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ABSTRACT

We have developed an atomic magnetometer based on the rubidium isotope *Rb and a microfabricated silicon/glass vapor cell for the
purpose of qualifying the instrument for space flight during a ride-along opportunity on a sounding rocket. The instrument consists of two
scalar magnetic field sensors mounted at 45° angle to avoid measurement dead zones, and the electronics consist of a low-voltage power
supply, an analog interface, and a digital controller. The instrument was launched into the Earth’s northern cusp from Andgya, Norway on
December 8, 2018 on the low-flying rocket of the dual-rocket Twin Rockets to Investigate Cusp Electrodynamics 2 mission. The magnetometer
was operated without interruption during the science phase of the mission, and the acquired data were compared favorably with those from
the science magnetometer and the model of the International Geophysical Reference Field to within an approximate fixed offset of about
550 nT. Residuals with respect to these data sources are plausibly attributed to offsets resulting from rocket contamination fields and electronic
phase shifts. These offsets can be readily mitigated and/or calibrated for a future flight experiment so that the demonstration of this absolute-
measuring magnetometer was entirely successful from the perspective of increasing the technological readiness for space flight.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0135372

I. INTRODUCTION

High-accuracy magnetic field measurements are important for
many scientific missions in the near-Earth space environment and
beyond for planetary exploration (Acufa, 2002, and references
therein). Reference magnetometers based on atomic standards have
proven to be highly accurate and had their debut in space many
decades ago (Ness et al., 1961). The advent of small-scale atomic sen-
sor technology (Kitching, 2018), which is capable of measuring the
magnetic field absolutely yet requires few mass and power resources,
puts ubiquitous use of high-accuracy magnetic field measurements
within reach. One such instrument is an optically pumped, atomic
magnetometer based on the rubidium isotope *Rb developed
in collaboration between the Johns Hopkins University Applied
Physics Laboratory, the Johns Hopkins University Whiting School of

Engineering, and the National Institute of Standards and Technol-
ogy (Korth ef al., 2016a). The capability of this instrument to survive
and operate under environmental conditions encountered during
space flight has now been tested and demonstrated during a flight
on a sounding rocket within the Twin Rockets to Investigate Cusp
Electrodynamics 2 (TRICE-2) mission.

The scientific goal of the TRICE-2 dual-rocket campaign was
to observe the spatial and temporal behavior of ion precipitation
and electrodynamics in the Earth’s northern cusp region in order
to determine whether any dynamic structures are the result of
temporal or spatial variation in magnetopause reconnection. To
accomplish this goal, a pair of almost identically instrumented sci-
entific payloads was launched on December 8, 2018 from Andoya,
Norway along similar ground tracks but at different apogee alti-
tudes (750 km for low flyer and 1200 km for high flyer) into the
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Earth’s cusp region during a period when optical data showed the
presence of poleward-moving auroral forms and radar data indi-
cated that significant ionospheric signatures of reconnection are
present. In addition to the scientific payload, the low-flying sound-
ing rocket carried our atomic magnetometer for demonstration
purposes.

In this paper, we first describe the flight model Miniature Abso-
lute Scalar Magnetometer (MASM) with a focus on hardware revi-
sions with respect to the prior-generation instrument in Sec. II. We
then present the rocket trajectory and the measurements acquired
during the campaign in Sec. III. The flight model instrument was
subjected to limited testing prior to launch. Therefore, in Sec. IV, we
provide complementary laboratory measurements using the engi-
neering model instrument conducted post-launch to validate the
performance of the instrument. In Sec. V, we discuss the observa-
tions in the context of the space and rocket environment in which
they were acquired. Finally, the results and development status of
the magnetometer are summarized in Sec. V1.

Il. FLIGHT HARDWARE

The instrument advanced for space flight is an atomic magne-
tometer (Budker and Jackson Kimball, 2013) based on the rubidium
isotope ¥Rb developed and described by Korth et al (2016a).
Atomic magnetometers infer the scalar magnetic field from the
Larmor precession of atomic spins, whereby the associated Larmor
frequency, f[Hz] = yB/2m, is proportional to B and the gyromag-
netic ratio, y/2m. For Rb, the gyromagnetic ratio is y/2m = 7 Hz/nT.
The operating principle is such that a cell containing the alkali-metal
vapor is illuminated with circularly polarized light with a wave-
length that corresponds to resonance with an optical (electronic)
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transition in the atoms. Under these conditions, atoms are optically
pumped into a nonthermal population distribution, and the vapor
cell becomes more transparent to the optical beam. A radio fre-
quency (RF) signal is then applied at the Larmor precession fre-
quency to excite an oscillating coherence within the atoms, which
causes a time-dependent modulation of the optical transmission. By
detecting the phase shift of the optical modulation with respect to the
stimulus, the Larmor frequency, and, therefore, the magnetic field
magnitude, can be determined.

The sensor technology is based on a low-power semiconduc-
tor laser (vertical-cavity surface-emitting laser or VCSEL) and a
miniature rubidium vapor cell of millimeter dimensions produced
using modern microfabrication processes (Liew ef al., 2004; 2007).
Based on a microelectromechanical system (MEMS) design, these
vapor cells have been used as frequency references in atomic clocks
(Knappe et al., 2004), but they also have been shown to function as
sensitive magnetometers (Schwindt et al.,, 2004; 2007). The combi-
nation of a MEMS vapor cell and a VCSEL has allowed a substantial
reduction in mass, size, and power consumption of both clocks
(Mescher et al., 2005) and magnetometers (Mhaskar et al., 2012).

The flight experiment consisted of two scalar magnetome-
ter sensors and an electronics box hosting three printed circuit
boards. The design of the sensors is largely based on previous work
(Korth et al, 2016a) and consists of five slices shown in Fig. 1.
The first slice [Fig. 1(a)] contains a single-transverse-mode VCSEL
diode designed to emit light at 795 nm suitable for the resonant
excitation of ¥Rb atoms. The VCSEL can be tuned over +1 nm
by adjusting its operating temperature and drive current. To facil-
itate this tuning, the VCSEL die is mounted on a ceramic substrate
heater, along with a chip-based thermistor to measure the laser tem-
perature for thermal control. These parts are wire-bonded on the

FIG. 1. Magnetometer sensor components (left) showing (a) VCSEL, (b) collimating lens, (c) circular polarizer, (d) ®Rb vapor cell integrated with Helmholtz coils and
heaters, and (e) photodiode with a transimpedance amplifier circuit. Assembled sensor with harness (right).
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circuit board to conductive traces, which lead to soldering pads at
the edge of the board for external connection. The VCSEL emits
a linearly polarized, divergent beam of light, which is collimated
by a lens contained in the second slice [Fig. 1(b)]. The third slice
[Fig. 1(c)] contains a circular polarizer consisting of a linear polar-
izer and quarter-wave plate, in which axes are aligned at a 45° angle
with respect to each other. The fourth slice [Fig. 1(d)] contains a
NIST-developed ¥ Rb vapor cell, which must be heated to ~100°C
to obtain sufficient Rb vapor density. Dimensions of the vapor cell,
which also contains nitrogen as a buffer gas, are about 1 x 1 x 1 mm”.
The alkali vapor is excited by an RF magnetic field near the atomic
Larmor frequency to drive the atomic spin precession. The functions
enabling these requirements have been integrated into a comple-
mentary metal-oxide-semiconductor (CMOS) chip and fabricated
on a transparent silicon-on-sapphire (SOS) substrate. The vapor
cell heater was implemented with a magnetic-field-canceling design
using multiple layers of the CMOS chip to provide compensation
of magnetic fields generated by current loops within and across
layers (Korth et al., 2016b). A set of two such application-specific
integrated circuits (ASICs) with an ¥ Rb vapor cell sandwiched in
between was mounted to an alumina substrate for limited thermal
isolation. The RF magnetic field is generated by a single-turn coil
implemented on each SOS ASIC, and two such coils are mounted
in Helmholtz configuration and are uniform across the detection
volume to within ~30%. Therefore, the RF field is applied along the
propagation axis of the laser beam. A chip thermistor is included for
temperature control of the vapor cell. The fifth slice [Fig. 1(e)] con-
tains a photodiode and a transimpedance amplifier (TTA) to amplify
the detected photocurrent. In the previous instrument design, the
TIA was located in the electronics box to simplify the sensor design.
However, this is not ideal because the electronics is not able to com-
pensate for the decreasing signal-to-noise ratio (SNR) associated
with a longer harness connecting the sensor to the electronics box
in a flight configuration, in which the sensor may be located at the
end of a boom. This deficiency was avoided by integrating the TIA
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directly with the sensor to amplify the signal prior to transmission.
The fully assembled sensor with attached harness is shown in Fig. 1
(right).

The magnetometer electronics consists of three printed circuit
boards of two unique designs. The first board combines the low-
voltage power supply (LVPS) and sensor support electronics board
(Fig. 2, left). The LVPS steps the nominal rocket battery voltage of
28 V down to 5 and 3.3 V for use throughout the electronics box.
The sensor-support electronics on this board provides a constant
current source for the VCSEL diode, drives this component’s heater,
and measures its temperature for thermal control. It further drives
the heater for the vapor cell and controls the vapor temperature. The
VCSEL diode heater uses a buck-boost converter programmed with
a digital-to-analog converter (DAC) to provide a variable voltage in
the range of 0-10 V to the heater. The vapor-cell heater element
on the ASIC is a high-resistance heater, and a DAC-programmable
boost converter is used to step up the heater voltage to a maxi-
mum of 75 V to decrease the current required for heating the cell,
thus reducing the contamination magnetic field near the detection
volume. Accommodations were included for H-bridge circuits to
power the heaters with alternating current (AC), but this functional-
ity was not sufficiently tested and ultimately not used in this rocket
experiment. The temperature measurements of the VCSEL and the
vapor cell each used a constant current source to drive the thermis-
tor and measure its voltage. The VCSEL diode current source used a
DAC-programmable constant current source to allow tuning of the
laser’s wavelength. All DAC-programmable features used a 12-bit
buffered voltage output DAC with an inter-integrated circuit (I*C)
interface. The temperature measurements, along with housekeeping
monitoring of the programmable heater voltage and laser current
outputs, were taken with a 12-bit successive approximation analog-
to-digital converter (ADC) with an I2C interface. The electronics
box included two LVPS slices; on one board, all circuits required
to power the flight experiment and operate one of the scalar magne-
tometer sensors were installed, and on the other board, only those
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FIG. 2. The magnetometer electronics consists of printed circuit boards for the low-voltage power supply and analog interface (left) and the digital controller (right).
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components required for driving the second magnetometer sensor
were populated.

The second type of the printed circuit board in the electron-
ics box is a combined two-channel ADC and instrument controller
(Fig. 2, right). This board receives the magnetometer signals from
both of the scalar sensors, AC-couples them to remove the direct
current (DC) component, passes each one through a buffer stage to
set the desired DC bias for the ADC, and finally a differential-output
amplifier stage before digitizing the signals at 8.33 Megasamples per
second (Msps) using separate 14-bit pipelined ADCs. The absolute
accuracy and drift of the magnetic field measurement are affected
by the onboard oscillator, which provide the clock for the instru-
ment and set the Larmor frequency. The oscillator used to drive
the instrument’s internal clock is an ECS-3963-500-AU-TR manu-
factured by ECS, Inc., and has a frequency stability of —/+100 ppm
over the full operating ranges of the temperature, input voltage, load,
shock, and vibration. For an ambient field of 50000 nT, the fre-
quency stability implies a potential drift in a measured magnetic
field magnitude of about 5 nT. The instrument controller is digitally
implemented within a Microsemi ProASIC3E Field Programmable
Gate Array (FPGA) operating at 50 MHz and an RS-422 interface
to stream data continuously to the rocket’s host instrument at a link
speed of 115 200 bits per second.

The instrument controller FPGA is responsible for three main
functions: maintaining stable temperatures of the laser and vapor
cell, processing the magnetometry signals, and sending telemetry.
The laser and vapor cell heaters are controlled by proportional-
integral control loops based on the respective thermistor feedback.
The optimal laser current was determined experimentally prior to
launch by monitoring the absorption from the atoms and set to
that value by the FPGA. No active wavelength stabilization was
implemented during the flight.

To process the magnetometry signals, the FPGA implements
a digital lock-in amplifier technique to recover small signals in a
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noisy environment. The FPGA controls the generation of the RF
magnetic field to excite the ¥ Rb atoms in the vapor cell by driving
complementary square waves on output pins connected to the RF
Helmbholtz coil. The incoming magnetometry signals are sampled at
8.33 Msps by the ADC and read into the FPGA. The signals are then
quadrature demodulated relative to the RF magnetic field stimulus
output. This produces in-phase (I) and quadrature-phase (Q) signal
components relative to the RF stimulus. Using the Mx measurement
technique (Bloch, 1946; Bloom, 1962), the RF stimulus frequency is
changed until a zero signal is obtained in the I component to yield a
phase shift between the applied RF signal and the resonant response
of 90°. When achieved, a maximum signal is found in the Q com-
ponent. The frequency of the RF stimulus at that point is equal
to the Larmor frequency corresponding to the ambient magnetic
field.

To track dynamically changing magnetic fields, the FPGA
implements a sweep-and-track algorithm. First, the RF stimulus is
coarsely swept from high to low frequencies, starting at 550 kHz
(~78500 nT), until a global maximum in the Q signal is found.
The identified frequency is a coarse approximation of the Larmor
frequency and is used to seed the tracking algorithm. This algo-
rithm implements a proportional-integral-derivative (PID) control
loop on the RF frequency to servo the I signal to a zero value
at the Larmor frequency. The algorithm assumes that the phase
change of the I signal as a function of the RF frequency is roughly
linear near the zero crossing and sets the PID constants to oper-
ate in a nulling mode. Changes in the ambient magnetic field will
cause the control loop to similarly change the RF stimulus fre-
quency to remain locked onto the zero crossing in the I signal. The
Larmor frequency is approximated by the frequency of this RF sig-
nal, which is known, relative to the onboard clock and subject to
uncertainties of its oscillator, from the phase accumulation regis-
ter of the direct digital synthesizer. The FPGA sends the Larmor
frequencies measured by both sensors and context telemetry over

| WOSN3S WSYW

FIG. 3. Photograph of fully assembled flight instrument showing stacked electronics (left) and enclosure housing two sensors (right).
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an RS-422 universal asynchronous receiver-transmitter (UART) at
a fixed rate of one 16-byte packet per 100 ms. This allows for
10 Hz magnetometer telemetry from both scalar sensors. The FPGA
interleaves other telemetry points for context, such as the laser
and vapor cell temperature, control loop process variables, digital
lock-in amplifier intermediate I and Q values, and the laser diode
current.

Upon powering the instrument prior to the rocket launch, a
state machine inside the FPGA initiated a startup routine and exe-
cuted the tracking algorithm. First, the laser current sources were
set. Next, the two scalar sensor’s laser and vapor cell heater control
loops were turned on and allowed to stabilize. To stay under a
maximum power draw requirement, the two scalar sensors were
staggered one at a time while warming up. Once the sensors reached
their operating temperature, the state machine entered an indefinite
loop running the frequency sweep routine followed by tracking the
magnetic field for 30 s and then repeating this sequence. The peri-
odic maintenance sweep was included in the measurement loop to
ensure the system would not lose lock on the magnetic field in the
event of any large unexpected magnetic field transients caused by
the rocket stages or deployments.

The fully assembled flight instrument is shown in Fig. 3. The
three slices of the electronics are contained in the box on the left,
and the right-side assembly holds and protects the two magnetic
field sensors. The enclosures are fabricated from non-magnetic alu-
minum. Due to limitations in the accommodation, sensors and
electronics had to be mounted in close proximity on the rocket and
were, thus, connected by a very short harness. Since the primary
purpose of this experiment was the flight demonstration, instru-
ment mass and power resources were designed to match the rocket
environment but have not been reduced for resource-constrained
environments. As shown, the mass of the instrument excluding the
harness and the base plate, which was used for transport only, is
about 1 kg, subdivided into 600 g for the electronics and 400 g for
the sensor assembly. The instrument power was 5.9 W during warm-
up and 3.8 W during nominal operations. The output data rate was
limited to 160 bytes per second to match the link speed to the host
instrument.

lll. MEASUREMENTS

The low-flying TRICE-2 rocket, which carries the MASM, was
launched from Andeya, Norway on December 8, 2018 at 08:28 UTC.
Figure 4 illustrates the rocket trajectory as functions of latitude and
longitude and color-coded by altitude. The rocket released from the
rail about 0.5 s after ignition of the first stage. Rocket stage sepa-
rations occurred 36 and 90 s after launch, and the nose cone was
ejected 118 s into the flight followed by payload separation at 120 s.
Various deployments occurred between 140 and 160 s after launch.
The trajectory passed over the Svalbard islands and crossed through
the Earth’s northern cusp region reaching a maximum altitude of
756.7 km at 76.8°N latitude and 19.8°E longitude. The universal time
at apogee was 08:36:33, and the flight time until impact was just over
17 min.

The time series of the magnetic field magnitude measured by
one of the MASM sensors for the duration of operations is shown
in the black line in Fig. 5. The instrument was turned on about
5 mins prior to launch allowing the Rb vapor cell to warm up to
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FIG. 4. Trajectory of the TRICE-2 low-flying rocket extends from Andgya, Norway
over Svalbard islands and beyond. The altitude is color-coded according to the
color bar to the right of the figure and peaked at 750 km just south of Svalbard.

its operational temperature of ~125 °C. At this time, the TRICE-2
rocket was on the rail, and the MASM recorded the nearly static
magnetic field of about 56000 nT. The recorded magnetic field is
the sum of the Earth’s field at the launch location and the fields of
the launch environment and the rocket, which was not magnetically
clean. Following the launch, the time series of the magnetic field
magnitude exhibits multiple discontinuities, which coincide with
the aforementioned rapid changes in the rocket configuration. After
completion of deployment operations about 160 s after launch, the
magnetic field varies smoothly as a function of altitude, latitude, and
longitude, and it agrees with the International Geophysical Refer-
ence Field (IGRF) model (red line) to within a small offset during
the science phase of the mission. Unfortunately, the second sen-
sor proved to be unreliable already during the development of the
instrument and suffered from intermittent loss of lock on the Lar-
mor frequency, and this issue reoccurred in flight. The data from
this sensor are not useful, and we make no attempt to interpret these
here.

The observations during the science phase of the mission are
shown in more detail in Fig. 6. Figure 6 (top) shows the magnetic
field magnitude, whereas Fig. 6 (bottom) shows the difference with
respect to the IGRF model field depicted in the red line in Fig. 6
(top). The observations are shown in black in Fig. 6 and exhibit two
distinct characteristics. First, the data are acquired in 30 s segments
with a 10 s gap in between. The gap is the result of the instrument
generating invalid data while it is conducting a frequency sweep
to reacquire the Larmor frequency. As noted above, this periodic
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FIG. 5. Time series of the magnetic
field magnitude measured by the MASM
(black line) and IGRF model at the rocket
location (red line).

FIG. 6. (Top) High-resolution and spin-
averaged observations are shown in
black and orange, respectively, for the
MASM sensor and in blue and green,
respectively, for the rocket's science
magnetometer. The IGRF model mag-
netic field for the corresponding epoch is
shown in red. (Bottom) Model residuals
(data minus model) for these datasets.

Rev. Sci. Instrum. 94, 035002 (2023); doi: 10.1063/5.0135372

© Author(s) 2023

94, 035002-6

Jpd auluO™ L Z00SE0/76186.91/2LESELO'G/E90 1 0L /10P/Pd-ajoIe/IS)/die/Bi0"die'sgnd)/:diy woy papeojumoq


https://scitation.org/journal/rsi

Review of

Scientific Instruments

maintenance was implemented to mitigate the risk of the track-
ing loop losing lock on the Larmor frequency during the flight and
not being able to recover from such fault. Second, the variability of
the observed magnetic field magnitude increases over time during
the ascent of the rocket, then is abruptly reduced near apogee, and
increases again on the descending leg of the flight. Closer inspection
of the data shows that the measured field magnitude is a function
of the rocket spin phase, and this is indicative of the presence of a
spacecraft contamination field, which is added or subtracted from
the ambient field magnitude depending on vehicle orientation. The
variability becomes larger over time as the angle between the rocket’s
spin axis and the Earth’s magnetic field increases and decreases sud-
denly when an attitude correction maneuver aligns the rocket with
the ambient magnetic field direction just before apogee. Assuming
that spacecraft internal magnetic fields are fixed in amplitude and
direction in the frame of the rocket, removal of the contamination
field can be pursued by piecewise fitting a sinusoid with amplitude
linearly increasing over time and then inferring the ambient field
from the offset of the fit wave. Such an attempt to recover the ambi-
ent field was successful to first order as represented in orange lines
in Fig. 6 but is less successful at the boundary of the data packets
where the fit becomes less reliable. Finally, the magnetic field data
from the mission’s science fluxgate magnetometer are shown in blue
and are overlaid by the spin-averaged values shown in green. The sci-
ence magnetometer is mounted at a different location, and the data,
therefore, exhibit an offset with respect to the IGRF model, which
differs from that of the MASM. The differences in the magnetic field
measured by both instruments with respect to the model field are in
the range expected for a flight program without focus on magnetic
cleanliness. Similar to the MASM data, the spin data (blue trace)
show an increase in variability over time and a sudden decrease in
variability near apogee. In contrast to the MASM measurements, the
deviation between the spin-averaged magnetic field magnitudes reg-
istered by the science instrument and the IGRF model field is not
constant in time but shows systematic drifts of about 200 nT at the
beginning and end of the flight. The cause of this drift is unknown,
and its investigation is beyond the scope of this paper.

IV. POST-FLIGHT LABORATORY CHARACTERIZATION

The development schedule for the rocket experiment did not
include sufficient time for performance characterization prior to
launch. To distinguish instrumental fluctuations in the measure-
ment from environmental effects, a limited performance charac-
terization was performed post-launch using the engineering model
instrument. The focus of this assessment was to establish and
improve the temporal stability of the measurement and to deter-
mine the measurement offset resulting from electronic phase shifts.
These laboratory experiments, carried out with a single engineer-
ing model sensor in a controlled magnetic field generated inside a
shielded environment, are described in this section.

A. Measurement stability

A stable reading of the magnetic field magnitude requires that
the magnetic resonance at the Larmor frequency be identified pre-
cisely. The measurement stability of the instrument was determined
by operation in a static magnetic field applied within the shielded
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environment. For this characterization, samples were acquired at a
rate of 125 samples per second over a duration of 8 s. Two such time
series acquired in an approximate field of 9320 nT are depicted in
Fig. 7, and a 1-o0 standard deviation of 1.43 nT was computed from
these data.

The ability to determine precisely the Larmor frequency is
directly linked to the width and shape of the resonance line, which
depend on the properties of the vapor cell, the amplitude of the RF
signal stimulating the atomic resonance, and the intensity of the laser
light optically pumping the rubidium atoms. Modifications of the
vapor cell design are beyond the scope of this paper, and proper-
ties of the vapor cell are not further examined here. Instead, we are
focused on assessing the tuning of the electronic signals to optimize
the atomic resonance feature.

Nominally, the flight electronics sample and process the res-
onance curve onboard and only report the Larmor frequency as
the frequency at which the phase of the Larmor precession with
respect to the drive frequency amounts to 90°. To determine and
optimize the tuning of the magnetometer, the electronics were mod-
ified to capture the raw sensor output to generate an IQ-magnitude
resonance curve and determine its shape and identify any arti-
facts generated by the flight software. Examples of resonance curves
recovered from the raw samples are shown in Fig. 8. The blue line
resembles the resonance curve associated with the RF field ampli-
tude of about 760 nT, as implemented in the flight experiment. This
signal is both broad and double peaked, which is indicative of the
RF power being too strong, and these features reduce the sensitiv-
ity of the atomic phase shift to changes in RF frequency or magnetic
field. This in turn reduces the field sensitivity of the magnetometer.
To improve the frequency measurement, the amplitude of the RF
stimulation was lowered to ~200 nT using a resistor in series with
the RF excitation coil (the orange dashed line in Fig. 8). The res-
onance curves have been normalized for direct comparison of the
signal shapes. Reducing the RF power to about one-fourth of its
original value eliminated the double peak and yielded a narrower
resonance curve with a better defined center peak. Therefore, the
decreased RF drive amplitude is more appropriate for a future flight
instrument. Using this configuration, the sensitivity of the resonance

i \M i
] ki |

FIG. 7. Two sample time series of 8 s duration shown in distinct colors. The data
were acquired at a rate of 125 samples per second.
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FIG. 8. Dependence of resonance amplitude and phase on RF drive frequency
for two RF signal amplitudes. The signal's amplitude is normalized to the peak
response, and the phase has been shifted by 90°.

line shape to the laser intensity was tested by reducing the laser out-
put power by 50%. This experiment showed no observable change
in the resonance curves, implying that the width of the resonance
is not very sensitive to the intensity of the optical pumping at the
optical intensities used during flight. Assuming that the effect of
the laser intensity on linewidth is similar for higher RF power, the
laser current of the flight instrument was reasonably well-tuned. It
should be noted that the lock-in detection that generated the phase
curve in Fig. 8 was implemented without any adjustment of the
relative phase between the reference signal and the digitized photo-
diode output. Therefore, any phase shifts in the electronics would be
expected to cause an error in the magnetometer output as discussed
below.

B. Instrumental phase shift

Atomic magnetometers based on the My, mode measure the
Larmor frequency as a 90° phase shift between the RF stimulation
signal, which is applied to the vapor cell, and the optically registered
resonant response, and their accuracy is, therefore, sensitive to phase
shifts inherent to the electronics. For an accurate measurement, it is
thus important that the instrument electronics does not affect the
phase of the measured signal in an unknown way. We measured the
phase shift to correct the flight data and determined its cause for
future improvement of the instrument. We characterized the elec-
tronic phase shift caused by a transimpedance amplifier (TIA) that
amplifies the photocurrent to increase the signal-to-noise ratio, thus
improving the signal processing within the instrument.

Measurements of the phase shift are shown in Fig. 9 and vary
between —16° and —20° for the magnetic field range of the TRICE-2
mission (40 000-50000 nT). The phase shift, ¢, can be converted
into a magnetic field error using the phase relationship for an ideal
My magnetometer,

ARTICLE scitation.orgljournal/rsi
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FIG. 9. Dependence of the TIA phase shift on frequency.

9= arctan(iwrf; @m ), (1)

where w,s is the RF frequency, wnm is the true frequency, and y is
the linewidth estimated to be 7000 Hz (cf. Fig. 8). The resulting
magnetic field error, shown in Fig. 10, linearly depends on the mag-
netic field magnitude and ranges between —270 and —330 nT for this
instrument and mission. Thus, the phase shift accounts for about
half of the observed magnetic field offset depicted in Fig. 6, where
this correction has not been applied. For future flight instruments,
a phase correction can be achieved by calibrating the electronics on
the ground prior to launch. An alternative solution to the problem is
to use the M, measurement technique (Bloom, 1962), which is man-
ifested in an amplitude variation of the resonant response and is not
affected by electronic phase shifts. An M,-mode magnetometer has
since been implemented and is currently under test.

-270

-280

-290

-300

-310

Phase shift offset (nT)

-320

40000 42000 44000 46000 48000 50000
External Field (nT)

FIG. 10. Dependence of magnetic field error resulting from the TIA phase shift on
magnetic field magnitude.
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V. DISCUSSION

The primary purpose of adding the MASM as a ride-along
experiment to the TRICE-2 low-flying rocket was to demonstrate
the flight qualification of the instrument and thereby increase the
instrument’s Technology Readiness Level (TRL). To qualify for
flight, the instrument must be capable of withstanding the phys-
ical stresses during launch and flight, operating in the rocket or
spacecraft thermal environment, and acquiring data of scientific
quality throughout the mission. The fact that valid science data were
obtained throughout the science campaign implies that the instru-
ment is fundamentally robust to the mechanical loads and thermal
environments encountered within this rocket campaign and that the
environmental success criteria have thus been. In this section, the
engineering and scientific success criteria are discussed in additional
detail.

From the engineering perspective, successful operation
requires the following conditions for the hardware. First, the
Rb vapor cell must maintain its temperature independent of the
rocket’s thermal environment to ensure a sufficient vapor density.
We found that the heater for the vapor cell performed nominally
and maintained a near constant temperature of 124.2 °C as mea-
sured by the cell thermistor, and departures from the nominal
temperature were less than 2 °C during the launch phase and about
0.1 °C during the science phase of the mission. Second, the VCSEL
temperature must be controlled precisely to preserve a wavelength
of 794.98 nm and ensure efficient optical pumping at this magneti-
cally sensitive absorption line. The instrument’s housekeeping data
showed that the laser temperature was maintained to within <0.1°C
of the nominal value of 47.1°C during the science phase. This
corresponds to a wavelength stability of below 0.01 nm (5 GHz).
This is consistent with the fact that the magnetometer operated
continuously; a laser frequency detuning by more than a few GHz
from the atomic transition would have caused a loss of signal and
corresponding loss of Larmor frequency lock. During the launch
phase, the laser temperature varied somewhat more than 0.5 °C, and
various large steps in the magnetic field recorded early after launch,
coinciding with the separation of the rocket stages, could be artifacts
of an incorrectly tuned laser. Finally, the control loop, which servos
the sensor RF field to the Larmor frequency and thereby provides
a measure of the magnetic field, must track the field magnitude
continuously and not lose lock on the Larmor frequency. The
downlinked telemetry shows that the data are indeed continuous
with exception of the gaps associated with commanded frequency
sweeps. While these frequency sweeps do not appear to be necessary
for smooth changes in the magnetic field magnitude observed
during the science phase, they were critical during the launch phase
when the magnetic field showed large discontinuities associated
with the stage separations and/or the instrument performance was
perhaps degraded due to rapid changes in the thermal environment.
Opverall, the complete acquisition of valid data demonstrates that
the instrument performed extremely reliably from the engineering
perspective.

The science performance of the instrument was assessed by
comparison with both the IGRF model field and the data acquired
by the campaign’s science magnetometer and in the context of
the effects of contamination fields attributed to the rocket. The
instrument performance is assessed by comparison with both the
IGRF model field and the data acquired by the campaign’s science

ARTICLE scitation.orgljournal/rsi

magnetometer. Prior to launch, the MASM observations exceeded
the magnetic field magnitude predicted by the IGRF model by about
4000 nT (cf. Fig. 5). While the model can only estimate the mag-
netic field at a given location, the discrepancy with respect to the
observations is much larger than typical and cannot be attributed to
an uncertainty in the model. The difference likely results from mag-
netized components within the rocket itself and at the launch site.
In addition, electric current loops within the sensor may generate
small contributions to the measured magnetic field. Following the
launch, discontinuities of many tens of thousands of nT are observed
at times of stage separation and other changes in the rocket configu-
ration. While changes in spacecraft magnetic field contributions are
expected in association with these events and result in discontinu-
ities in the measured magnetic field magnitude, the observed shifts
are unexpectedly large. During this time, the science magnetometer
registers instantaneous spikes in the magnetic field with amplitudes
ranging from tens of thousands to 100000 nT, which may be the
result of electromagnetic interference associated with stage sepa-
rations. Based on these observations, the step-like changes in the
magnetic field observed by the MASM may be due to limitations in
the instruments tracking algorithm. The algorithm requires that the
maximum allowed change in the ambient magnetic field between
two successive measurements does not exceed the linewidth of the
magnetic resonance. Figure 8 shows that the full width at half maxi-
mum (FWHM) of the resonance is of the order 8000 Hz, or 1000 nT,
and corresponds to the maximum allowed rate of change in the mag-
netic field over a period of 0.1 s given the measurement sampling rate
of 10 Hz. The fact that the science magnetometer registers disconti-
nuities that are 10-100 times larger than the MASM’s measurement
capability suggests that the instrument temporarily lost lock on the
Larmor frequency and reported an incorrect magnetic field magni-
tude during this time. The instrument recovered automatically once
the payload was fully configured for the science phase of the mission.

Entering the science phase about 200 s after launch, the spin-
averaged magnetic field measurements vary smoothly and compare
favorably with the IGRF to within an average offset of 550-600 nT.
The offset is roughly stable in time and plausibly attributed to rocket
magnetic fields. However, it cannot be ruled out that a phase shift
introduced by electronics provides an offset as well. This instru-
mental characteristic can generally be measured and corrected but
such calibration was not performed due to a lack of time. The
need for such calibration can also be avoided entirely by using the
M, technique (Bloom, 1962), which measures the amplitude of the
modulation signal rather than its phase, to measure the magnetic
field.

Since the atomic magnetometer is a scalar sensor, an oscilla-
tory component observed at the spin period indicates that the rocket
magnetic field has a component parallel or anti-parallel to the ambi-
ent magnetic field direction, which amplifies or reduces the Earth’s
magnetic field magnitude depending on the spin phase. The ampli-
tude of this oscillation is time-dependent because the rocket cone
angle, i.e., the angle between the rocket spin axis and the local mag-
netic field direction, increases over time as the projection of the
contamination field vector onto the ambient field direction becomes
larger. The cone-angle dependence is most readily observed just
before apogee when the payload spin axis was actively re-aligned
with the ambient field direction to rapidly reduce the contamination
field component parallel to the ambient field and thus the amplitude
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of the oscillation signal. The oscillating field and dependence on the
cone angle are also observed qualitatively by the science magnetome-
ter. The amplitude of the oscillation is reduced in this instrument’s
data because the sensor is mounted on a mast further away from
magnetized rocket and/or payload components.

The spin-period signal is difficult to correct for in part because
the signal is under-sampled and because the spin period varies
slightly during the flight. A correction was attempted by subtracting
from the data a piecewise fit of a sine wave with linearly increas-
ing amplitude to the 30 s data packets. While this markedly reduced
the variability in the observations by about an order of magnitude,
a residual signal with 50 nT amplitude remained. The frequency
content of the residual signal is dominated by the spin period and
its harmonics and implies that these residuals do not represent the
noise of the instrument itself. The offset of this fit is depicted by the
orange trace in Fig. 6(b). As noted in Sec. I1I, the sinusoidal fits yield
less accurate results near the boundaries of the data packets. Never-
theless, the processed data suggest that the offset decreases during
the first half of the flight from about 600 nT to about 550 nT, while it
appears more stable during the latter half. The offset drift is not cor-
related with the rocket altitude or the magnetic field magnitude, and
the laser and vapor cell temperatures are stable for the duration of
the science phase. We hypothesize that the effect results from warm-
ing of the electronics but the housekeeping data are insufficient to
identify definitively the root cause.

VI. SUMMARY

In conclusion, we have demonstrated the operation of an
atomic magnetometer based on a miniature rubidium vapor cell in
a sounding rocket environment. The instrument fully functioned
throughout the flight, and deviations of the measured magnetic field
from model predictions were explained by correctable instrumen-
tal offsets and spacecraft magnetic fields. We did not encounter
any unanticipated operational anomalies inflight and did not iden-
tify any noise or artifacts in the data beyond those described in
this paper. For future instruments, the contribution to the offset
from phase shifts in the electronics needs to be measured, and
the root cause of the offset drift needs to be confirmed. We have
developed this instrument to provide highly accurate magnetic field
measurements for scientific missions in space, where this instru-
ment can also serve as a reference to calibrate in flight other vector
magnetometers, such as fluxgate magnetometers, which may drift
over time, especially during missions with long cruise durations.
The successful flight operation provides confidence that the instru-
ment has great potential to perform well in future space flight
mission.
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