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Due to the similar physical and chemical properties, isotopes are usually hard to separate. On the other
hand, the isotope shifts are very well separated in a high-resolution spectrum, making them possible
to be addressed individually by lasers, thus separated. Here we report such an isotope separation
experiment with Potassium atoms. The isotopes are independently optical pumped to the desired spin
states, and then separated with a Stern—Gerlach scheme. A micro-capillary oven is used to collimate
the atomic beam, and a Halbach-type magnet array is used to deflect the desired atoms. Finally,
the 4°K is enriched by two orders of magnitude. This magneto-optical combined method provides
an effective way to separate isotopes and can be extended to other elements if the relevant optical

pumping scheme is feasible.
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1 Introduction

Isotope separation has important applications in modern
society. The most famous example is the Uranium iso-
tope separation. Nowadays, nuclear power industry still
has heavy requirement of isotope separation, except Ura-
nium, high purity °B [1], "Li [2] are indispensable parts
in the nuclear power industry. Isotopes can also be used
to trace important processes in environment and earth
science [3, 4]. Some isotopes, such as *C and N, can
be used to tracing the complex biological processes [5].
Besides, the isotope ratio measurement is proved an ex-
cellent way to perform dating analysis [6, 7]. In medical,
agriculture, manufacturing industry, etc., important ap-
plications of isotope can be seen everywhere. Isotopes
like a treasure trove, waiting us to unveil the nature mys-
tery. But one thing hinders more extensive exploration of
the applications, the high price of isotope separation. A
convenient way to effectively separate isotopes is always
warmly welcome.

Due to their similar physical and chemical properties,
isotope separation is usually not easy. There are few
routes to achieve this goal. One of the general methods
is cyclotron which ionize atoms and separate them by dif-
ferent charge to mass ratios [8]. The cyclotron can pro-

* This article can also be found at http://journal.hep.com.
cn/fop/EN/10.1007/s11467-021-1129-y.

vide a high enrich factor, and works for most isotopes [9].
However, such machine requires very large energy input.
Other important methods for massive isotope production
include the centrifuge separation and chemical separation,
but they usually have very small enrich factors and multi-
stage separations are needed.

On the other hand, the high resolution spectrum of iso-
topes shows quite different features. The isotope shifts
are on the same order of hyperfine splitting (MHz to GHz
regime). This value is small compared with the typical
Doppler broadening, but much higher than the natural
linewidth. With a sub-Doppler spectrum technique, dif-
ferent isotopes can be easily identified in the spectrum.
Thanks to the well-developed laser technique, we can eas-
ily get a laser with linewidth less than 1 MHz nowadays,
which is much less than the isotope shifts, thus make it
possible to address different isotopes individually.

This leads to the idea of laser isotope separation, which
has been extensively explored during 1980s to 1990s [10—
13]. At that time, the main strategy is to ionize atoms
with laser. Due to the isotope shifts, the ionization ef-
ficiencies will be different for isotopes [14], thus lead to
separation. But with Doppler broadening and limited ion-
ization efficiency, the total separation efficiency is not very
high. Another idea is using multi-photon scattering to de-
flect an atomic beam and separate them spatially [15, 16].
But because the photon recoil energy is quite small, hun-
dreds of photons are needed to be scattered for atoms to
gain enough momentum for separation, which will ulti-
mately limit the isotope separation production rate. In
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contrast, optical pumping is a really efficient way to ad-
dress isotopes. Atoms can be optical pumped to the de-
sired states with almost single photon. Then they can be
separated by magnetic gradient under the Stern—Gerlach
scheme [17]. In order to effectively separate atoms with
different magnetic moment in space, a high magnetic gra-
dient field is required. Nowadays, the widely used strong
magnets, such as NdFeB magnet, can provide strong mag-
netic field with a low cost. The magnetic gardient can be
created with magnets arranged in a hexaploe or quadrople
shape [18]. Recently, a Halbach-type magnet is introduced
to deflect isotopes, which provides a convenient and low
cost way to creating a high magnetic gradient [2, 19]. With
those, a high isotope enrichment has been realized for Li
atoms [19].

2 Experimental setup

Here we study this magneto—optical combined method
for K isotope separation. Potassium element has three
isotopes with the natural abundance of 93.26% for 3K,
6.73% for 4'K and 0.012% for 4°K. In cold atom physics,
40K is the first Fermion has been cooled down to the quan-
tum degeneracy [20], and is still being extensively stud-
ied [21-23]. Enriched “°K is an indispensable part of these
experiments. Right now, the enriched 4°K is usually ob-
tained from the nuclear reaction, and the supply is not
very stable. Additional convenient way to produce en-
riched 4°K will be very useful for cold atom physics.
Figure 1 shows the energy level of K for different iso-
topes [24]. The isotope shifts are about few hundreds
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Fig. 1 The energy levels of Potassium for different isotopes.
The dash lines indicate the reference energy levels for the
ground and excited states (D1 line). The number in the brack-
ets shows the frequency offset (unit of MHz) compared with the
reference levels. L; and Ly are the pumping lasers for 3°K and
41K, and both are on resonant with F' = 2 to F' = 1 transition.
L, is the probe laser.
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of MHz, which are much larger than the typical laser
linewidth (about 1 MHz) and the upper state linewidth
(about 6 MHz). Frequency locked diode lasers are used to
perform optical pumping and fluorescence imaging. The
lasers are locked to the K atomic transitions, and the
laser linewidth is about 1 MHz. L, and Lo are pump-
ing lasers for 3°K and 4'K respectively. Their frequencies
are shown in Fig. 1, and are used to pump atoms from
F = 2 (low-filed secking) state to F' = 1 (high-filed seek-
ing) state. Two lasers are combined and amplified by a
tapered-amplifier, then coupled into a fiber and finally
sent into the vacuum chamber with 10 mW for L; and
2 mW for L,. Both beams have the same beam size of
16 mm. L, is the probe laser, and the frequency can be
scanned over 1 GHz, covering the D1 transitions of the
three isotopes (including L; for 3K, L, for 'K). The
beam size is 3 mm and intensity is about 2.8 mW /cm?.
The fluorescence induced by the probe beam are counted
by a camera, and from this signal we can extract the flow
rate of the atomic beam for different isotopes.

Figure 2(a) shows the experimental setup. The whole
system is in a vacuum environment. It reachs a vacuum
pressure of less than 107® Pa when the Potassium oven
is not heated. The oven has a volume of 14 mL, and is
designed to be heated up to 600 °C. Limited by the de-
flecting magnets and also the transverse Doppler shift, the
diverge angle of atomic beam should be small. But small
diverge angle means small flow rate. In order to get a high
flow rate with a relatively small diverge angle, we use the
micro-capillary array to collimate the atomic beams [25].
As shown in Fig. 2(b). The needle has an inner diameter
of 0.16 mm, and 8 mm long. After another collimation slit
before the optical pumping, a diverge angle of 2 degree is
achieved.

Out of the oven, atoms are optical pumped to desired
states. In order to reduce the Doppler shift, both the op-
tical pumping beams and probe beam are sent in perpen-
dicular to the moving direction of the atomic beam. Then
K atoms enter the magnetic region, where the magnets are
aligned in Halbach style [2]. We used about 500 NdFeB
permanent magnets (N52) to form a 1.5 meter long Hal-
bach array, each one is 3 x 3 x 40 mm. The maximum
gradient of the magnetic field is about 2.5 T/cm near the
magnet surface (please see the supplementary material for
more details). In this regime, high-field seeking atoms will
move towards the magnets, hit the surface and get lost.
Only low field seeking atoms will be deflected.

3 Results and discussion

Figure 2(c) shows a typical simulation result of the atomic
trajectory, which illustrate how the atoms are deflected
by the magnet array. And finally, the deflected atoms are
probed by a probe beam and the fluorescence is recorded
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Fig. 2 (a) The diagrammatic sketch for the Potassium isotope separation machine. Atoms are emitted from a heated oven
and pumped by L; and L2. A curved magnet array deflects atoms with the right magnetic moment. And finally atoms are
imaged by the probe laser L,. (b) In order to get a high flow rate, a micro-capillary array is used to collimate the atomic
beam. (c) The typical trajectory of atoms in the magnetic field. Atoms with different incidence angles are deflected at different

positions of the magnets.

by a camera (CCD). Figure 3(a) shows a typical image of
the deflected atoms. From the fluorescent image we can
extract the total photon counts which is proportional to
the atomic number and give a quantitative analysis of the
isotope throughput.

By scanning the frequency of the probe laser, a high
resolution Doppler-free spectrum is obtained. Figure 3(b)
shows the typical data when the K oven is heated to
280 °C. The frequency is scanned over the D1 line tran-
sitions of three isotopes, and the relevant transitions are
identified. The black line shows the probe lineshape with-
out pumping. The hyperfine structure is clearly show up
and the peak value of 3°K and 'K have a ratio of 14:1,
which is consistent with the natural abundance. But “°K
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Fig. 3 (a) A typical image of the atomic fluorescence
recorded by the camera. (b) Fluorescent spectrum of potas-
sium at 280 °C. The black line is the lineshape without optical
pumping, where 2K peak value and 'K peak value have a ra-
tio of 14: 1. The red line is with pumping light L; on. The 39K
fluorescence is suppressed by more than two orders of magni-
tude, and the peak of “°K emerges. The blue line is with both
pumping lights L, and L2 on.
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can not be seen because of the high background of 3°K
fluorescence. The red line shows the lineshape when only
L, pumping is on. Fluorescence of 3°K is suppressed by
more than two orders of magnitude. But for 'K, it almost
has no change. At this time, because °K is highly sup-
pressed, the peaks of °K shows up. The blue line shows
the lineshape when both L; and Ly are on. Then 'K is
also suppressed about two orders of magnitude. From the
data, we can see the abundance of *°K is about 2%, en-
hanced by two orders of magnitude. To get a quantitative
analysis of the experimental result, we define a suppression
factor v = Ny/Np, where Ny and N; are the atom flow
rate (fluorescence counts) before and after enrichment.
Another important issue of isotope separation is the
production rate. One effective way to increase the produc-
tion rate is to increase the oven temperature. Figure 4(a)
shows the fluorescence (thus the relative flow rate) of the
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Fig. 4 (a) The temperature dependences of atomic fluo-
rescence. The fluorescence intensity increases 11 times from
200 °C to 320 °C. (b) The temperature dependences of sup-
pression factor. The supression factor decreases as the tem-
perature increases.
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atomic beam when changing the temperature. In the mea-
sured temperature regime, the flow rate increases 50% for
each 20 degrees. Figure 4(b) shows the suppression factor
at different temperature. The total suppression factor is
about two orders of magnitude, but decreases when the
temperature increased. We contribute this to the reab-
sorption of the fluorescence. At the current temperature
regime, the atomic density is 1.9 x 10*® atoms/m3, and the
collision between atoms is negligible [26]. The fluorescence
of the pumping process gives residual light in the cham-
ber and will be reabsorbed by atoms. This will reduce the
suppression rate when atom density get higher.

With this data, we can make an estimation of the pro-
duction rate. At 320 °C, with the pumping lights off, we
capture the atomic fluorescence of 2.2 x 10° counts/s at
39K D1-line transition. Assuming one atom scatters one
photon on average in the probe region, with a 0.005x4xn
solid angle, 80% transmission rate (the loss mainly comes
from uncoated lenses) and 50% quantum efficiency of the
camera, about 1.1 x 10'2 atoms pass the probe light per-
second. Because the height of the magnet array is 14
times of the probe beam width, 1.54 x 10'® atoms passes
the magnet array in total, which means the apparatus de-
fletes 0.086 mg 2?K per-day. Accordingly, with the pump-
ing lights on, the production rate of refined 4°K is about

1.1 pg/day.

4 Conclusion

Combined the effective optical pumping and magnetic de-
flection, we show an enrichment of “°K by two orders of
magnitude. This method can also be easily extended to
get pure 3K or 4'K. All we need to do is to shift the
frequency of the pumping laser to other isotopes. Right
now, the enrichment factor is limited by the imperfection
of optical pumping, such as the reabsorption of atoms and
residual light from the windows. These stray lights trans-
mit around the vacuum chamber and pump the atoms to
the opposite ground states out of the pumping region.

In the furture, we plan to improve our system. With
the help of careful shielding and better pumping effect,
3 orders of magnitude suppression rate could be reached.
The micro-capillary oven can be optimized and then the
oven temperature can be increased. With these, we should
be able to increase the production rate by two order of
magnitude, and reach 1 mg/week, which could be able
to satisfy some realistic requirements, such as cold atom
experiment with °K.

This magneto—optical method for isotope separation
can be easily extended to other species. For those isotopes
whose ground states already have nonzero spin or orbital
momentum, half of the ground states will be high-field
seeking states, and half of the states will be low-field seek-
ing states. This isotope separation method can be directly
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applied if suitable lasers are available. For those isotopes
whose ground states have zero magnetic moment (includ-
ing Alkaline-earth metals, Zinc, Mercury and Ytterbium),
multi-laser system also exists, which is able to drive atoms
from the ground states to the metastable states with par-
ticular magnetic moment [2].
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