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Abstract:

A magnetometer has been designed and built for use in an experiment to test the
equivalence principle by detecting and monitoring a coupling between the gravitomag-
netic field of the Earth, and the nuclear spins of Hes and Xejg9. The device uses
circularly polarized Rb D1 light to polarize the ground state valence electron spins of
a sample of Rb vapor. An oscillating magnetic field is then applied which rocks the
vapor polarization at a frequency w,, and produces corresponding fluctuations in the
optical transmissivity of the vapor. Magnetic fields are detected by monitoring the first
Fourier harmonic of the transmitted light signal. The magnetometer output signal is
then fed back into a servo which stabilizes fields at the Rb vapor sample. Sensitivities
of 20 V/mG were observed, which corresponds to a resolution of 1.3 nG in 1000 sec-
onds. Field semsitivity along three axes (Z, ¥, and Z) was achieved by applying drive
fields along two axes (Z and 2). The design and performance of the magnetometer are
discussed. Design improvements are suggested based on the performance observed.
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Introduction:

It has been known since the early fifties that a sample of alkali metal atoms can
be polarized along a given axis by optically pumping it along that axis with circularly
polarized light. In this configuration the transmission of the sample at the pumping
frequency will be proportional to it’s polarization which will in turn couple to ambient
magnetic fields. Such a system can be used as the basis of a magnetometer. A device
of this type can be used to detect field fluctuations of less than one nanogauss {nG) in
1000 seconds along three axes, and can be incorporated into a servo to regulate fields in
the vicinity of the sample, thus stabilizing the device and preserving it’s sensitivity and
calibration. The magnetometer described in this paper was designed and constructed
for use in an experiment proposed by F. J. Raab of the University of Washington to test
the Equivalence Principle by looking for a coupling between the gravitomagnetic field of
the Earth and the nuclear spins of Hez and Xejgg¢. In accordance with the Equivalence
Principle, this coupling is expected to result in a mass independent Larmor precession
of about 107! Hz which corresponds to an equivalent field of 10718 G. (see appendix
6). However, the daily fluctuations of the Earth’s magnetic field also couple to Hez and
Xeiz9 nuclear spins at much stronger levels than the desired signal, as do numerous
other field fluctuations in the immediate lab environment. Effective detection of the
signal requires that these other effects be accounted for. The magnetometer will be
used to monitor all ambient low frequency magnetic field fluctuations in the immediate
environment of the experiment, so that these fluctuations can be discriminated from the
desired gravitomagnetic field induced signal. In this paper I will discuss the operational
principle of the magnetometer, it’s design, and perforinance. Then I will discuss several
ways that the design could be improved, based upon the observed performance of the
existing design.
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Phenomenological Theory:

The principle of atomic polarization by optically pumping is rooted in the nature
of the interaction between the pump light and the atomic structure of the species being
pumped, and the constraints on that interaction. The Rb atom has a single valence
electron with a 28, /2 ground state, and ?P;/, and ?Py;, excited states. Transitions
between these states give rise to the Rb D1 and D2 emission lines respectively. If a Rb
atomn is placed in a magnetic field B,, the magnetic moment of the valence electron will
interact with the field. The hamiltonian for this interaction is given by,

Hs=a(7-7) ~ aibe (-5.) - arb (F-B.) W

where I is the nuclear spin angular momentum operator, a is the hyperfine splitting
constant, g; and gp are the g factors, 3, and 3, are the nuclear and Bohr magnetons
respectively, and F = (L + S} + I is the total angular momentum. The first term
in Egn. 1 represents the coupling of total electron angular momentum and nuclear
spin, and the second and third terms represent the coupling of the field to nuclear spin
and the total angular momentum respectively. The resulting energy level structure is
shown in Figure 1 for Rbgs (I=5/2) and Rbgr (I=3/2). If the atom is then irradiated
with pump light at a frequency resonant with the D1 absorption line, it will be excited
to the * P, /2 excited state, after which it will relax to the ground state after after a
natural decay time 7, which is on the order of 28 nsec. If the pump light is circularly
polarized, it will carry angular momentum, which must be conserved in the absorption
process. Thus, only transitions for which the pump axis electron spin Am, = 1 are
allowed. Pumping from the ground state level with the highest spin parallel to the light
polarization axis is forbidden by angular momentum conservation, so that after several
absorption events, the atom will tend to remain in this state. Thus, a sample of Rb
atoms may be polarized by absorption of circularly polarized light.

Figure 2 shows the basic operating principle of the optically pumped magnetometer.
Rb vapor is irradiated with circularly polarized Rb D1 light and the transmitted light
is momnitored with a photodetector. Once fully polarized along the pump axis ¢, the
Rb vapor will no longer absorb the pump light because there is no higher m, excited
state. However, if a magnetic field is applied perpendicular to the pumping axis, the
Rb polarization vector will be rotated out to some angle ©, which will reduce the the y
axis polarization by a factor of {1 — cos @). The transmissivity of the vapor is therefore
reduced by this amount. The magnetometer works by applying an oscillating magnetic
field (which henceforth will be referred to as the "wobble” field) of frequency f,, at
the Rb vapor cell which rocks the polarization P symetrically about the y axis with
angular amplitude @,,, producing a periodic transmitted light signal of frequency 2/,
and amplitude P[1 — cos ©,]. If a static magnetic field is then put on the cell in the x
direction for instance, there will be a DC offset to the wobble field, and the polarization
will be rocked asymetrically about y. The resulting signal will be modulated at both
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even and odd harmonies of fy,, and it can be shown that the DC field couples only to
the odd harmonics of the signal. Therefore, DC fields can be detected and measured by
monitoring the lw component of the transmitted light with a phase sensitive detector.
Furthermore, DC fields along both z and y will also couple to the 1w signal allowing
them to be detected as well. Formal treatment of the magnetometer operation involves
three principle processes; polarization of the vapor, pump light absorption, and signal
generation. These will now be freated in turn.

ATOMIC POLARIZATION

To describe the atomic polarization process for a sample of N Rb atoms, we must
consider both the pumping and relaxation processes as functions of time. For pumping
from a ground state i to a ground state j, the time evolution of the j state is given by,

@ Q
on;
= Z (Pij + i) i — Z (psk + ry2) y (2)
PSS | =1
where p;; and r;; are the probabilities that the state i will be pumped or relaxed,
respectively, to the state j, pjx and r;; are defined similarly, and n; is the occupation
probability of the state i, normalized such that,

Q
Z ny =1 (3)

with the summation being carried out over all Q magnetic sublevels of the system.
Furthermore, p;; = p;; = 0, reflecting the fact that pumping and relaxation from the
state 1 back to itself, do not change the i state population. If the pumping and relaxation
terms are gathered over all P ground level states with + spin, and U ground level states
with - spin, such that P + U = 1, then,

P Q ]
Eﬂ = z (pi.] + T'L] Z pjk -+ Tgk
7g=1 Li=1 k=1 R (4)
PR Q y
dt - Z Z (Pzg -+ Tz; Z ij + Tjk
F=1 Li=1 i=1 _

The average probability of absorption can be found by gathering all the pi;’s and ri5's,
and setting them equal to 1/QT, and 1/QT, respectively, where T, is the average
absorption time over all states, and 7, is the spin-lattice relaxation time. Making these
substitutions, and multiplying through by number density N gives the time evolution
of a Rb vapor of density N. Thus,

AN
—2 = (T, +T,) N, - TN,

dt (5)

ON,
5 =T N, = (T + Tp) N,
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where I';, and T', are the total pumping and relaxation rates of the Rb vapor respectively.
For the steady state condition,

ON, _ 8N,

= 6
ot at 0 ( )

and the atomic polarization along the light axis P, is given by,

= _TpPer (7)
(Tr +Tp)

where P is the circular polarization of the pump light. This model assumes that the

relaxation mechanism is not affected by the nuclear spin. While this condition does

not hold in general, it gives an approximate picture for the case where the longitudinal

polarization relaxation can be described by a single exponential decay term.

PUMP LIGHT ABSORPTION

If the Rb vapor is reduced to a 2-level system, the absorption A for a Rb vapor cell
irradiated by circularly polarized light is given by,

A=(IoN)_+ (IoN}, (8)

where o_ and o, are the cross sections for absorption of left {-) and right (-+) handed
circularly polarized resonant light respectively, and the I's are the intensities of the left
and right handed components of the pumping light. The ground state wave function
of the Rb atom is symmetric under time reversal, so o, = o_ = ¢. N, and N_ are
the numerical densities of Rb atoms in the polarized and antipolarized states along y,
and are given by N_ = p_N,; and N, = p. N, where p, and p_ are the ground state
density matrix elements for the polarized and unpolarized states respectively, and N,
is the total number of Rb atoms in the cell. Since Py = py — p_ and the light circular
polarization is Py = (I; — 1) /(14 + I_), the absorption can be rewritten as,

. IO'Nt

A (l - Pczpy)
or,
A=A4,(1—-P4P,) (9)

where A, = IoN;/2 = Iais the absorption observed when the pump light and/or the
Rb vapor are unpolarized, and « is the absorptivity dI/I of the cell. Thus, the pump
light absorption is proportional to the product of the atomic polarization and the pump
light polarization, and maximizing both quantities contributes to the magnetometer
sensitivity.

SIGNAL GENERATION




In what follows, I have adapted my analysis from one given in F. Huang-Hullinger’s
thesis. Once the Rb vapor has been fully polarized by optical pumping, and the wobble
field is turned on, the atomic polarization vector rocks about the pump light axis;
asymmetrically in the presence of an ambient DC magnetic field, and symmetrically
if there is no DC field. If a sinusoidal wobble field is applied along the x axis, then
By = Buog cos wyt. If the Larmor frequency of the Rb atoms about the average wobble
field amplitude w,y is approximately equal to the total polarization relaxation rate
Ty, and equal to or greater than w,, then the polarization will be rocked out to a
large maximum wobble angle ©,,. Under these conditions, the absorption will be large
compared to any axial change A A, in absorption resulting from a DC field B, and A,
will vary linearly with the ambient field. Thus, if P is rocked out to an angle ©, by B,,
then ©{t) = O, + O sin wyt so that,

A=A,(1+ PyPcos (B + Oy sinwyt)) (10)
Expanding the cosine term and neglecting higher order terms gives,
A(t) = Ao (1 + Pt PyB O, sin (sinwyt) — cos (@ sin wyt)]) (11)

where Py B is the average y axis component of the polarization over one oscillation cycle
of By,. Fourier expansion of the first term in this equation gives the 1w component of
the signal, which is proportional to the ambient DC field. So that,

27 fw
A, = AoPcleBG)o;/ Sin (O wSinw.yt) sinwtdt (12)
T Jo

or,
Ajy = AoPcle@ojl(@w) (13)

where J;(©) is the first order Bessel function of @,,. If a local reference frame is attached
to P during the wobble, then ﬁy is proportional to PJ;, where P} is the average value

of the component of P,; along P in this frame, taken over one oscillation cycle of B,,.
If ©, is large, P}, can be approximated by Py /2. If a small ambient DC field B is then
applied along  to the Rb vapor, it will produce a rotation ©, given by,

@o = (14)

where w,; = vB is the Larmor frequency of P about B, and 7 is the gyromagnetic ratio
of Rb vapor. Inserting these relationships into Eqn. 13 along with Eqn. 14, we finally

obtain,
AoP3 ~T
Alw - ( 5 !) ( PQP) Jl(ew)B (15)
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whereI' =T, +Tp. Thus, 4, is seen to be proportional to the ambient field. Similarly,
the 2w component of the signal is given by,

2w
Ay = —AoPuP, % / cos (O, sin w,,t) cos 2wtdt (16)
0

which gives,
Agy, = _AoPcleJQ(@w) (17)

Therefore, Ay, is proportional to the modulation depth cos ©,,.

Fields may be detected in the above manner along both T and z by wobbling along
both at two different wobble frequencies. If one of the wobble frequencies is sufficiently
larger than the other, fields along § can be detected by monitoring the side bands
created by the lower of the two frequencies on the higher one. The principle works as
follows. Consider the magnetometer configuration shown in Figure 3. The Rb vapor
cell is pumped along 7, and two wobble fields are applied; a high frequency wobble at
wp along 7, and a low frequency wobble at w; along Z. Under these conditions, the
magnetometer signals Sy, will be given by,

A, (wp) = K, - E?x + (gy X ﬁz)]
A1y, (W) = K, - :13’; + (Ez X B'y)] (18)
Alwy (wh.,H) = f{’y . jng X .gy]

where the K;’s are sensitivity vectors in the i’th direction. As can be seen, the side bands
Ay, of Ajue induced by the Z wobble field are proportional only to the amplitude of
the z' wobble field and B,,.

Thus, the magnetorneter is sensitive to ambient fields along %, ¥, and Z. For a
given Rb cell configuration, the sensitivity K; = O0Aj,,/0B; in the i’th direction
is determined by Py, I, N, @4, and w,. Optimizing these parameters is necessary
to maximize the magnetometer signal to noise ratio. It should be pointed out this
analysis is only accurate to first order for my apparatus because it uses a square wave
wobble rather than a sinusoidal wobble, so that the observed signal will also contain
higher order terms resulting from higher order terms in the wobble field. The results
presented describe the fundamental of A, for small ambient fields. This condition will
be preserved for servo locked operation.
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Apparatus:

Figure 4 shows the general configuration of the magnetometer. The apparatus
housing is a 4” dia. x 11.4” PVC tube. PVC was selected for the housing mainly
because of it’s low permeability, conductivity, and cost. It is also easy to machine.
At the left end is an acryllic mount housing a Rb vapor lamp. In front of the lamp
there is a high pass optical filter, (selected to allow the passage of the Rb D1 emission
line), a linear polarizer, and a quarter wave plate to produce circular polarization. Two
lenses on either side of the filter/polarizer collimate the lamp light through the filter
and polarizers and then focus it onto a .47” dia. Rb vapor cell located at the center
of the apparatus housing. There are six sets of magnetic field coils mounted on the
exterior surface of the apparatus housing and geometrically centered on the cell which
respectively provide x, y, and z DC fields, and x, y, and z AC fields at the cell. The DC
fields (henceforth referred to as "nulling” fields) and the AC fields henceforth referred
to as "wobble fields”) are both controlled by external electronics. An access hole was
provided in the apparatus housing at the cell location to allow instrument access to
the cell when desired, and to allow the testing of materials for low level magnetic
contamination. After the lamp light passes through the cell and is modulated by the
wobble fields it passes through two more lenses which again collimate and focus the
light onto a fiber optic light pipe which carries it to a photodetector. The lens telescope
configuration and light pipe were chosen to optimize light brightness and to keep the
detection electronics away from fringe fields of the nulling and wobble coils. The wobble
coil drive was provided by taking a TTL signal from a function generator and putting it
through electronics which divide the signal down to the desired frequency, remove the
DC offset, and amplify it with a selectable gain. The nulling fields were provided by
a variable gain voltage source with low output impedance. The photodetector output
signal was sent to a PSD (Phase Sensitive Detector) with an output amplifier and filter.
The output of the PSD was sent to inverting servo inputs 6n the nulling coil drive,
allowing the field at the cell to be locked to zero. The output of each PSD was read
with a voltmeter, and these readings constituted the apparatus field measurements. The
magnetometer, apart from it’s electronics, was mounted on a table at the center of a
set of T, ¥, and £ DC field square coils 7’ on a side. These coils will provide a zero field
environment for the atomic gravity experiment, which will be situated at their center.
Placing the magnetometer at this location provided a more homogeneous field zero field
environment in which to study it’s characteristics.

Figure 5 shows schematically the configuration of the lamp. It consists of 2 1 cm
dia. pyrex Rb vapor bulb powered by an electrodeless rf driver of the type developed by
Bell, Bloom, and Lynch!. The driver and bulb comprise a self oscillating tank circuit
of 120 MHz frequency. The filament power was provided by a 6.3 V power supply,
and the plate power was provided by a Trygon 350 V variable DC supply with an
adjustable current regulator. The rf drive amplitude was designed to produce sufficient
electric fleld to allow easy striking, while insuring enough magnetic field to sustain the
discharge arc during operation. Due to the strong negative coefficient of resistance
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of the discharge, the driver ideally should be a constant power source to avoid severe
relaxation oscillation. The driver circuit was designed as a constant current source,
which approximates a constant power source very well. The current regulator (Figure
6) was provided to filter line interference from the plate voltage supply (in particular,
60 and 120 Hz), and hold the current level to the lamp constant over long periods, and
thus enhance the lamp intensity stability further. The discharge still showed severe
relaxation oscillations at certain plate voltage and current settings, so it was necessary
to empirically determine the optimum operating point. I found that the lamp became
unstable when run at less than 25 mA plate current across 250 €. I had the best
stability and spectral performance running at 220 Volts DC and 27.5 mA. Large drive
frequencies tend to concentrate the discharge at the bulb surface. This tends to inhibit
self absorption of the Rb vapor, and insure a small electron mean free path between
Rb atoms which makes for easy lamp striking. Therefore, it is desireable to have the
largest drive frequency which can be feasibly generated. The driver was designed to run
at 120 MHz, which was the highest frequency for which a self resonant circuit could be
built, and put in a conveniently small package. Spacing of the coils proved to be critical
to good lamp performance, and care was taken to insure a tight Helmholtz coil spacing
around the bulb.

The bulb contained Rb vapor, which was fed from a short stem containing Rb
metal, and 2 mm Hg of Kr gas as a buffer for lamp striking. Eventually it became
exceedingly difficult to strike the lamp, indicating that there was a loss of Kr by either
diffusion or adsorption at the bulb wall. At this point, tesla coils were used to strike
the lamp rather than attempt to make a new bulb. A proper thermal environment was
found to be critical for optimum lamp stability and performance. It was important to
keep Rb vapor pressure high enough to insure that the Kr emission didn’t dominate, yet
low enough to keep the lamp from becoming too noisy. A further problem with allowing
the bulb to run too cool is that it results in Rb condensation on the bulb surface, which
can lead to violent low frequency fluctuations in lamp intensity. Optimally, the bulb
surface should operate at about 120° C, and the stem at about 90° C. The bulb wall and
stemn will tend to be heated by the discharge and the heat generated in the lamp tubes.
It is crucial to lamp performance to configure the bulb position so that the bulb is more
effectively heated than the stem. It was found that the best performance was obtained
by orienting the drive coils in a horizontal plane, and the bulb stem horizontally away
from the coils to the rear. This allowed for heating of the bulb surface by the drive
coils, while allowing the bulb stemn to convectively cool somewhat and operate at a lower
temperature than the bulb surface.

At peak performance the lamp typically ran at about 4.5 Volts DC intensity, as
measured by the DC channel on the photodiode box output. This corresponds to an
intensity of about 2.7 W /m? at the cell, assuming 50% loss in the light pipe. The lamp
spectral distribution could not be measured feasibly, but Figure 7 shows an emission
spectrum on the Rb D1 line which is typical for lamps of this type. Resolution of the
hyperfine lines is quite clear. Spectra like these are usually quite stable over time, and




tend to shift negligibly with respect to absorption lines. The lamp appeared visually to
show the best D1 line brightness when running at this point with a warm lamp casing.

The Rb vapor cell is cylindrical at about .47” diameter x .75” long. Rb metal in
natural isotopic abundances is fed into the cell from a stem which protrudes radially
perpendicular to the cell axis. The cell walls are coated with parafin to minimize Rb
adsorption and relaxation at the cell walls. It is important that the the parafin coating
be adequate to insure that no pyrex is exposed to the Rb vapor in order to keep vapor
adsorption to a minimum. The cell was given a heat treatment with a heat gun before
use, to uniformly distribute the parafin to the best degree that could be verified by
visual inspection.

Figure 8 schematically shows the photodetector used to monitor the optical signals
from the apparatus. Light from the light pipe was directed onto a PIN 6DP photodiode
with a responsivity of .55 A/W which was connected in reverse bias across a floating 9
Volt battery for increased speed. The DC channel consisted of a current to voltage con-
verter with a one pole filter (77 KHz cutoff frequency) and a follower for low impedance
output. The LM11 op amp was selected for use in this channel because of it’s excellent
stability and low noise characteristics. The AC channel took the output of the DC chan-
nel before the follower, and fed it through a two pole VCVS circuit (gain 1.586) with
a Butterworth high pass filter (5.3 Hz cutoff frequency), and then through an inverting
output amp (gain 6.5) and a follower, for a total overall gain of 10.3. LM11’s were again
used in the VCVS, but LF347 op amps were used in the output amp stage where low
drift characteristics were a less critical factor. Some DC offset (typically around 10 mV)
was observed from the AC channel, and is thought to be from the input offset voltage of
the LM11 in the VCVS. During early signal characterization experiments, the box was
used with a 1 M} feedback resistance on the DC channel and the AC channel output
op amp, giving an overall AC channel gain of 31.7 and a DC channel filter rolloff of
25KHz.

Figure 9 schematically shows the phase delay electronics. Delayed outputs of tune-
able phase were provided at 0°, 90°, 180°, and 270° for complete 360° phase selection.
These were used as reference inputs to the PSD’s. Undelayed outputs were also provided
for input to the AC drive. Figure 10 shows the PSD. The input signal is fed through a
variable gain input amp, and from there into an AD630 modulator/demodulator along
with the reference input. The output was fed through a one pole filter with a 44 sec. time
constant, and a follower. The time constant was chosen to optimize gain at the highest
level which allowed servo stability and was easy to build with available components.

Figure 11 schematically shows the nulling coil drive. Stable bipolar operation was
provided with LM11 op amps and an LM3999 voltage reference operating at about 7
Volts. LM11 op amps provided good long term stability, and LHO0002 current buffers
provide low output impedance and stable currents of up to 100 mA, which may be
necessary if the apparatus is to be mounted in a high field environment away from the
center of the bucking field coils. In low fields the current buffers aren’t necessary, and
may be removed from the circuit and replaced with a jump from the input to the output
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of the IC socket. The AC drive is shown in Figure 12. It amplifies the undelayed square
wave output from the phase board with variable gain and has a one pole filter (5 KHz
cutoff frequency). Like the nulling coil drive, LHO002 current buffers are included in the
output of the AC drive, and again, may be unnecessary for some low amplitude drive
conditions.
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Magnetometer Performance:

APPARATUS CHARACTERIZATION

Initial characterization of the magnetometer operating parameters was mostly done
running the lamp at 180 V applied DC plate voltage and 22 mA plate current. Because
the D1 emission line was found to be brightest for a warm lamp casing (120°C), the
aluminum lamp support originally designed for the apparatus was found to sink too
much heat, thereby inhibiting optimal performance of the lamp. For this reason it was
removed and replaced with fiberglass and aluminum foil insulation. The lamp noise
spectrum was measured by running the lamp with no wobble field and monitoring the
DC channel of the photodiode box with an EG and G Princeton Applied Research model
128A PSD set to a 1 sec. time constant, taking the reference signal from the function
generator. Figure 13 shows the observed noise behavior of the lamp when running at
steady state conditions. As can be seen, the lamp noise is concentrated primarily at
20, 60, 120, and 320 Hz. It is suspected that the majority of this noise is from the
lamp power supply. The current regulator was able to take some of this noise out, but
on the whole, had comparatively little effect on it. Most of the 60 Hz component was
probably coming from the bucking field coils and other transformers in the lab. This is
supported by the fact that placing a magnet near the cell, with fields large enough to kill
the magnetometer sensitivity, eliminated most of the 60 Hz interference. The circular
polarization of the lamp light was measured by attaching a linear polarizer to a rotatable
mount, and placing it between the entrance to the light pipe and the focusing telescope
after the cell. The DC channel output of the photodiode box was then monitored as the
polarizer was rotated through 360°. Figure 14 shows the transmitted DC light level as
a function of polarizer angle ®,;. Lamp light circular polarization was calculated from
this data (see appendix 4) and found to be 0.97. The noise on the DC and AC channels
of the photodiode box, and the lamp shot noise were measured by visually examining the
output signal from the box on the scope with and without the lamp running, respectively.
Measurements were made with a 1 M{} feedback resistance across both the photodiode
input op amp and the AC channel output op amp. Figure 15 shows a summary of
the observed noise levels, along with the predicted levels (see appendix 1). There is
reasonably good agreement between the observed and predicted noise levels, indicating
that the noise sources assumed in the calculations were the primary contributors. The
primary contribution to the overall box noise level was the lamp shot noise. The input
current noise at the LMI11 op amp was negligible. The error that was observed was
probably the result of lamp noise other than shot noise, or the filtering characteristics
of the scope. Both channels displayed microphone sensitivity to mechanical vibration
and care was taken to avoid bumping or otherwise disturbing the photodiode box during
runs. The noise on the PSD output, which represents the total magnetometer noise, was
measured directly off the oscilloscope with the scope filter set to a 0 to 500 KHz range.
This is the noise output from the PSD output filter which has a time constant of 44
seconds. For fixed filtering conditions, the noise output of the PSD is driven primarily




by the gain on the PSD input amp. This is because the primary source of noise for the
circuit is the lamp noise and to a lesser extent, the shot noise on the photodiode dark
current, are both amplified along with the signal at the input. In addition to optimizing
the magnetometer sensitivity, further corrective measures to limit lamp noise would
improve signal to noise ratio somewhat. Such measures would, of course, be limited by
the lamp shot noise.

The relaxation parameters of the Rb cell were determined from the shape of the
magnetometer signal at two different intensities while wobbling along % at large ampli-
tude (100 mG). Under these conditions the polarization is being wobbled adiabatically
(e.g. - the polarization Pis following the wobble field). The pulse rocks or flips Rb spin
in a time which is short compared to w,,, and the Rb vapor pumping process can be
observed directly until the next cycle of By, begins. The observed Ay, is expected to
be of the form,

Amaz [L— €T (19)

Measurements of A, vs. time over one cycle of By, were taken visually off the oscil-
loscope at a lamp intensity of 1.94 V as measured at the photodiode DC channel. To
avoid altering the spectral profile of the lamp, the second intensity was produced by
blocking the lamp light ahead of the cell with a piece of plastic window screen. Figure
16 shows measurements of the observed § magnetometer signal 4,,, vs. time t over one
cycle at each intensity. A non linear regression analysis was performed by computer to
fit each set of data to a curve of the form given in eqn. 19, from which 7 could be found.
Because two independent sets of data were taken at two lamp intensities, and,

S
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+ (20)
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the data may be used to calculate 7 and 7, which are shown in Figure 16, corrected
for the oscilloscope relaxation tirme of 107 msec. It is important to note that these
measurements were done at a lower overall lamp intensity than what was used for
the final magnetometer optimum operating regime. Since 7, varies linearly with lamp
intensity, the measured values are correct only to first order, and need to be scaled
accordingly when running at other intensities. When combined with the measured
circular polarization Py of the lamp light, the measured 7 and 7, give a first order
estimate of the observed Rb vapor ¢ polarization P, which is given by,

_ [ ld)
By W Fei (21)

where the subscript ”i” denotes the originally measured values of the quantity sub-

scripted. Figure 17 shows the P, observed at the test lamp intensity, and the value
scaled to the magnetometer optimum running regime. The absorption coefficient o of
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the cell was measured directly with a GaAlAs diode laser with a 100 MHz bandwidth
and found to be .02. This corresponds to a Rb vapor pressure of about 4.6 x 1078 Torr,
which is about 20% of the value predicted by the Hultgren vapor pressure table for a
room temperature environment. This implies that there was significant Rb adsorption
at the cell walls, possibly related to incomplete covering of the wall inner surface by the
parafin coating.

SIGNAL CHARACTERIZATION

Figure 18 shows the apparatus setup used in early experiments to characterize the
magnetometer signal. The lamp was typically run at 180 V plate voltage and 22 mA
plate current. A sinusoidal wobble field was used, and was taken directly from the
function generator. Signal monitoring was done with a Princeton Applied Research
PSD with selectable time constant.

Figure 19 shows the observed 2w signal amplitude Ag, vs. Z wobble frequency
fz for 3 values of w., 7. The data was taken at constant lamp intensity. A, rolls off
gradually over the range tested at each w,z. The temperature dependence of As, was
measured by placing a thermometer in contact with the Rb cell, heating it with a heat
gun and monitoring Ay, visually on the oscilloscope. Figure 20 shows the observed
Asy, signal vs. temperature T. Ay, approximately doubles in strength for every 10°C
rise in T, which implies that the increase is due to a rise in Rb vapor pressure from
the heating. The rise in Aj,, appears to roll off at about 60°C. This is most likely
where the parafin coating on the cell inner wall begins to melt, allowing for a rise in
Rb adsorption. The Aj,,_ dependence on wobble field amplitude B,,. was measured by
varying the wobble amplitude directly at the function generator, and monitoring it’s
amplitude across the sense resistance on the AC coils. Aa,, was monitored at the PSD
set to a one second time constant. Figure 21 shows the observed As,, vs. By.. The
signal strength increases with amplitude as expected, up to a maximum value, after
which it rolls off. The location and strength of the peak were found to vary with B,
as well. It was found that increasing B,,. at constant By, or decreasing B, at constant
B,,» increased the signal. The curve shown in Figure 21 was taken at the indicated By
and it’s shape is typical of what was observed at other  field strengths as well.

Final characterization of the signal was done with the magnetometer design config-
uration, as shown in Figure 22. At this stage the lamp was run at 220 V plate voltage
and 27.5 mA plate current. The magnetometer sensitivity was measured by zeroing the
lw component of the magnetometer signal A;, along Z, ¢, and Z, and then applying
fields to the Rb cell with the nulling coils and monitoring A;, at the PSD output.
The applied fields were monitored with a digital voltage multimeter which was used to
read voltages across the nulling coil sense resistances to .0001 V accuracy. Figures 23
through 25 show the observed A, vs. B, By, and B, running without servo lock.
The positive and negative peak signals corresponding to the end limits of the linear
bipolar region of the signal on a given channel could be set at will by adjusting the gain
on the PSD input amp for that channel, thereby also adjusting the sensitivity. Figure
26 gives the sensitivities that were obtained running with and without servo lock, and




the corresponding signal to noise ratios and resolveable field fluctuations for a 44 sec
time constant. The data shown represent typical running regions for the PSD’s, and
were chosen to maximize A, sensitivity without saturating the PSD input amp be-
fore servo locking. As can be seen, the signals displayed the expected antisymmetric
behavior, but with an offset. The offsets varied from run to run, but were typically
about mG level. These offsets are thought to be due to either cross coupling between
fields orthogonal to the field being observed, or to optical misalignment of the lamp.
Both effects are discussed more fully in the conclusion section. During the early signal
characterization studies, the effect of the apparatus location on sensitivity was studied
by measuring 4, vs. B, with the apparatus placed at various locations along Z south
of the geometric center of the bucking field coils. Figure 27 shows magnetometer lw
component sensitivity along z, S,, vs. x. The sensitivity curve shows peaks at the
geometric center and the south face center of the bucking coils. Comparing this data
to Figure 28, which shows the bucking coil applied field By, vs. x, implies that the loss
of sensitivity was the result of gradient induced T, losses. The gradient problem was
exacerbated by the presence of a steel radiator on the ceiling, between the bucking coil
geometric center and south face, which could not be removed. There was significant
scatter in the data at x = -10 inches which is thought to be due to nails at that point
in the table the magnetometer sat on.
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Conclusions:

There are a number of factors which seem to contribute to the observed magne-
tometer performance. I would now like to discuss each of these in turn. I will start
with a discussion of the operating parameters, that most significantly affect the mag-
netometer performance, and estimate the expected sensitivity. This estimate will then
be compared to the observed sensitivity. I will then conclude with a discussion of how
the design can be improved, in light of the results of this research.

OPERATING PARAMETERS

It can be seen from eqn. 15 that the sensitivity is primarily determined by three
parameters; the total cell relaxation I';, the Rb number density N (which is proportional
to A,, and the wobble angle ©,,.

Cell relaxation is described in terms of two rates®. The relaxation along the the
pump light axis 'y, and the relaxation perpendicular to the pump light axis I'y. There
are three possible ways that these relaxations can be caused; relaxation at the cell walls
and Rb isotope spin exchange, and field gradient induced relaxation, all of which affect
T'y and T's.

Cell wall relaxation occurs when a Rb atom collides with the inner wall of the cell
and comes under the influence of van der Waals and electrostatic forces generated by
molecules in the parafin coating. Depending on it’s velocity, the Rb atom, will either
collide elastically with the wall, or inelastically. If it collides inelastically, it can stick to
the wall and come into thermal equilibrium with it. While the atom is in contact with
the wall, it’s electron spin S will couple to magnetic fields generated by the electron and
nuclear spins of the parafin molecules in the wall coating, changing it’s orientation. The
extent of deorientation depends on the dwell time 7p, which is the average time that
the Rb atom remains in contact with the cell wall, and the nature of the coupling. In
an elastic collision, the Rb atom is in contact with the wall for an elastic collision time
7p, of about 10~1? seconds, after which it rebounds from the wall surface. If it sticks,
it will remain in contact with the wall for a time 7p. It can be shown that 7p is given

by,

2

™D = 'J’DOCE“D/kT (22)

where the adsorption energy F4p is the kinetic energy required for the Rb atom to
escape the wall. For Rb, E4p is about 0.1 eV. As might be expected, increasing T
decreases 7p. This will tend to slow down the relaxation since a shorter dwell time
provides less opportunity for fields at the cell wall to depolarize a Rb atom. However,
increasing T also increases the wall collision rate by decreasing the transit time between
collisions. This effect will tend to counter the decrease in 7p to some extent. The
total cell wall relaxation rate I'c, is the sum of these two effects. Thus, the cell wall
relaxation rate I'.,, is proportional to the product of 7p, and the cell wall collision rate
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T'cot, which can be estimated as follows,

= () 2T (23

where [3kT /m]*/? is the root mean square speed of a Rb atom in the cell, éz is a the
average distance travelled by a Rb atom between wall collisions, T is temperature, m
is atomic mass, and k is the Boltzmann constant. The overall effect is a rolloff in T,
as T increases. At comstant temperature, we expect I'cy to vary inversely as §z. There
is insufficient data available for my Rb cell to make a theoretical estimate of Ty, but,
as I will show below, there is good reason to believe that the Ty that I measured was
primarily due to I'cy,. Thus, I conclude that T, is about 91 sec™!.

The cell I used contained both Rbgs and Rbgr in natural abundances. When the
two isotopes collide, there is a dipole-dipole interaction between the electron spins of
the form,

Hsg=n (585 . 537) (24)

where Hgg is the hamiltonian of the interaction, Sgs and Sg7 are the electron spins of
the two Rb isotopes, and % is the coupling strength. The resulting relaxation rate I'sg
is given by,

Tsg = NoggV (25)

where N is the Rb number density of the cell, o5 is the spin exchange cross section,
and V is the average relative velocity between two Rb atoms in the cell. V can be
estimated as the root mean square speed ¥ at the reduced mass m/2 of the Rb atoms.

Thus, we have,
{6kT
—_ 26
m } (26)

From my absorption measurements, N was found to be about 6 x10¥ ¢m~2 (see appendix
3),and ¢ is 2x 104 ¢m?, and remains constant over a fairly wide range of temperatures.
Substituting these values into eqn. 26 we have at room temperature,

I'sg = Nosg

Tsg = .49 sec™ !

Gradient induced relaxation occurs because the Larmor frequency wy is propor-
tional to B. Any variations in B across the cell will result in variations in wy across the
cell, and the vapor will lose phase by depolarizing. If the cell is small enough that the
field gradients are constant across the cell, then the gradient induced relaxation rate
I'p can be calculated by setting 8B/8xz = AB/Az. The resulting change in phase of
wy, during one pass of the Rb atom across the cell is then given by,

A® = 27v(6B)l; = Awpls (27)
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where ¢, is the cell transit time of a Rb atom. The path of a Rb atom in the cell is a
random function, so that in N passes, it has an average phase shift ® given by,

= AOVN = AD (ti) (28)
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where t is the time for the N passes to occur. If we define Top as the time after which

AP = 1, then we have,
{
Tog = — 29
Setting ts = 6z/7, where ¥ is the root mean square speed of the atom, and combining
the above equations gives,

Tp= o = (2"'—”) (?9—3) (62)? (30)

- TQB v

where -y is the gyromagnetic ratio of the Rb vapor and §z is a dimension characteristic of
the cell size. It can be seen from this that I'p varies as (6z)° and (8B/dx)%. Gradients
were measured at the apparatus location using a flux gate magnetometer, with the
nulling and bucking coils running, on several occasions, including diagonal gradients
(i.e. gradients of the form 8B;/dz; and off diagonal gradients (8B;/dz; i # 7). They
were found to vary typically from about 1 to 5 mG/em. At the geometric center of the
bucking coils where the apparatus was located, the strongest gradients observed were
dB./0z and 8B;/dz at 5.5 mG/cm and 4 mG/cm respectively. For éz =1.2 cm in a
room temerature environment, in which # is on the order of 3x 10 cm/sec, and gradients
of 1.5 mG/cm present at the cell, 'z is about 1313 sec¢™!. For 1 mG/cm gradients I'p
falls to about 580 sec™!. Tt is worth noting that the strongest gradients observed
were generally the off diagonal gradients. This presents a problem in that gradients of
this type are very difficult to remove, and may present an inherent limitation on the
magnetometer performance. Diagonal gradients can be easily nulled with Helmholtz
gradient coils, but these will not be effective for off diagonal gradients. The best way
to solve the problem is to carefully locate the apparatus during experiments. The
bucking and nulling coil fields are flat to approximately 1 mG/cm, at the magnetometer
location, so the primary source of gradients appears to be the lab environment. The fact
that 0B, /0z and 9B, /3z were the largest gradients observed argues strongly that the
gradients present during my experiments were coming from the radiator in the ceiling,
above, and just to the north of the south face of the bucking coils. Field gradients in
the new Guggenheim Physics Annex, where the atomic gravity experiment will be run
are thought to be much smaller than those present during my experiments at HEPL. If
so, this should greatly reduce I'g and improve the magnetometer sensitivity.
Thus, the total relaxation rate T, is given by,

rr = I‘cw + I-iB + PSE (31)




which, from the above numbers gives,
I', = 1400 sec™?

Thus, it appears that the relaxation in my cell was dominated by I'g, with I'cy, about
one order of magnitude lower. Spin exchange was insignificant. Since Tp and T
are the two main relaxation mechanisms, it might be asked to what extent they both
contributed to 7y and Ty. Ty could have made a contribution to the measurement I
made of T during ¥ wobble only to the extent that gradients could affect the size of the
transverse field across the cell, and thus contribute to the spin flipping. Longitudinal
relaxation rates due to field gradients are given by Happer?® as,

Tip = [L(L+1)red® ((AB,)* + (AB.)?)] [6B% (1 + (wiBr)?)] ™" (32)

where wy, 1s the Larmor frequency about the ¥ wobble field amplitude, 7. is the correla-
tion time, and L is the multipolarity of the interaction, which is one for this case because
the interaction involves a vector type coupling. From my data, this was calculated to
be about .03 sec~!. Thus, I'p makes no significant contribution to 7, and I conclude
that the 74 that I measured is driven by I'.y,, and T is driven by I'g. However, The T3
that [ measured was measured under conditions of adiabatic wobbling which gave the
cell a preferred axis along . During magnetometer operation, there is approximately a
zero field environment at the cell, and under these conditions, there are gradients in all
directions so that the atoms cannot distinguish between Ty and T3. Thus, the relaxation
due to field gradients is 7y = T3 = T'g, which is the dominant relaxation mode in my
cell. This conclusion is further supported by the results shown in Figure 27, where it is
seen that semsitivity drops considerably as the apparatus is moved along x away from
the geometric center of the bucking coils, and then rises again at the south face center.
In between, where the sensitivity is lowest, is where the gradients from the bucking coils
are highest, and being superposed on the gradients from the room.

As stated in the results section, the 2w signal roughly doubled in strength for every
10°C change. Comparison with the Hultgren tables indicates that the signal increased
approximately with the Rb vapor pressure. Examination of the above relaxation equa-~
tions indicates that the change in I', between 20°C and 60°C will be small compared to
the change in N. Thus, it appears that the increase in signal was due primarily to the
increase in Rb number density. Thus, the above results indicate that sensitivity could
be greatly improved by putting an oven on the cell to maintain a higher N.

A stable lamp intensity is also very important to good magnetometer performance.
Intensity fluctuations will alter the DC level of the signal and the pump rate T'p, and
therefore Py, proportionately. This shift in I and Py, will cause a change in sensitivity,
which could destabilize the servo if it is not locked to exactly zero. In addition to
the direct effect of Jamp intensity fluctuations on I'p, there is another mechanism by
which T'y can be changed in a manner that will look like a spurious field change. This
mechanism is the so called light shift. It results from the fact that there is a coupling
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between the lamp light and the Rb energy levels involved in the absorption process which
is proportional to the lamp intensity, and results in a slight shifting of the ground state
energy levels with respect to each other. This will result in a proportional change in
Py that will falsely look like a change in B. With the current regulator, lamp intensity
fluctuations after warmup were typically on the order of about .01 V DC. At these
levels, it is believed that light shift did not presemt a significant problem, but due to
tine constraints, I was unable to do an analysis or experiments to confirm this.

Thus, with the data taken during experiments, and the above calculations, we can
make an estimate of the magnetometer sensitivity in V/mG from eqn. 15. For wobble
fields of 1.2 mG amplitude at 13 Hz on Z, and 155 Hz on 2| the measured pump rate I'y,
of 347 sec™!, circular polarization P of .97, and absorptivity a of .02, and the above
relaxation estimates, we have,

14
S5, =18 (—Tg—é)

.
S.=19 [ —
0 (7a)

This is to be compared with the sensitivities observed during operation without servo
lock of §; = 21.5 V/mg and S, = 19.3 V/mG (see Figure 26). The minimum resolveable
field at these sensitivities is calculated in appendix 1. The result is that the magne-
tometer has a resolution of about 1.3 nG in a 1000 sec time constant, which gives it
approximately two orders of magnitude more resolution than a flux gate magnetometer.
With the servo hooked up, sensitivities dropped to about 20 mV/mG, which is what was
expected from the servo open loop gain of 1000. The agreement between analysis and
experiment is remarkeable as there are several way that error can enter. The estimate
assumed that all the light from my lamp was resonant, which is probably not the case.
It was not feasible for me to do a test to determine this. Also, the relaxation in my
cell was driven primarily by I'g, which varies as [8#B/9z]?, and as [§z]®, so that errors
in the estimate or measurement of either would result in significant fluctuations in the
sensitivity estimate.

If the operating parameters of the lamp and the cell, remained constant during
operation, the overall signal behavior was driven primarily by the wobble frequency fy,
and amplitude B,,.

As was pointed out in the results section, 4,,, decreased with the wobble frequency
wy over the range tested. This behavior is to be expected because Az, will be at a
maximum when,

Wy X Wyl = T, (33)

If wy is larger than wy,p, P will not have enough time to equilibrate to @, with a
corresponding loss of signal. The condition on w,,r which sets the optimum wobble field
B,, comes from the requirement that ©, ~ 7/4 as follows. For zero field conditions,
the ' polarization can be found from the Bloch equations {see appendix 2), and is given
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by,
- T,T,

o [(wo + ‘-‘-’wL)z + I‘E]

(34)

where w, is the Larmor frequency of a small ambient field. Thus, the change in magne-
tometer signal AS,, will be given by,

oP
ASp, = L o 35
. ( a%)w:ow (35)
or,
AS,, = —2wwrlplr (36)

7Wo
(wiy +T3)

Inspection of this equation shows that for small w1, the signal goes to [—2T pwywz /T2|w,
so that AS,, varies as wyz. For large w,,, the signal goes to [—2T,T, /w? ; Jw,, and the
signal varies inversely as w? ;. For the B,,’s used during signal characterization, 13 Hz
proved to be a good wobble frequency, and also avoided noisy lamp frequencies and
harmonics of the 60 Hz interference present in the laboratory. The high frequency of
155 Hz was chosen to minimize sensitivity losses while still being high enough to allow
clear generation of 13 Hz side bands, and avoid harmonics of 60 and 120 Hz interference,
which complicated the taking of data during experiments. The dependence of 4, on
B, and ﬁy was expected. The fact that Ay, increased with B,, /B, indicates that it is
a function of ©,,, which agrees well with the theoretical analysis presented earlier.

DC offsets in the 1w signal A, (as shown in Figure 29) are thought to come from
two primary sources; channel cross talk, and optical misalignment of the lamp. Channel
cross talk occurs because in terms of the ambient fields, A, is given by,

Aiw; = a;B; + ;[ B; B (37)

where the indices i, j, and k run from 1 to 3 for x, y, and z, and are all unequal, and «;
and §; are sensitivities. Thus, for instance, for the Z channel,

Alwz = a. Bz + B2 [Bsz] (38)

The second term in this equation represent a contribution to the & signal from the
¥ and Z channels. Therefore, it is misleading to tune the magnetometer to zero on
any given channel before servo locking without adjusting all three fields. In fact, the
resulting offsets can become large enough to shift A;,, (B;) completely above zero,
removing bipolar signal behavior and making servo locking impossible. It is necessary
for all three fields to be as close to zero as possible before locking servo on any channel.
Because of this, tuning the magnetometer proved to be very difficult.

Optical misalignment of the lamp can also cause signal offsets. Figure 30 illustrates
how this can happen. If the lamp is not aligned exactly perpendicular to the wobble field




plane, then ﬁw will have a component lying along the pump axis as well as perpendicular
to it, and A;,, will have an offset created by the 1w component of the pump axis wobble,
which will be at at some phase @ relative to the applied wobble field as measured at
the PSD. At this condition, if A,, is expressed in terms of the signals on the 0° and
90° channels on the PSD, then Ay, is given in phase space by,

Alwo _ ay = Qg
(A) = ()7 (3) )
where o and [ are the sensitivity vector in phase space on the PSD output, along 0°
and 90° respectively, and ¢, and 3, are the pump axis generated offsets. Offsets of this
type can result from errors in the positioning of the wobble field coils, or from focusing
the pump light onto the cell so that the centroid of the spot is at an angle to the center
axis of the cell. There are two ways to deal with offsets like this. The first way is
illustrated in Figure 31. In phase space, the magnetometer sensitivity vector S lies at a
phase ® = Tan~!(a/B) with respect to zero degrees, and b, 7f lies at a corresponding
phase angle @55y = Tan"!(a,/8,). Thus, B,y has a component lying along 3 given
by,
Bosse = Bogs cos(® ~ ®o5) (40)

If the magnetometer phase is set 90° out of phase with Eoff, then goff will not
contribute to A,,, and ambient fields will read correctly. The price for this is that
the magnetometer sensitivity will be reduced from it’s optimal value by a factor of
Cos[90° — & — ®,57]. The other solution is to modify the lamp housing to provide
adjustable alignment capability. This has the advantage that alignment offsets may be
tuned out without any loss of optimal sensitivity. For my signal characterization exper-
iments, time and budget made this impractical. Also, due to the lamp bulb buffer gas
adsorption problem I eventually encountered, it became necessary to remove the lamp
from the housing to strike it. So my experiments were conducted by carefully marking
the positioning of the lamp in the housing so that it was reproduceable upon removal
and replacement.

SUGGESTED DESIGN MODIFICATIONS

Considering what was observed during the course of this research, there are several
ways that the magnetometer design could be improved. Figure 32 shows an improved
design concept which incorporates the various improvements. I will now discuss each of
these of these improvements in turn.

First, the lamp housing has been modified to incorporate a lamp holder of machined
accrylic, with a set screw to secure the lamp at the image distance from the collimating
lens and holes to allow for thermal equilibrium to be reached with the surrounding
air at the optimal lamp housing temperature of 60°C. This will allow the lamp to be
rigidly mounted in the housing without presenting the thermal mass of aluminum to the
lamp case. The lamp holder might also be made from a fiberglass/PMR-15 polyimide,
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injection molded or machined. This would have much better temperature resistance
than accrylic at typical lamp case temperatures, but would have the drawback of being
much more costly.

In this design, lamp light is transmitted to the Rb cell, after filtering and focusing,
by a light pipe. Because the light pipe transmits light by internal reflection, it scrambles
the optical modes in the light, making a pump beam of uniform intensity and brightness
at the cell. This would greatly alleviate the problem of optical misalignment offsets in
the magnetometer signal because these offsets are related to offsets in the centroid of the
pump light spot at the cell. The polarizing optics are placed after the light pipe because
it will scramble the light polarization as well as the optical modes. The cell mount is
designed with nylon set screws and an elastomer gasket so that the cell can be centered
on the pump light spot. There will be intensity losses in the pipe from the internal
reflections by which the light is transmitted, and these will result in magnetometer
sensitivity losses. Care must be taken to design the light pipe so that it is short enough
to minimize these losses, yet long enough to insure good mode scrambling for uniform
spot intensity.

Helmbholtz gradient coils have been provided to allow for zeroing of ambient diagonal
gradients. This will allow for trimming of Iz to the extent that it is caused by gradients
of this type. However, these will not be very effective against off diagonal gradients,
which still present an inherent limitation of the device.

A new cell has been provided, which has been made more carefully to insure better
Rb density. The entire apparatus, except for the electronics, has been placed in a
styrofoam enclosure with 17 thick walls. This will act as an oven for the cell, using
the heat radiated from the lamp to raise the temperature inside by about 14°C above
ambient temperature. This should increase the Rb number density in the cell by a
factor of about three.

Lastly, a selectable time constant has been provided on the PSD output filter. This
allows for faster zeroing of fields at the cell before servo locking, while still providing
the longer time constant necessary for a stable servo. It would be desireable to be able
to servo the bucking field coils to maintain zero field at the atomic gravity experiment.
This, however, is not possible. In order for such a servo to work, the correlation of the
fields at the experiment detector to the fields at the magnetometer must be constant.
There is no way to place the magnetometer outside the mu metal shields for the experi-
ment and guarantee this. Thus, no attempt to modify the apparatus for a bucking field
servo was made.

This concept should provide significant improvements in performance over the one
I built, and if fact, many of the features just described could be incorporated into my
apparatus at a later date.
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APPENDIX 1:

PHOTODIODE CIRCUIT NOISE ESTIMATE

Figures Al.1 through A1.3 show a breakdown of the photodiode circuit components.
Point A is the output of the I/V converter and is the input for the AC channel filter
and amp circuitry, and point B, the buffered output, is the DC channel output. The
noise on the DC channel comes chiefly from three sources;

1) Johnson noise on the 1 M1} feedback resistor 2) Input voltage and current noise
at the op amps 3) Shot noise on the photodiode current

The johnson noise is given by,

v; = [4kTR;Y2 V/VHz rms (A1.1)

where T is temperature, Ry = 1 M is the feedback resistance, and k is the boltzmann
constant. For a room temperature environment (205°K), v is .128 uV /+/Hz rms. Op
amp voltage noise e, and current noise ¢, are given in *The Art of Electronics”, by
Horowitz and Hill, 1983 printing, Figure 7.45. From this figure e, is about .IIOMV/\/E
rms, and current noise is negligible. The shot noise is given by,

ven = [2eIpc|Y2R; = 2V R;Y? V/VHz (41.2)

where V is the DC channel output voltage, Ipc is current, and e is the fundamental
electron charge of 1.6z10~1° Coul, and comes from the lamp and the photodiode dark
current. The spec.s for the PIN 6DP photodiode list a typical dark current of 300 nA.
This gives a photodiode dark current shot noise of vgp, = .31 M’/\/f{-z. Fora 25V
lamp DC light level, the lamp shot noise is vgp, = .89 #V/\/E.

The one pole filter on the input amp has a brick wall equivalent cutoff frequency
fes., Biven by,

T 1
fepw = ‘2" {ZWRJFC:I (A1.3)

where C is the fllter capacitance. For the filter as shown, this gives f.,, = 25 KHz.
Thus, the total noise expected on the DC channel is given by the quadruture sum of all
noise contributions over the cutoff frequency bandwidth, and we have,

1/2
Vb = {ij + Véz‘hd + I/Eh: + 26?1] / V fcbw (A].‘i)
With the figures already calculated, this gives,
vpe =152 V. or 96 uV/vVHz

For the AC channel, the noise from the individual circuit components will be negligible
compared to the amplified input noise from the DC channel. The input noise at point A
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is the DC channel noise minus the input voltage noise of the DC channel output buffer.
Thus the noise at point A is 4 = 151 wV. The gain on the VCVS filter is K, where
K is given in "The Art of Electronics”, by Horowitz and Hill, Table 4.2, for a 2 pole
butterworth filter. For the butterworth filter, both low and high pass filters use the

same values, and the gain % is 1.586. The low frequency cutoff f.; is given by,
1
B Alb
f cl by Rf C ( )

For the values shown, this gives f;; = 5.3 Hz, so that the VCVS filter sees effectively
all the input noise at point A.

The output amp which follows the VCVS is an inverting amp with a gain of 20.
Thus the total gain of the AC channel is the product of the VCVS and output amp
gains, which is (1.5686){20) = 31.7, and the AC channel noise is then (31.7)(151uV), or,

vac = 4.8 mV  or 30 uV/VHz

This analysis assumes the photodiode circuit shown in Figures A1.1 through A1.3, which
represents the original circuit configuration used for the early apparatus characteriza-
tion experiments. The final circuit configuration used for signal characterization was
identical, except that the 1 M} feedback resistances on the DC channel and the AC
channel output amp were reduced to .324 M1, and the lamp was run at 4.5 V. Inserting
these values into the previous analysis gives,

fero =TT KHz
Vpo = 193 ,U,V = .70 ,LLV/VHZ
vac = 199 mV = 7.17 ,U,V/V Hz

for the predicted noise levels of the final photodiode circuit.
The PSD Z and 2 channels have a gain of about 200, and an output time constant
of 44 seconds. Thus, for the PSD output bandwidth, eqn. A1.5 gives f, = 5.7 x 10—2
Hz, so that the noise from the PSD output is expected to be,
(7.17 x 107° V/v/H2)(200)V/5.7 x 10-2 Hz = 116 uV

The minimum resolveable field B,,;,, for the magnetometer in a 1000 sec. time constant

is given by,
vpsp | 44
Bpin = 22302 J 2
min = 75~V To00

where vpgp is the noise cutput of the PSD in a 44 sec. time constant, and S,, is the
magnetometer sensitivity. The observed PSD noise level is given in Figure 15 as 70 uV'.
For this noise level B,y is,

Bon = 1.3 nG@

The flux gate magnetometer used in our lab has a resolution of about 10 G in a 0.1
sec. time constant, which makes the optically pumped magnetometer about two orders
of magnitude more sensitive, at the noise levels and sensitivities I observed.
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APPENDIX 2:

OPTIMUM WOBBLE FREQUENCY ESTIMATE

Optimum magnetometer performance requires that the AC drives be operated at
wobble frequencies that produce a large modulation depth (cos ®,,). Therefore, it is
desireable to analytically predict an optimal wobble frequency w.,, and obtain from
this an optimum wobble field amplitude B,,,. A first order estimate of wye and By,
can be found from the the steady state solutions to the Bloch equations for the system.
These equations describe the time behavior of the Rb vapor polarization P(t) in terms
of the applied wobble field B,, and the gyromagnetic properties of the Rb vapor, and
are given by,

8F;
N

= [13,- X éj] T, B +T, (P e = B5) (42.1)

where I, is the total relaxation rate of P, [y, is the optical pumping rate along the pump
light axiz, P is the maximum equilibrium P along the pump axis during pumping, P
is the po]ar:zamon along the pump axis, a.nd the indices i and ] run from 1 to 3, for
z, ¥, and Z. ﬁpm“ is primarily a function of the Rb vapor absorption and the pump
light intensity, and is usually much larger than the Boltzmann polarization distribution,
so that it is usually neglected in most problems. In addition, it is customary to describe
pump axis relaxation in terms of the relaxation rate I'y, and transverse relaxation in
terms of the relaxation rate I's.

Figure A2.1 shows the magnetometer configuration for wobbling along 7 at zero
ambient field conditions. For this system, the Bloch equations give,

OP,
at

Y+ 4By P+ (T +T,)Py =Ty — 4B Py + (I, +Tp)P, =0 (A2.2)

ot

where it has been assumed that T'; =T, = I',. Setting P, = P, = 0. and substituting
wyt for vB, gives the steady state Bloch equations,

Wyt Py + F,.Py =Tp

—wyi Py + T, Py =0 (42.3)

Thus, we have two equations and two unknowns; P, and P,. Solving them simultane-
ously gives,

Iyl
I2+T2+w,

Py =

P = Fpwawr
I'2+T2+w?

(A2.4)




Now ©, = Tan™1[P,/Py], so that we may define wy, as the frequency that gives a ©,,
= 45°. Therefore, Py, = P, and from eqn.s A2.4 we have,

W,y = Lr (A2.5)

The total relaxation rate I', of the cell was dominated by the gradient induced
relaxation I'g, and the cell wall relaxation I'.,,. In the conclusions section, these were
determined to be 1313 sec™! and 91 sec™! respectively, for operating conditions typical
of the magnetometer. From these estimates, we have,

1

5 [1313 sec 1+ 01 Sec_l] = 223 Hz
7T

Wawo =

which corresponds to a wobble field B,,, of,

By = .45 mG rms




APPENDIX 3:

ATOMIC ABSORPTION ESTIMATE

To predict the magnetometer sensitivity, an estimate of the Rb vapor absorption
o on resonance with the D1 pump light is required. This estimate will now be made.
The cross section o(w) for absorption is given by,

= (5) 22 () =

where A is the wavelength of the incident light, 7, is the natural lifetime of the excited
state, g1 and g, are the degeneracies of the ground and excited states respectively, and
g:{Aw) is the transition line shape as a function of the distance from resonance Aw
in frequency space. For Rb vapor in a cell, the line shape is predominately doppler
broadened, so that g;(Aw) is gaussian. Thus, for absorption on resonance, g;(Aw) is

given by,
_.939

. Awo

where Awp is the full width at half maximum for g;(Aw). If we assume uniform light
intensity and negligible asymmetry in hyperfine level pumping, then {g2/¢1) = 1, and

and eqn. A3.1 becomes,
AN 939
_ (A A3.3
o= (3) e (5) s

where, for doppler line broadening, Aw, is given by,

g+(0) (A3.2)

1/2
2kT ) (43.4)

Awo = 2wo (WLTLZ

where k is the Boltzmann constant, T is temperature, and m is the mass of a Rb atom.
For a room temperature environment (22°C,

Aw = 3.13 x 10° rad/sec

or,

Av, = 50 GH=

For Rb, 7 = 28 nsec, and for D1 pump light A = 795 nm. Inserting these values into
eqn. A3.3 gives,
o =1.69 x 1071 em?

The absorption coefficient « of the cell is given by,

a = (.3T)Nol (43.5)
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where N is Rb number density, and 1 is the length of the cell. The .37 factor reflects the
fact that only 37 % of the atoms are being pumped by the GaAlAs laser that was used
to measure o. For the cell used, ! = 2 cm. N can be estimated from the Hultgren tables,
which give a vapor pressure v, of 2.4 x 10~7 Torr at room temperature (295°C). The
Rb vapor may be considered to be an ideal gas, so that N = 8.5 x 10° ¢m~3. Inserting
these values into eqn. A3.5 gives,

a = .11

This is the predicted absorption coefficient for the cell at room temperature conditions.




APPENDIX 4:

PUMP LIGHT CIRCULAR POLARIZATION

Figure 14 shows the transmitted DC light level from the lamp (as measured by a
linear polarizer) vs. polarizer angle o. From this data we can obtain the maximum and
minimum intensity of the pump light, and calculate it’s circular polarization.

The pump light can be resolved into Z and § components in real space, or into
left handed (o_) and right handed (04) circular polarization components. Thus, the
electric field vector E is given in each basis by,

E = E, T+ E,9 (Ad.1a)

E=FEio0, +E_o_ (A4.1b)

where, o_ and o are the left and right handed circular polarization unit vectors, which
are given by,

1
o- = —(Z—1 Ad.2a
5 E-id) (44.20)
- (Z + 7)) (A4.2b)
0+ = — (T +17 .
+ /3
Combining eqn.s A4.1 and A4.2 gives,
-  E. . E_ .
E= e (T 1Y) + == (T — 17 Ad.3a
)+ 2 (f i (4430
_ E+—1—E'_} 3 [E —E_} }
E= |——m0— | T+ | e A4.3b
[ V2 vz )Y ( )
Eqn. Ad.1a can also be written as,
E = —E;sina+ Eycosa (A4.4)

where « is the angle between E and ¥, so that comparison with eqn. A4.3b gives,

E,—E_

E:_[M B+ — &
V2

V2

Since intensity I is proportional to E2, we have,

}sina-!—i[ }cosa : (A4.5)

I= —;— [(E+ +E_Ysina+ (Ex — E_)?cos oa] (A4.6)
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Thus, I can be expressed as a function of o, o_, and «. Maximum and minimum
intensities will occur when 81/8a = 0. Differentiating eqn. A4.6 and setiing it equal
to zero gives,

(B4 + E_Ysinacosa— (By — BE_)?sinacosa =0 (A4.7)

Eqn. A4.7 has two solutions; sina = 0, andcosa = 0. Substituting into eqn.s A4.6
gives,
1 2
Imaz = 5 (E_: + E_)

1

OT,
Imaz + Imin = B2 + E> =1, +1_ (A4.9q)
Imaz = Imin = 2B B = 2/T,I_ (A4.9b)

The pump light circular polarization P, is given by,

I - I

=57 (A4.10)

Pcl

so that from eqn.s A4.9 we have,

Pet = 2+/Trnazlmin (A4.11)

Imaaz + Imin

Thus, we have P, in terms of the observed maximum and minimum intensities observed
with a rotated linear polarizer. From Figure 14, we have,

ez = .46 mV

Tpin = 27 mV

which gives,
P = .97

and we find that the pump light is almost completely circularly polarized.
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APPENDIX 5:

ATOMIC PUMP RATE ESTIMATE

An estimate of the pump rate I', (i.e. - the rate at which the Rb vapor is polarized
by the pump light along the direction of pumping) can be made by examining the
physics of the absorption process.

If the Rb vapor is initially unpolarized, the pump rate is given by,

I'p = oNpp? (A5.1}

where o is the absorption cross section, Npp is the photon flux at the cell, and ¥ is
the fraction of absorbed angular momentum from the photon flux that ends up in the
ground level of highest spin along the pump axis. Thus,

ol
Tp= -519 (A5.2)
Therefore, to calculate I'p, we need an estimate of 4.

Upon absorption of an incident D1 photon, the Rb atom will be excited from the
28,,; state to the 2P, state, from which it will decay back to the 25, /, state again.
Therefore, ¥ will be the probability that a Rb valence electron will decay to the ground
state sublevel with highest electron spin S along the pump axis after absorbing an
incident photon. Thus,

9 = |(25,/q,J, I, F|IT1||2Py2,J, I, F')|? (A5.3)

where J is the total electron angular momentum, I is the nuclear spin, F = I + S, where
S is electron spin, and T} is the operator for the decay transition. It can be shown
that eqn. A5.3 can be separated into two components; one describing the projections
of the angular momenta between the two states, and another describing the geometric
properties of the the wave functions. The angular momentum projections can be given
in terms of the so called ”3-j” and *6-j” vector coupling coefficients, so that eqn. A5.3
may be rewritten as,

JF T

2
r g 1}(2Fms+1)

¥ = (27 +1)(2J" +1) { )
; (45.4
S L N DT

—MmMp 4 —MmFp,
where ¥y, and ¥, are, respectively, the ground state and excited state wave functions
describing the geometric properties of the Rb atom, and F,; is F for the ground state
with the highest electron spin along the pump axis, and the bracketed terms are the
(3-j) and {6 — 7} matrices for the transition. If eqn. A5.4 is normalized over all possible
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2Py ;3 to 28y, transitions, the geometric terms and the (2F + 1) terms drop out, and
we are left with,

_ TR, l27 +1)(20" + 1){6 — 7}(8 ~ 5)l; (45.5)
N . - )
D k—ol(2J +1)(2J + 1){6 — 5}(3 ~ J)]&

where the sums are taken over all the transitions which end in the ground state sublevel
with highest electron spin, which are m in number, and the total number N of transitions
between the 2P),; and 25,5 states. Figure A5.1 shows all of the transitions possible
between the 2P;/; and 25, /2 states for Rbgs and Rbgy, and Figures A5.2 and Ab.3 show
the (3-j) and (2J + 1}(2J° + 1){6 — 5} matrices calculated for each transition for Rbgs
and Rbgy from the (3-j) and {6 — 7} tables®. The transitions which end in the ground
state of highest spin are transitions 32 and 34 for Rbgs and transitions 20 and 22 for
Rbg7. For Rbgs, the numerator of eqn. A5.5 is,

i [((2J + 1)(2J" + 1){6 — 7}(3 — j)]; = (.107 + .036)(.127)

i=1

= .018 (Rbgs)

and for the denominator,

N
(27 + 1}(2J" + 1){6 ~ 7}(3 — 5], = (2) [.143 + (2)(.048) + .010 + .038] (.222)
k=1
+ {.014 + .057! (.222)
+ (2)[.107 + (3)(.036) + .048 + (2)(.060)] (.127)
+ (2)[.012 4+ .071] (.127)
+ (.089)(.222)
= .281 (Rbgs)
so that,
_ (.018)
dg5 = (257) = .064
Likewise, for Rbgy,
i (27 + 1)(2J" + 1){6 — 7} (3 - 7)]; = (.133 + .067)(.20)

= .040 (Rbg7)
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N
(27 + 1)(2J" + 1){6 ~ 5}(3 — 5)], = (2) .20 + .10 .033 + .10] (.333)
k=1
+ (2) [(2)(-133) + (2)(.067) + (2)(.10}] (.20)
+ (.333)(.133) + (0)
= .573 (Rbg7)
which gives,
(.040)
Pg7 = ——= = .07 (Rb
87 (573) (Rbs7)
Correcting for the natural abundances of each isotope gives,
9 = (.72)(.064) + (.28)(.07)
= .066
Therefore, for ¢ = 1.69 x 107 em ™2, I = .30 W/m?, and ¢ = .066, eqn. A5.2 gives,
Ty, =174 sec”!
/3 At I = .39 W/m?, ', was measured at 51.5 sec™!. The discrepancy is most likely due

to the assumption that the pump light was completely on resonance for absorption, and
that the intensity loss in the light pipe was 50%.




APPENDIX 6:

THE GRAVITOMAGNETIC FIELD

In the Newtonian limit, gravitational and electrostatic forces both vary as gy q2/r?
for generalized "charges” g;, and separation r. In any given inertial reference frame,
moving electric charges give rise to magnetic fields. Likewise, in an inertial frame, we
expect that moving masses will give give rise to "gravitomagnetic” fields by analogy.
As with electrostatic and magnetic fields, we expect gravitational and gravitomagnetic
fields to preserve their relationship to each other in all local inertial frames. The magne-
tometer is to be used in an experiment which will attempt to detect the gravitomagnetic
field generated by the rotation of the Earth, via it’s coupling to the nuclear spins of
He® and Xe!?®. The detection and monitoring of this coupling will allow a local inertial
reference frame to be defined in the lab environment, thus providing a test of Lorentz
invariance at the Earth’s surface. An estimate of the strength of this coupling is needed
to evaluate the effectiveness of the magnetometer and shielding for separating spurious
magnetic signals from it.

An electric charge e moving at a velocity V in a LIF (Local Inertial Frame) will
experience a force f = dp/8t which is given by,

dp e dA

e
5 = ;E—I—e(Grad @)—E(V x Curl A)

=eE+ S (V x Hy
C

(AG.I:)

where p is the momentumn of the charge e, ® is the electrostatic scalar potential, and A
is the electromagnetic vector potential. The motion of the particle in a 4 dimensional
space-time may be described in terms of a contravariant 4-velocity u* (or also, in terms
of a covariant 4-velocity u, ), where the index p runs from one to four. Thus, eqn. A6.1
may be rewritten in terms of the 4-momentum of the charge moving at a 4-velocity u#
in the LIF as,

Jut e |04, OA,
e - A6.2
" Bs c [axu 3:::,,] e ( )
or,
du* e
U _ Epury, A6.3
me—- - u ( )
where F#¥ is the Faraday tensor, which is given by,
v _ OAy 04,
oz, oz,
O —Ez —Ey _"Ez (A6.4)
_ Ez 0 _Hz Hy
E. -H, H, 0
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Thus, the electric and magnetic fields seen by the particle are given by the off diagonal
terms of F#¥. It is reasonable to suppose that an analogous gravitational tensor equa-
tion exists, which gives gravitational and gravitomagnetic fields in a similar manner.
Furthermore, we may expect this tensor equation to be deriveable from the equation
of motion of a particle in freefall in a gravitational field in a manner similar to the
above derivation of the equation of motion of the electric charge e in the presence of an
electromagnetic field.

A particle of mass m, in freefall in a gravitational field, will move along a geodesic
(i.e. - an ”extremal” worldline, which, at each point along it’s length, defines a LIF).
Thus, the total tensor derivative of u#, Du* is zero, and we have,

Du#  du* dz®

= TH ¥ =0 A6.5
ds ds e ds ( )
which gives,
I
duf _ -4 u’u” (A6.6)
ds

where T'¥  is the so called Christoffel function. The indices g, v, and o run from one to
four for 4 dimensional space-time, and the Einstein summation convention is assumed

here, and in all that follows, Comparison with eqn. A6.3 shows that,

is a gravitational analog to,

T'E, is not a tensor because it vanishes in all LIF’s. However, I'%_ 4”47 is a tensor, and
will therefore preserve it’s identity in all LIF’s. Thus, evaluation of I'#,_ should yield an
expression for the gravitomagnetic field.

The Christoffel function T#, is defined as,

Iuzfur = ___%gur [gva','r — Grv,e — gm,u} (A6.7)
where g,, is the metric tensor, and g,, . denotes differentiation of g,, with respect
to the index 7. For a weak gravitational field (which is a very good approximation at
the surface of the Earth), the curvature of space-time may be modelled as a first order
perturbation of the Minkowski metric describing flat space-time, which allows the field
equations to be expressed linearly and decoupled from each other. Thus, for this case
we may give the contravariant metric tensor g*¥ as,

g = B 4 RAY (46.8)
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where n#" is the minkowski metric tensor which is given by,

-1 0 0 O
0 -1 0 0
77”“’ = 0 0 1 0 (Aﬁ.g)
0o 0 o X
[

and h*¥ is a linear purturbation tensor whose terms are small enough that products of
them may be neglected, as may the first two derivatives of the tensor. Combining eqn.s
A6.7 and A6.8, we have,

1
Dy = 3 W+ B — o] (46.10)

The field equations which relate the gravitational field to the presence of mass and

energy are given by,

1 8w G
fouw = 0B = "o

where Ry, is the Ricci tensor, which is a contraction of the curvature tensor Bf,,, R is
the curvature invariant (a scalar contraction of RE,;), 87G/c* is the Einstein constant
of gravitation, and T}, is the stress-energy-momentum tensor, giving the presence of
mass and energy as the source term in the equations. If we define a tensor ~,, as,

Tos (A6.11)

1
Vv = Py = Sk (A6.12)

where h is a scalar contraction of A, then we have,

1 1
I, = |:r7'uy,a - E’Yﬁa, v (ﬂ“y’)’,an”gﬁ,y + 7?:/0"7':‘) (A6.13)

It can be shown that eqn.s A6.12 and A6.13 allow the field equations A6.11 to be
rewritten as,

—-167G
fYﬁLV,}LVT]FU = 4 T'uu (A6.14)
or,
1 ~187G

SHY

where the differential equations which result are linear and decoupled from each other.
In the general case, eqn.s A6.15 may be integrated to give,

Vuwr = _;Gf/f @dv (46.16)




where 1 is a vector defining the location of the volume element dV, and the brackets ||
denote the value of T),,, retarded to the origin of r. Thus, from eqn.s A6.16, we may write
the field equations for a "stationary” reference frame tied to the surface of the Earth
(i.e. - a reference frame in which doppler shifts between any two fixed points in the field
will be constant in time, so that a coordinate system may be found in which the h,,
are constant in time). In such a reference frame, the -y, will be time independent. If
we assume that stresses and products of source velocities are negligible in this reference
frame, then T, will be given by,

2—4

0 —c*v
Tyy = (__C%,E cip ) (46.17)

where 03 is the 3 X 3 zero matrix, ¢ is a three velocity in the stationary reference frame,
and p i1s the mass density. For this case,

h = **‘lz’744 (AG.].S)
c

Furthermore, for a slowly moving test particle, ds = cdt, and we may write,
= (u',1) (A46.19)
where the dot defines differentiation with respect to time, and the index i runs from one

to three. Substituting eqn.s A6.18 and A6.19 into eqn. A6.17, and neglecting products
of the u’s gives the first three geodesic equations of motion as,

i
_I“;auyua - 2’744!11, - [7‘2,1' - 'Yr4,“] w’ (AG.ZO)

These equations may be rewritten as,
p .o 1 1 c
—Ifu”u” = Grad el Rl [u x Curl («-» 27 4)] (A6.21)
or,

_TE 4% = Grad [G/f/[ri]dv} —% {u % Curl (g [f/ [“’T—“]dvﬂ (46.22)

Comparison with eqn. A6.1 gives the gravitomagnetic field Hg as,

Hg = Curl (—ev'y) (46.23)

o= cun (46 [ [ [ lay) (02

or,
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Kqn. A6.24 can be solved for the case of a spherical mass m of radius R rotating at an
angular velocity & to give,

_ 12 R?Gm A
5 ¢ r5 33

He = [w X Foe — = (A6.25)

which is to be compared to the solution for H of eqn. A6.1 for a spherical ball of radius
R and charge q rotating at o,

H=2214 [w x 7l li} (A46.26)

Thus, Hg is directly analogous to H, with the electric charge q replaced by mass m.
In the atomic gravity experiment, Hg will be detected via it’s coupling to the
nuclear spins of Hes and Xejz9. This coupling will be of the form,

T 131
=== -—]- x H, A6.27

YeT g (Ih) ; lme x Hel (46.27)
where I is the nuclear spin, 7 is torque, J is an angular momentum, and pg is the
angular momentum of the nucleus. Now,

pe = Ih (46.28)

so that,
H
we = =% (A46.29)
¢
and we see that w¢ is independent of mass, nuclear spin and angular momentum, and
we may be used to define an LIF. Therefore, setting R = Rcos47° at Seattle (latitude

47° North), and combining eqn.s A6.25 and A6.29 gives,

we = 8.28 x 107 rad sec™!?
=1.3x 107" Hz

for the nuclear spin precession rate expected at Seattle from the coupling between I and
He. This corresponds to an equivalent magnetic field of about 107'% G. The atomic
gravity experiment will use three mu metal shields, each with a shielding factor of
approximately 1072, and a total shielding factor of 10~%. Thus, for the magnetometer
sensitivity of 1.3 nG observed, and a 10~4 factor shield around the experiment, we can
expect the magnetometer to detect ambient field fluctuations on the order of 10733 G
in 1000 seconds at the experiment, which is about five orders of magnitude larger than
the desired signal.
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APPENDIX 7:

THERMAL ENCLOSURE DESIGN

In the conclusions section it was shown that the magnetometer sensitivity S varies
linearly as the Rb vapor density N, which in turn varies logarithmically with tempera-
ture. Therefore, sensitivity could be improved by heating the Rb cell. There are several
ways that this might be feasibly accomplished. One idea which suggests itself imme-
diately is a thermal enclosure that would retain the heat given off by the lamp. Such
an enclosure would be easy to build, and would be particularly efficient in that it could
be made fully non magnetic, and would make use of heat already being generated by
the lamp, thus eliminating the need for an outside power source. It would be useful to
know how effective such an enclosure would be in heating the cell, and the increase in
S that would result.

The time behavior of the temperature T inside the enclosure can be found from an
energy balance for the system of magnetometer, enclosure, and environment. The only
significant heat source is the lamp, which draws about 27 mA of current across 200 V
at the plate, so that the lamp generates approximately 6 W of power, most of which is
given off as heat. Thus, if the ambient temperature Tu.mp is assumed to be constant, we
have,

09, 0Qw _oU

8t ot ot
where ()1, is the heat given off by the lamp, Qw is the heat transferred at the enclosure
wall, and U is the internal energy of the enclosure plus the magnetometer. The heat
transfer at the enclosure walls, can be described as a thermal resistance Ry, acting
across a temperature difference AT = T - Tgmp, so that for the steady state condition,
we have from eqn. A7.1,

(A7.1)

8Qw _ AT

LA LSl A7.2
ot Rin ( )

For the temperatures involved in this system, radiative heat transfer at the walls will be
negligible compared to the heat transfer due to conduction and convection. Therefore,
R;p, will be given by,

Ax 1

=ty (A7.3)
where Az is the wall thickness, k is the thermal conductivity of the wall, & is the average
convective heat transfer coefficient at the walls, and A is the total inner surface area.
Empirical equations for the laminar flow convective heat transfer coefficients hy from

a vertical plate, and hy from a horizontal plate have been given by Holman?® as,

1/4
hy = 1.42 (i—f) (AT.4)
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where h is in W/m? — K°, Ly and Ly are characteristic lengths for each plate, given
by L = VA, where A is the plate area. Combining eqn.s A7.2 and A7.3 gives,

8Qw AT

= (A7.6)
A
ot fitia
where hA is given by,
1/4 1/4
hA =1.42 (-‘-AE) Ay +1.32 (9_{) Ay (A7.7)
Ly Ly

where A, and A; are the total areas of the walls and the lid respectively. Figure A7.1
shows a design for a styrofoam enclosure, which could be readily made with available
material. For the dimensions shown, Ly = .25 m, and Ly = .39 m, and for styrofoan, k
=.039 W/m2- K°. Setting 3Qw /3t = 6 W, and solving eqn.s A7.6 and A7.7 iteratively
g1ves,

AT =~ 24°C

It was noted in the results section that the 2w signal A;, doubled in strength for every
10° rise in T. Based on this, we would expect to see roughly a factor of six increase in
S, which would reduce the resolveable field of the magnetometer to about .08 nG inn a
1000 sec time constant for the sensitivities observed during tests.

A time constant 7 for the warm up may be derived by solving eqn. A7.1 for T(t).
If the specific heat of the mass inside the enclosure (including the magnetometer, air,
and enclosure walls) remains constant over the 24°C temperature change, then we may

give eqn. AT7.1 as,

QL Qw _ T

where M is the total mass of the enclosure and it’s contents, and C is the corresponding
heat capacity. Rearranging, and combining with eqn. A7.2 gives,

aT 1 1 0@ Tamb
R P 7.9
3 " (Mcmh) T=31c { 3. " Run (47.9)

The term on the right is not constant in time because R;p, is a function of T. Howevewr,
if R;p is approximated with an average value at an intermediate T, and treated as
constant, eqn. A7.9 assumes the form,

aT
=, T 01T =0, (47.10)
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where ©; and @; are constants. The solutions to this equation are of the form,

1

=/ u(e(t)dr + c|

p(t

T(t) =

(A7.11)

where C is a constant determined by the boundary conditions, and u{t) and g(t) are

given by,
t
p(t) = e:t:pf ©1(t)dt

and,
g(t) = O

Evaluation of eqn.s A7.11 through A7.13 gives,

Q2 01 _o,
)= 2|14+ C— 1
() @1[ oSk

There is one boundary condition on T, namely that,

T(O) = Tams
so that from eqn. A7.14 we have,
©,
C =Tamp— —
amb el
Inserting this into eqn. A7.14 gives,
O F —e,t
T(t) = — Tomp — — 1
(0 = 2+ Tam— 22 ¢

Comparison with eqn. A7.9 shows that,

1

0, = MCRu

and,

Oy =

+

I aQL Tamb
ot Ry

so that eqn A7.17 becomes,

70 = g (T + )+ [T — o (B2 4 Tt )| e

T R \ Ot Rip Ry \ Ot Ry

(A7.12)

(A7.13)

(A7.14)

(A7.15)

(A7.16)

(A7.17)

(A7.18)

(A7.19)

(A7.20)




Thus, we find that at t = 0, eqn. A7.15 is satisfied, and for t = oo, we have,

d
T(OO) = Rih ;;)iL + Tamb (A7.21)

so that the final steady state temperature change AT is found to be the product ot the
heat released from the lamp, and the thermal resistance of the enclosure, which agrees
with the previous estimate of AT. Inspection of eqn. A7.21 shows that 7 is given by,

7= MCR;p (A7.22)
evaluating Ry, at AT /2 = 12°C gives,
Rip =2 K°/W

= 59 K° — Hr/BTU

The magnetometer consists primarily of PVC (apparatus case), accrylic (internal hous-
ings), and glass (lenses). For each of these materials we have,

¢= .43 BTU/lb - K° (PVC)®
= .63 BTU/Ib - K° (Accrylic)”
= .36 BTU/lb— K° (Glass)®

The mass of the lamp may be neglected since it is the heat source, and is at a stable
temperature which is higher than it’s surroundings. If we assume there is approximately
1/4 Ib of PVC, 3 1bs of accrylic, and 1/4 Ib of glass, then we have,

MC = (.25)(.43) + (3)(.63) + (.25)(.36)
= 2.09 BTU/K®

so that from eqn. A7.22,
7 =1.23 Hr

Thus, considering the assumptions that went in to this calculation, we may conclude
that the enclosure will take between one and two hours to heat up to steady state
running temperature.

Heating the Rb cell with an enclosure of this type has the advantage of being
simple, efficient, and inexpensive. One drawback to this scheme is that, as designed,
it does not provide active temperature stabilization. Significant fluctuations in tem-
perature will alter the magnetometer sensitivity and produce spurious readings. The
current regulator on the lamp will provide some stability because it regulates the power
output of the lamp, and therefore the source heating. Furthermore, the thermal mass
of the magnetometer and the enclosure are probably large enough to provide additional
stability as well. But air circulation inside and outside the enclosure could produce
fluctuations at the cell, as could fluctuations in the room temperature. If independent
temperature stabilization is not provided, the temperature inside the enclosure should
be monitored with a thermocouple placed as near to the cell as possible to insure that
these effects are not significant.
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