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We use the Ramsey separated oscillatory fields tech-
nique in a 400°C thermal beam of ytterbium (Yb) at-
oms to measure the Larmor precession frequency (and
hence the magnetic field) with high precision. For the
experiment, we use the strongly allowed 'S, > 'P,
transition at 399 nm, and choose the odd isotope '"'Yb
with nuclear spin 7 =1/2, so that the ground state has
only two magnetic sublevels myr=x 1/2. With a mag-
netic field of 22.2 G and a separation of about 400 mm
between the oscillatory fields, the central Ramsey
fringe is at 16.64 kHz and has a width of 350 Hz. The
technique can be readily adapted to a cold atomic
beam, which is expected to give more than an order-
of-magnitude improvement in precision. The signal-
to-noise ratio is comparable to other techniques of
magnetometry; therefore it should be useful for all
kinds of precision measurements such as searching for
a permanent electric dipole moment in atoms.
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SENSITIVE magnetometry allows optical detection of level
crossings in the shot noise limit', and has important ap-
plications in precision measurements such as the search
for a permanent electric dipole moment (EDM) in atoms”.
In the absence of collisions, the linewidth of the magnetic
resonance is determined by the finite interaction time of
the atoms with the light field. As in conventional mag-
netic resonance experiments, line narrowing is achieved
using Ramsey’s technique of separated oscillatory fields
(SOFs)’. SOF on an atomic beam can reach the same pre-
cision in magnetometry as other cell-based techniques,
but has the additional advantage of being less sensitive to
field variations, both spatial and temporal. For example,
in another high-precision technique called nonlinear
magneto-optic rotation (NMOR) — also demonstrated in
our group recently’ — the resonance linewidth is limited
by field inhomogeneities®, but in SOF measurements the
linewidth depends only on the separation between the
pump and probe regions, while the average field in this
region determines the location of the central fringe.

In this work, we demonstrate the use of the SOF tech-
nique for sensitive magnetometry in a thermal beam of
ytterbium (Yb) atoms. We use the strongly allowed
'Sy — 'P, transition at 399 nm, and the odd isotope "yp
with nuclear spin 7= 1/2. '"'Yb atoms emanating from a
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thermal source are first optically pumped to the mp=—1/2
ground sublevel using a o pump beam. The atoms then
pass through two rf interaction zones in a region that has
a uniform quantization magnetic field which determines
the Larmor precession frequency. The rf strength and in-
teraction length of each zone are adjusted to give a 7/2
pulse for atoms travelling with the mean velocity of
340 m/s. The two rf zones are separated by ~400 mm.
The fraction of atoms left in myz=—1/2 ground sublevel
after the second interaction is measured using a o' probe
beam. The fluorescence signal from the probe as the rf
frequency is scanned around the Larmor frequency shows
a characteristic interference fringe pattern with a central
fringe located at 16.64 kHz having a linewidth of 350 Hz.
Both the lineshape and linewidth agree with the calcu-
lated probability of transition averaged over the thermal
velocity distribution. For EDM measurements, the signa-
ture of an EDM would be a shift in the fringe pattern
correlated with the application of an electric field. The
signal-to-noise ratio (SNR) is better than the rival magne-
tometry technique of NMOR®".

The relevant parts of the set-up are shown schemati-
cally in Figure 1. The experiments are done inside a
ultrahigh vacuum (UHV) chamber. The atomic beam is
generated by resistively heating a quartz ampoule con-
taining elemental Yb to a temperature of about 400°C.
The source is not enriched and contains all isotopes in
their natural abundances. The source part is maintained at
a pressure of 107" torr by a 20 1/s ion pump. It is con-
nected to the main experimental chamber consisting of a
tube that is 500 mm long with outside diameter (OD) of
42 mm, sandwiched between ports for optical access.
This part is maintained at a pressure of 10~ torr by a
75 1/s ion pump. There is a differential pumping tube of
5 mm inside diameter (ID) x 50 mm length between the
source and the experimental chamber. It serves the dual
purpose of (i) allowing a pressure differential between the
two regions, and (ii) collimating the atomic beam.

10 10
440
— -— —
PMT PMT
atomic
beam
o~ pump icels ot probe
Figure 1. (Colour on-line). Schematic of the main parts of the

experimental set-up. A pair of rectangular coils (not shown), placed on
either side of the atomic beam, produces the quantization magnetic
field.
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The atomic beam emerging from the differential pump-
ing tube passes through a region with a constant magnetic
field B in the transverse direction. This field is produced
by a pair of rectangular coils with dimensions 800 mm x
130 mm and separated by 160 mm, placed on the outside
of the vacuum chamber. Each coil consists of six turns of
8 mm thick welding wire wound around four steel rods to
provide shape and support. The coils carry a current 65 A
so as to produce a field of about 22 G at the location of
the atomic beam.

The required rf fields are produced using two coils
wound around the outside of the 42 mm OD vacuum tube.
Each coil is made using insulated copper wire of 0.6 mm
diameter, and consists of 90 turns in six layers. The
physical width of the rf coils is 10 mm and they are sepa-
rated by 440 mm, as shown in the figure. The coils are
driven with the output of a function generator amplified
by a home-built audio amplifier.

The laser beams needed for the experiment are gener-
ated using a grating stabilized diode laser (Toptica
DL100), operating with a Nichia diode at 399 nm. The
linewidth of the laser after feedback is about 1 MHz, and
the total power available is 10 mW. The laser is locked to
a particular magnetic transition (as described later in the
text) using current modulation at 20 kHz. The pump beam
has 1/¢* diameter of 2.3 mm and power 2.2 mW, and is
o polarized. It is used to spin polarize the unpolarized
atoms coming out of the oven, by optically pumping into
the mp=—1/2 ground sublevel. The probe beam has 1/¢’
diameter of 1 mm and power of 50 uW, and is &' polar-
ized. It is used to detect the population left in the my=
—1/2 sublevel after the second rf interaction. All signals
are fluorescence type picked up with photomultiplier
tubes (PMTs) from Hamamatsu (R928).

The Zeeman shift (Hz) of a sublevel with a given value
of mpis

5v=gp,uBmFB, (1)
where g is the g factor of the level, ug = 1.4 MHz/G is

the Bohr magneton and B is the magnetic field (G). For
the hyperfine level F, gy is given by®

F(F+D)+J(J+)-1(I+1)
2F(F +1)

8r =85

M FFEAD+II+D)-J(J+])
B 2F(F +1) ’ @

where J is the total electronic angular momentum, / the
nuclear spin, g; the Landé g factor, g; the nuclear g factor
and uy is the nuclear magnetron.

For the 'Sy ground state in '"'Yb, J is 0 and so the
first term in eq. (2) is 0 and only the second term contri-
butes. The nuclear magnetic moment’ g, for '"'Yb is
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+0.4926 . Using u, = g;und, the g factor for the F=1/2
level is

gr=-537x107".

From eq. (1), this gives a shift of —375 Hz/G for the
mp = +1/2 sublevel.

For the excited 'P, state, J is 1 and so both terms in eq.
(2) are potentially important. But we can ignore the sec-
ond term since un/ug = 1/1836. Thus the g factor for the
F' =1/2 level is

gp=+1.33.

This gives a shift of +0.93 MHz/G for the mp = +1/2 sub-
level, which is opposite in sign to the ground state
because of the opposite signs of the g factors. The split-
ting of these two levels in a magnetic field of 22 G is
shown in Figure 2. The ground level splitting gives the
Larmor precession frequency; so it is 16.5 kHz for this
field.

Once an atom is pumped into the mp=—1/2 sublevel,
there is a probability p that it has made a transition to the
mp = +1/2 sublevel after interacting with the two rf fields.
If the two rf zones have a length £ and are separated by a
distance L, the atom has a velocity v, and the rf field has
a strength Qp (its Rabi frequency), and its frequency is
detuned from resonance by A. The transition probability
is given by’

QL9
p=4—Rsm2 —RZ
Qg 2v

2

QL A . AL . Q%0

«| cos AL gos 2L A G AL G SR , (3)
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Figure 2. (Colour on-line). Splitting of the ground 'S, level and the
excited 'P; level in "7'YD in the presence of a magnetic field B. Note
that the splitting is opposite for the ground level because g is negative.
The transitions coupled by the o~ pump beam and the ¢~ probe beam
are shown. The wavy line represents spontaneous decay.
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where Q] =JQ§ +A? is the effective Rabi frequency.
Since the atoms emanate from a thermal source, the beam
consists of atoms with the following longitudinal velocity
distribution®

2 2
3 m 3 _my
f(v)_z[szTJ v exp[ ZkBTJ’ 4)

so that f(v)dv is the number of atoms with velocity bet-
ween v and v + dv. The total probability P in an atomic
beam is thus the probability for one velocity given in
eq. (3) averaged over the velocity distribution given by
eq. (4). Hence

P=[ pfedv. (5)
0

Since in the experiment we detect the population that has
stayed in the my=—1/2 sublevel, the fluorescence signal
is proportional to (1 — P). The calculated probability is
compared to the observed signal below.

For the optical pumping to work effectively, the pump
laser needs to be locked as close as possible to the
mp=+1/2 = mp=—1/2 transition in '"'Yb (see Figure
2). But this is not as straightforward as it seems because
of the presence of the overlapping peak from the even
isotope '"°Yb. This will affect the lock point significantly
because the two peaks are partially resolved, as seen from
the zero-field spectrum shown in Figure 3 a. This prob-
lem can be solved using a magnetic field to shift the sub-
levels, and using circularly polarized light so that Am
selection rules imply that only a subset of transitions is
allowed. But with o' polarized light, this still leads to an
issue because the final spectrum has two peaks, as shown
in the inset of Figure 3 5. On the other hand, with o~
polarized light, there is only one peak, as shown in Figure
3 b. This is actually an unresolved peak containing both
the +1/2 — —1/2 transition in '"'Yb and the 0 — —1 tran-
sition in '"°Yb, but the presence of this additional transi-
tion is unimportant because optical pumping only
requires the pump laser to be on the correct transition.
This is one of the main reasons for choosing ¢~ polariza-
tion for the pump beam.

The experimentally observed Ramsey pattern is shown
in Figure 4 . To understand the lineshape, we have done
a theoretical calculation of the expected signal, which is
shown in Figure 4 a. The theoretical calculation was done
according to the procedure earlier in the text. The coil
length £ and the free evolution distance L are adjusted to
get a good fit. The geometrical dimensions are £ = 10 mm
and L =440 mm (see Figure 1), whereas the best fit is
obtained with values of 40 mm and 400 mm. This in-
crease in ¢ (and corresponding decrease in L) is reason-
able because of the fringing fields from the coils
extending beyond their physical edge, and the fact that
their mean diameter is much larger than the size of

594

atomic beam. Changing the oven temperature [which
determines the velocity distribution in eq. (4)] has negli-
gible effect on the calculation, and it is left at 400°C.

As seen in the figure, the lineshapes for theory and ex-
periment match quite well. The central fringe is located at
16.64 kHz corresponding to a magnetic field of 22.2 G,
which is in good agreement with the value calculated
from the coil dimensions. The linewidth Aw for the cen-
tral fringe in both theory and experiment is about 350 Hz
(0.47 G). If we roughly define SNR using the experimen-
tal uncertainty dw in determining the location of the cen-
tral fringe as

B Aw
SNR’

then SNR for the data shown is about 200. This is better
than the SNR that we obtained using another technique
for magnetometry called chopped NMOR®*, which has
also been proposed for use in precision measurements.
The present technique has the additional advantage of
measuring only the average field in the region between
the oscillatory fields, and not being sensitive to field
inhomogeneities in this region.
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Figure 3. (Colour on-line). Scheme for locking the laser. a, Peaks

corresponding to the '"'Yb (F=1/2 — F'=1/2) transition and the
""Yb (F=0— F = 1) transition are partially resolved in zero field,
preventing proper locking of the laser. b, There is only a single peak in
the presence of a magnetic field and when the laser beam has o~
polarization, the peak is actually unresolved consisting of both the
Yb (mp=+1/2 > mp=-1/2) and the '"Yb (mp=0— mp=-1)
transitions, which are unimportant as explained in the text. (Inset)
Choosing ¢ polarization also leads to two partially resolved peaks,
corresponding to the '"'Yb (mp=-1/2 — mp =+1/2) and the '°Yb
(mp=0 — mp =+1) transitions. All peaks are shifted from 0 because
of the magnetic field.
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Figure 4. (Colour on-line). Theoretical and experimental Ramsey

fringe spectra as a function of rf frequency. a, Calculated probability of
atoms being in the mp=-1/2 sublevel, averaged over the thermal
velocity distribution. b, Measured fluorescence signal from the o
probe beam, corresponding to population in the my = —1/2 sublevel. The
central fringe in both cases has a width of 350 Hz.
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Figure 5. (Colour on-line). Calculated Ramsey pattern for a cold
atomic beam with a longitudinal temperature of 40 mK. All parameters
are the same as those used in Figure 4, except for the rf strength as dis-
cussed in the text. The scan range is only 1 kHz, and the central fringe
has a width of 15 Hz.

Currently, the best sensitivity in magnetometry has
been reported for a cell-based NMOR magnetometer,
with a sensitivity of 70 fT/~/Hz at 7.6 uT being demon-
strated’. Our beam experiment is expected to attain better
sensitivity — but for a larger value of the field as demon-
strated here, and as required for several applications such
as EDM measurements — if we implement the technique
with a cold atomic beam, of the kind demonstrated by us
in earlier work, both using a 2D magneto-optic trap'® and
1D molasses'". In the second experiment, the cold beam
consisted of atoms travelling with a mean velocity of
15 m/s at a longitudinal temperature of 40 mK. To ob-
serve the likely improvement, we have repeated the cal-
culation for this temperature. The values of B, £ and L are
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left unchanged; only the rf strength is adjusted to provide
a 72 pulse for atoms travelling at 15 m/s. The results are
shown in Figure 5. Note that the scan range is only
1 kHz, which is 16 times smaller than for the previous
one. The number of fringes has increased, and there is a
dramatic decrease in linewidth of the central fringe from
350 to 15 Hz. This illustrates the advantage of using a
cold beam for precision measurements.

In summary, we have demonstrated magnetometry
using Ramsey’s SOF technique in a thermal beam of Yb
atoms emanating from an oven at 400°C. The experiment
was done on the 'Sy — 'P, transition at 399 nm, and us-
ing the isotope '"'Yb which has 7= 1/2, and hence just
two magnetic sublevels in the ground state. Using a quan-
tization field of 22.2 G, we obtain a linewidth of 350 Hz
at 16.64 kHz for the central fringe in the Ramsey pattern.
The lineshape and linewidth agree with the theoretically
calculated transition probability, after averaging over the
thermal velocity distribution. The SNR is comparable to
rival techniques of magnetometry, and we expect more
than an order-of-magnitude increase in sensitivity when
implemented with a cold beam.
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