this small
amount of mercury or mercury oxide was protected {rom acid attack by

the silica host (except, of course, for HiF)., The decomposition temperature

RN
of the film was slightly lower than that of HgO,(“J] and one would cexpect
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that elemental mercury would be driven from the film by evaporation at a
much lower temperature if the film were composed of elemental mercurvy and
5i0,. Therefore, the most likely composition for the film iIs a mixturc

of mercury oxide and oxygen-deficient silica.

A possible growth mechanism for the film is a vapor-phase reaction between
the mercury (ground-state or excited atoms, ions, or molecules) and the
silicon and oxygen atoms sputtered from the silica surface by the plasma.
Since mercury is only weakly adsorbed onto silica, and since no film
growth has been observed in mercury cells which are exposed to resonant

UV but not to a plasma discharge, the presence of the discharge is pro-
bably necessary for film growth. This hypothesis is consistent with the
fact that the film accumulates mainly at the regions of weakest discharge,
since any film grown in regions of strong discharge would be removed by
the continuous sputtering, Tt is also consistent with the observation
that the film appcars to have been deposited from the vapor, as opposeld

to having grown by diffusion into the bulk.

The results of this investigation support the hypothesis that the inter-
action between mercury and fusced silica is very weak, since the proposed
chemical reactions only occur after the silica has been decomposed by
sputtering., Other experimental techniques are being sought in order to

characterize further the nature of this mercury-silica substance.
A presentation on this work was made at the March 1980 meeting of the

American Physical Society, and a paper has been published in Applicd

Physics Letters,  See Chapter 5 for further details on these publications,
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5. PUBLICATIONS

5.1 THE DARK FILM IN MERCURY LAMPS

A prescentation was made at the March, 1980 meeting of the American Phvsical

Society in New York City [Paper # DI15, Bull,Amer.Phys.Soc. 25, 238 (198¢
and a paper has been published in Applied Physics Letters 36, 903 (1980).

The results are summarized in Section 4,5 of this interim report,

5.2 EFFECTS DULE TC QUADRUPOLE PERTURBATIONS

The work which is summarized in Chapter 2 of this interim report is de-

scribed in greater detail in two Singer Company, Kcarfott Division Tech-
nical Reports (references 11 and 14). Manuscripts are currently under
preparation for submission to the Physical Review A, Tentative titles

<

are '"Quadrupole Perturbation Effects upon the IHg Magnetic Resonance.

f

I, Effects upon Free Precession of the Nuclear Spins,' and "II, Relaxa-

tion due to an Anisotropic Perturbation,"

5.3 UskE OF NMR RELAXATION AS A SURFACE ANALYSIS TECHNIQUL

An abstract was submitted for nresentation at the TFortieth Annual Conter-

ence on Phyvsical Electronics, lthaca, N.Y., June 1980, Unfortunately, it
was not possihle to include this paper in the conference schedule, The

abstract appears below:

ADSORPTION OF MERCURY ON FUSED SILICA
OBSERVED USING OPTICALLY-PUMPED NUCLEAR MAGNETIC RESONANCE

P.A. Heimann and J,H. Simpson

Singer Co., Kearfott Div,, Little Falls, N..JT,

The reltaxation of a distribution of oriented vapor-atom nuclear
Spins can o scerve as o a osensitive probe of very weak interactions
between such atoms and a solid surface. In experiments with
mercury vapor and fused silica, we have used this technique to

monitor heat-induced changes in the silica surface which have
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not been observable using other techniques, We have also ob-

served cffects arising from the presence of a non-zero average
electric field gradient at the mercury nucleus during physisorp-
tion, The technique is sensitive to surface-vapor interactions

. - . - -
at temperatures where sticking times are on the order of 10 ’

. -18 ,
seconds or less, and it can detect changes as small as 10 e\
in the average splitting betwcen magnetic energy levels of the

nucleus of the physisorbed atom,

We will describe the principles of optical pumping and relaxa- 1
tion of nuclear spins, and we will show how information on the k
strength and symmetry properties of the surface-vapor potential

can be determined from measurements of relaxation rates, We !
use two stable isotopes of mercury: 199Hg, which has a magnetivc

dipole moment and is affected by local magnetic fields, and :Ung,

which in addition has an electric quadrupole moment and therefore

is affected by both magnetic and electric fields. “These local
tields may arise, for example, from charged defects in the silica
or from distortions in the mercury atomic charge distribution when

the atom adsorbs onto the silica surface.

We will present results which indicate that the average strengeth
of this interaction can vary by a factor of 10 or more between
room temperature and 4000C, and can be altered more drastically
by heating the silica to 200°C or by exposing the mercury to
resonant uv light,  Subsequent ESCA analvsis of these sanples
~howed no significant differences hetween those with streng and
weak average surface fields, We will also present results

which indicate that the clectric field gradients, felt by the
nucleus of the adsorbed atom as it hops about the surface, averave
to some non-zcro value, directed normal to the surface., Scveral
models for the origin of this average field gradient will he

arecented,
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6. SUGGESTIONS FOR FURTHER STUDY

The results of investigations of relaxation due to a randomly-{luctuating
quadrupole perturbation show that the torque and 2o terms must be in-
cluded along with the energy-shift term in order to describe the effects
accurately. At present, the calculations of the effects of a steadv-

state quadrupole perturbation do not include thesc additional terms, - 9

Although their predictions are in agrcement with experimental results, the
calculations should be repeated, using all threc terms of the quadrupole

perturbation. New effects might be predicted by such a calculation,.

Surface analysis of cell wall materials has determined that anv impuri-
ties present are at concentrations less than one percent. More sensitive
surface analysis techniques, such as secondary-ion mass spectroscopy,
will be able to detect such impurities at lower concentrations, The sur-
faces of pyrex cells should also be analyzed, in order to help explain

the long 199 201

Hg and short Hg relaxation times observed in those cells,
Other tests for the effects of impurities include experiments which will
intreduce certain impurities into the cell by diffusion through the cell
wiall and experiments which will attempt to remove charged impurities by
means of a strong electric field applied at high temperatures (ion

sweeping).,

Once uncexplained property of the NMR cells is that they require a heat
treatment after scaloff, despite the fact that they arce heat treated
hefore sealoff by baking on the vacuum system. It is now belicved that
the new surface created at the tip area during cell scaloff is not the
major site for relaxation prior to the first post-scaloflf heat treatment,

Two hypotheses must still be considered:

1. The presence of mercury vapor during heat treatment is
necessary for the beneficial effects of such a treatment,
Therefore, the bakcout on the vacuum svstem is not sufiicicent

to produce cells with long relaxation times.

~3
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2, The secaloff process causes some speccies to he released from
the sealoff area and to be deposited over the entire cell
surface. A post-sealoff heat treatment is required to
eliminate the relaxing effects of this deposited specices,

The first hypothesis can be tested by making "wet'" cells, which have a
droplet of liquid mercury in a reservoir attached to the cell. By con-
trolling the temperaturc of the reservoir during heat treatment, the
effects of heat treatment under vacuum and in the presence of mercury can

be examined.

The species which is released from the sealoff area during secaloff could
be a volatile impurity, such as alkali atoms, although these impuritics
are not present in large concentrations, Although silica glasshlower's
smoke might also be generated, it is not believed to be a strong relaxing
site. However, the mechanism which was proposed for the dark film growth
in mercury lamps might be occurring on a smaller scale during the cell
secaloff: the silicon and oxygen which evaporates duc to the intensc¢ heat
at the sealoff tip rcacts with the mercury vapor present in the cell to
form a thin layer of the dark film material. Higher-sensitivity surtace
analysis might detect the presence of such a thin {ilm, ecspecially in
cells whose scaloff tips were heated for a long period during scaloty,
Experiments such as electron spin rescnance might detect the presence of

paramagnetic sites which could cause nuclear spin relaxation.
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APPENDIX: RESEARCH OBJECTIVES § PERSONNEL

DESCRIPTION AND OBJLCTIVES

This is a basic research program for investigating the interactions that

cause relaxation of an initially established nonthermal angular distribu-
tion of the nuclear spins of odd mercury isotopes. The primary long range
goal of the investigation is to understand the phenomena of spin-relaxa-
tion interactions between mercury and the walls of cells made from fused
silica, glass, or modifications thereof. A major requisite for achicving
this primary goal is the directly related secondary goal of developing
procedures for fabricating cells with stable and predictable relaxation

times, mercury vapor densities, and NMR signals elvels,

PERSONNEL

The following pcople were involved in this research effort during the
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Dr., James . Simpscon Principal Investigator
Ivan Greenwood Research Manager, Phvsics
Dr. Peter Heimann Scientist

Dr. Michael Kelly Senior Scientist

Edward Kling Laboratory Assistant
Ralph Patterson Scientist

Donald Shernoff Senior Scientist

Dr. Robert Novick Consultant

This report was prepared by P,A. Heimann, who also performed the calcu-
lation of the effects of quadrupole perturbations, Mercury cells were
prepared and filled by D. Shernoff and M.J. Kellv. Measurements of ccell
propervties, along with complementaryv observations, were performed by

P.A, Hleimann, ecxcept for the data in Section 2.4, which were supplicd by
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D. Shernoff and D.S, Bayley. The work was carried out at the Research
Center of The Singer Company, kearfott Division, Little Falls, N,I1,, excent
for the surface analysis of cell wall materials, which was performed

at Perkin-Elmer, Physical Electronics Division, Eden Prairie, Minn.
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