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 Atomic vapor cell magnetometers today have 1-2 orders of magnitude lower 
noise floors than their predecessors.  The key advance, by M. Romalisi, was to exploit 
an important piece of physics discovered and studied by W. Happerii in the ‘70s but 
never fully pursued: spin-exchange narrowing of magnetic resonance lines. Under 
conditions of rapid spin-exchange (SERF regime), where the spin-exchange collision 
rate exceeds the Larmor precession frequency, spin-exchange collisions conserve all 
components of the total angular momentum of the colliding atoms.  The primary effect 
of spin-exchange collisions is to reduce somewhat the effect gyromagnetic ratio of the 
atoms, but the resonance linewidths are set by spin-non-conserving collisions with cell 
walls and other atoms in cell, and it is not hard to have linewidths in the few 10s of Hz.  
Such narrow lines, in a sample of order 1014 atoms, gives quantum projection 
sensitivity limits of order 10-13 Gauss/ Hz, much lower than the noise level of 10-11 

Gauss/ Hz in a commercial magnetically shielded room. 

 In this talk I will describe our work, in 
collaboration with R. Wakai, on developing 
small arrays of SERF atomic magnetometers 
for a particular application: fetal 
magnetocardiography(fMCG).  
Electrocardiograms are not feasible for 
fetuses, so detection of heart 
abnormalities requires magnetic 
detection to analyze the details of the 
fetal heart rhythms.  A few years agoiii 
we used a 4-channel array to fake the 
first detection of fMCG using atomic 
magnetometers; the figure shows the 
real-time signals with fetal P- and QRS-
wave features identified in with arrows 
and circles.  
 Our work in high sensitivity magnetometry has also lead to an interest in 
developing high-SNR methods for NMR of spin-polarized noble gasesiv, which will also 
be described in the talk. 

i I. K. Kominis, T. W. Kornack, J. C. Allred & M. V. Romalis, A subfemtotesla multichannel 
atomic magnetometer array, Nature 422, 596 (2003). 

ii W. Happer and H. Tang, Spin-Exchange Shift and Narrowing of Magnetic Resonance Lines 
in Optically Pumped Alkali Vapors, Phys. Rev. Lett. 31, 273 (1973). 
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magnetometer array for fetal magnetocardiography, Optics Letters 37, 2247 (2012) 
iv A. Korver, D. Thrasher, M. Bulatowicz, and T. G. Walker , Synchronous Spin-Exchange 
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channel. The signals in channels 2–4 are therefore gradio-
metric with respect to channel 1.
Since the probe laser is much larger than the pump la-

ser and because the sensitivity is suppressed where the
pump intensity is high, it primarily detects atoms that dif-
fuse out of the pump beam region. The cells contain
50 torr of N2 gas for excited-state quenching [10] and
roughly 20 torr of He. The diffusion coefficient is esti-
mated to be D ! 2.9 cm∕s. At 150 °C, we estimate that
the effective spin-relaxation rate of the atoms is about
Γ0 ! 6.5∕s, including nuclear spin slowing-down effects
[11]. Since the diffusion length Λ ! 2π
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is greater than the cell size, wall relaxation dominates
spin relaxation in these cells. The large probe beam
and localized pump means we are primarily detecting
atoms in regions with reduced AC Stark shifts and
pump-induced relaxation. Despite the relatively high wall
relaxation rates in these cells (∼85∕s), our 5–10 fT∕
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(f > 20 Hz) single channel sensitivity is somewhat above
the noise level of our shielded room.
We have used the SERF magnetometer array open

loop to detect fMCG signals in real time. The array is
placed with the y ! 0 plane just above the abdominal
skin and relatively centered over the fetus’s position,
with two of the channels closer to the mother’s heart, and
the other two further away. Figure 2 shows the raw

signals observed from a fetus at 31 weeks gestation;
the only filtering is a 80 Hz low-pass filter and a 60 Hz
comb filter. The fetal QRS peaks are readily seen (circled
in the blown-up portion of the signal) with sufficient sig-
nal-to-noise ratio to allow for the positioning of the de-
tector to be adjusted to maximize the fetal signal in
real time. Note that the p-wave components, denoted
by arrows, are also readily observed. These are of parti-
cular importance for diagnosis of arrhythmias. [12]

The sensitivity of the raw fMCG tracings was similar
for the SERF magnetometer and a seven-channel vector
SQUID magnetometer (Tristan Vector Magnetometer,
Tristan, Inc., San Diego) with 21 SQUID detectors. The
SQUID time series was acquired about 10 min after
the SERF time series. A spatial filter [13] was applied to
isolate the fetal signal from the maternal interference,
and averaged waveforms were computed using autocor-
relation to time-align the fetal QRS complexes. Figure 3
shows the averaged fMCG waveforms obtained using the
two magnetometers, and Table 1 shows a comparison of
waveform interval measurements. The intervals mea-
sured with the SERF and SQUID systems show excellent
agreement.

In a hospital setting, large interfering background
fields are often incompletely suppressed by the shielded
room. In our case, a nearby ventilation fan (turned off in
Fig. 2) is the largest interfering field. By running the array
with feedback from one of the channels, we observe real-
time fMCG even in the presence of such interference.
Figure 4 shows the array run with feedback from channel

Fig. 2. (Color online) (Top) Real-time MCG from a 31 week
fetus, showing all magnetometer channels. (Middle) Portion
of channel 2, with an 80 Hz low-pass filter and a 60 Hz comb
filter applied. The fetal QRS complexes are circled; arrows iden-
tify the fetal P-wave components. (Bottom) SQUID gradiometer
signal with the same filters applied. The gradiometry sup-
presses the maternal MCG as compared to the fMCG.

Fig. 3. (Color online) Comparison of the (top) prototype op-
tical magnetometer and (bottom) commercial SQUID signals,
with timings between features corresponding to Table 1.

Table 1. Intervals between Various Components of
the fMCG Waveforms in Milliseconds

Method RR PR P QRS QT QTc

SERF 425 95 42 47 264 405
SQUID 415 90 41 48 241 375
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