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1. INTRODUCTION

We consider light scattering on a Bose-Einstein
condensate (BEC) of a dilute gas [1—14]. In particular,
in the experiment [4], the BEC was irradiated by a
pair of counter-propagating laser pulses traveling
in a direction perpendicular to the elongation axis
of the sample. As a result of multiple interactions
with radiation, BEC atoms acquired corresponding
translational motion momentums, close in
magnitude to a series of values jhk, (j = +2,44,...),
where k, is the absolute value of the optical pumping
field wave vector. This led to the appearance of a
series of coherent atomic clouds moving in opposite
directions. In this work, we present the results of
a theoretical analysis of their translational motion,
refining our previously obtained results [15—22]. In
particular, attention is drawn to the influence of the
harmonic form of the trap potential on the process
dynamics. If BEC is trapped in a harmonic trap, its
atoms should be in the ground state of the harmonic
oscillator. As a result of light scattering, the atom
receives a recoil momentum and therefore ends up
in the ground state with a shifted momentum. It
is well known that such a state in quantum optics
is interpreted as a quantum coherent state and is

widely used in laser theory [23]. In our case, we are
dealing with coherent states of the atomic system
rather than with coherent states of the quantized
electromagnetic field. The development of methods
for generating coherent atomic waves ("atomic laser")
is relevant in the field of atomic interferometry and
laser manipulation of atoms.

2. BASIC EQUATIONS

We model a condensate atom as a two-level boson
particle with the ground ’a> and excited |b> electronic
states, taking into account the translational motion
of the atom along the direction of optical excitation.
The single-atom wave function is sought in the form
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where x is the coordinate of the atom's translational
motion, ®, and k, = ®, / ¢ are the frequency and
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wave vector of the exciting laser field, a j(x,t), b j(x,t)
are the amplitudes of the wave functions describing
the translational motion of the atom in the ground
and excited atomic states.

The Maxwell-Schrodinger system of equations
in the approximation of slow variation of field
amplitudes and atomic wave functions has the form

or  Jox|/
2

_ i T .
lejaj+E ij—i—E bjf1 iux*,

B o).
o7 T Vit % T
. @)

+ - .2
—-F aj—E a;, ., —iux”,

Et(x,t)=

X
= Eo(t)—|—2fdx' ST by (X 0a(x),
S J=0£2,...

The only non-zero initial condition was set for
a,(x,t) as the wave function of the ground state of a
harmonic oscillator.

Equations (1), (2) are written in the dimensionless
form, where the "width" of the ground state of the
harmonic oscillator is taken as the unit of length,

L=2hIn2/ MQ)"?,

where M and Q are the atomic mass and natural
frequency of the harmonic trap, respectively. The
superradiance time is taken as the unit of time

T =h/(nd2k,NyL),
where d , is the dipole moment of the transition

a < b and N is the average concentration of BEC
atoms at the initial instant. Further,

e, = Wkt / (2M),

v, = hjkytg / (ML)

are, respectively, the kinetic energy (in frequency
units) and velocity of an atom with the momentum
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Jky, the index j takes even values 0,4-2,4-4,..., field
strength amplitudes E,, £ *are expressed in units of
ih /(d,Te),

u=05M1,(QL)* /h
is the harmonic trap constant,
A=(0, —m,)Ts

is the detuning of the excitation field frequency o,
from the atomic resonance frequency o,

Y =I‘1R,

where T" is the radiation constant of the excited
electronic state of the atom.

3. SIMULATION RESULTS

Below are the results of solving system of equations
(2) obtained using atomic system parameters of the
same order as in the experiment [4], but as applied
to our magnetic trap model. A harmonic with the
natural frequency Q / 2n = 14 Hz was considered,
which leads to a "width" of the harmonic oscillator
ground state of L ~ 4.8 um. With a transition dipole
moment of d , = 2.5-107% C-m, pumping field
wavelength of 780 nm, and initial average BEC atom
density of N, = 103 cm ~3 the superradiant time is
estimated as T, ~ 15 ns. Taking the spontaneous
decay constant of the excited electronic state
of the atom as ' =0.37-10° s’l, atom mass as
M =144.10"% kg, for the parameter values in
Egs. (2), we approximately obtain

g, = 3.6-1074 2, v, = 1.9-107%,

y=57-10"", u=184-10"°.

In our calculations, the detuning from the
resonant transition A varied in the interval
—100MHz < A/2n <100 MHz (in our units
—-95<A ab S 9.5). The condensate excitation was
modeled by two counter-propagating rectangular
laser pulses with the duration t, & 6 ms (in our units
t, ~ 400). The pumping amplitude £, was chosen

depending on the detuning from the resonance)
such that during the excitation time, the fraction
of atoms in the static condensate cloud remained at
the level of 0.9. The system of equations was solved
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Fig. 1. Spatial distributions of atomic cloud populations: curve /
shows the initial population distribution of the BEC ground cloud
| ay(x,t = 0) |2, curve 2 shows the population distribution of cloud

| a,(x,1) > -50, and curve 3 shows the cloud | a,(x,1) [ .10* at the
instantf = 150tp

taking into account the formation of 15 atomic states
(j=0,%£1,£2,43,4+4,£5,4+6,47). The calculation
interval length was twelve times greater than the
"width" of the harmonic oscillator ground state,
taken as the unit of length.

We will limit ourselves here to presenting results
obtained at detuning A / 2x = —20 MHz (in our
units approximately —1.9) for atomic states a_,,

a, 4. (Populations of states a ; at| j |> 4 are negligibly
small).

The displacement of the maximum of atomic
cloud distributions over time is caused by the
atom acquiring photon recoil momentum. The
distributions for clouds with negative indices
have symmetric displacements in the opposite
direction. Meanwhile, the shape of atomic clouds
is approximately preserved and close to the shape
of the harmonic oscillator ground state (see Fig. 1).
The velocity of the cloud maximum displacement

a, approximately corresponds to the photon recoil
estimate 2nk,.

Momentum distributions fj(k,t) of the states

a; obtained using Fourier transformation of the
corresponding amplitudes,
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Fig. 2. Momentum (normalized) distributions of atomic clouds (a@)—
Jo(x,t = 0), initial momentum distribution of the main cloud a,
(b)—f,(k,1), momentum distribution of the cloud a,; (¢)—f,(k,1),
momentum distribution of the cloud a,. In fragments (b) and (c),
dashed curves demonstrate momentum distributions at the instant

t=t, of pumping shutdown, and solid curves are for the instant
t =150t
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ik, t) =a; (k — jky, 1), 3)

where
+o00
a j(k,t) = f dxa j(x,t)exp(—ikx), (€))]

are shown in Fig. 2.

The found momentum distributions demonstrate,
firstly, an increase in the recoil momentum due
to medium dispersion, i.e., the influence of the
secondary atomic field created by their polarization
on the scattering process, and secondly, a decrease
in the obtained recoil momentum during subsequent
movement of atomic clouds in the potential field of
the harmonic trap.

4. CONCLUSIONS

Thus, based on the solution of the proposed
Maxwell-Schrodinger system of equations, the
generation of coherent atomic waves resulting from
light scattering by a Bose-Einstein condensate
of dilute gas confined in a harmonic trap is
theoretically analyzed.

Our results allow us to conclude that atomic
clouds arising from light scattering on BEC in a
harmonic trap after pumping termination are close
to the oscillator ground state with a momentum
value shifted by the recoil momentum value. This
allows us to consider them as an analog of Glauber
quantum optical coherent states [23].
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1. INTRODUCTION

Laser cooling and trapping of atomic gas [1]
creates conditions for subsequent deeper cooling to
quantum degeneracy [2]. Laser cooling works most
simply for alkali metals, which include potassium.
It has two stable bosonic isotopes 3K and *'K and
a fermionic isotope *’K with a long half-life of 10°
years.

Boson *K possesses broad s-wave Fano-Feshbach
resonances in magnetic fields lower than for other
alkali metals [3]. This opens up the possibility of
faster control of s-interactions, which is interesting
for interferometry on squeezed states of Bose-
condensate [4] and for studying dynamic effects.

0K along with %Li is one of two long-lived
fermionic isotopes of alkali metals, and its s-wave
Feshbach resonances occur at significantly lower
magnetic fields than those of °Li. Due to a lower

centrifugal barrier than that of lithium, the
p-resonances for 40K are broader, which is interesting
in the context of obtaining superfluid phases with
p-symmetry [5]. Natural potassium contains only
0.012% 4OK, which complicates experiments.

Bose and Fermi gases with large numbers of the
particles N are interesting. In measurements, this
allows improving the signal-to-noise ratio. For
collective effects, temperature in natural energy
units is important, for example, in units of chemical
potential p. The minimum achievable temperature
for uniform Bose and Fermi gases, respectively,
scales as uN ~7/1> and uN =13 [6].

A magneto-optical trap (MOT) can be loaded
with atoms from a decelerated thermal beam [7],
surrounding vapors [8], or a two-dimensional MOT
[9]. When loading from surrounding vapors, the
number of atoms advantageously depends on the
MOT beam diameter d as (N d’ '82), which allows
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obtainingupto N =1.4- 10“, as shown for 3 Rb
[10]. Such favorable scaling requires vapor pressures
much higher than the pressure of other gases in
the vacuum chamber. Using a slow atom beam
obtained with a Zeeman slower or two-dimensional
MOT allows the use of vacuum chambers with low
pressure and thus long accumulation of atomic gas
in the trap, avoiding losses caused by collisions with
the background gas. Low pressure allows subsequent
operations, such as evaporative cooling [2], in the
same vacuum chamber without transfering to a
chamber with lower pressure. For Na, two loading
methods are compared, through a decelerator and
from a two-dimensional MOT, showing that the
decelerator yields slightly more atoms [11].

The implementation of all three MOT loading
methods is described, respectively, in [12—14] for 39
K, and in [15—17] for 40K For both isotopes, the
largest number of atoms was obtained by loading
from a 2D MOT, (2-3) -10'° [18, 19] and 8.9-10°
[20] respectively. This method is mentioned
most frequently in publications. Loading from
surrounding vapors yielded 3 - 10° atoms for K [21]
and 2-10® for *°K with a vapor source enriched to
4.5% in *°K [22].

A decelerator was used for loading ¥K in two
works, where 3.107 [12] and 10® atoms [23] were
obtained in MOT. In the latter case, the atomic
beam is created by a pulsed source in which IK
vapors are pre-cooled by cold helium buffer gas, and
MOT loading occurs rapidly within 10 ms. For K
two experiments on MOT loading from a decelerator
are also known. In [15] more than 10® atoms were
trapped from an enriched mixture containing
40K 7% while the **K beam was combined with an
atomic beam of °Li. In [24] 5- 107 atoms were loaded

BATURO et al.

into MOT from a natural potassium mixture. Thus,
the decelerator is not a frequently used method for
MOT loading for either 391(, or *K.

This work reports on obtaining magneto-optical
traps for ¥K and “K loaded from a Zeeman
decelerator. The number of *K atoms in the trap,
7- 109, is larger than in other experiments with 39K,
loaded from a decelerator. **K trap captured1.5- 108
particles, which is also more than in other traps
for 401(, using a decelerator. For 40K the influence
of collisions with beam atoms on accumulation
time was studied for the first time. The article
is structured as follows. Section 2 describes
the experimental setup, and Section 3 presents
and discusses measurements of atom numbers,
temperature, and accumulation time.

2. EXPERIMENTAL SETUP

2.1. General description of the setup

For trapping and cooling 39K and *)K the same
setup was used, whose scheme is shown in Fig. 1.

The source of the atomic gas is a thermal beam.
Some atoms are decelerated in the Zeeman slower,
and then enter the MOT. Further in Section 2.2—2.6
the setup is described in more detail Laser radiation
with frequencies near the D2 line of potassium with
a wavelength of A = 766.7 nm. Energy levels close to
resonance with radiation are shown in Fig 1.

Vacuum inside the setup is maintained by
two magnetodischarge pumps between the atom
source and the decelerator, as well as getter and
magneto-discharge pumps connected to the MOT
side. Transition from *°K to *°K requires a small
change in the optical scheme, which is described in

a) X l
ot Zeeman slower
1% cenrez 222 <

— >
< 0.375m

[=1m

X $=
N

MOT

9]
PMT

ML
/N
;}?92

Section 2.6.
o
>

atomic

X i
) cloud y$ >z
N camera

Fig. 1. (a) General view of the experimental setup for creating magneto-optical traps for 3K and for *K. Here, "oven" is a thermal source
of atoms consisting of a vertical cup and horizontal nozzle; MOT coils are MOT electromagnets; six red arrowsare MOT beams; and the
yellow arrow is a decelerator beam. (b) Scheme for observing fluorescence during MOT accumulation, PMT is a photomultiplier tube,
the lens is shown in blue. (¢) Scheme for shadow imaging of atoms, the probe beam is shown with a red arrow
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2.2. Thermal atomic beam

The source of the thermal atomic beam is a
stainless steel oven consisting of a vertical cup
and a horizontal nozzle with an internal diameter
of 2r . = 6.4 mm and length 230 mm, shown in
Fig. 1a. Metallic potassium is loaded into the cup.
For experiments with FK two glass ampoules are
loaded, each containing 10 mg of natural mixture of
potassium isotopes, in which 39K constitutes 93.2%.
The ampoules are broken in the argon atmosphere,
then the cup is closed from above, and the gas is
pumped out. For experiments with 0K similarly , an
ampoule containing 2.5 mg of metallic potassium
enriched to 12.8% in *°K is broken.

To create a thermal beam *°K the cup is heated to
140°C, which produces atoms with the most probable
velocity of 510 m/s. The nozzle temperature along
most of its length is close to room temperature. Atom
deposition on the walls did not lead to any noticeable
narrowing of the nozzle, with only a slight coating
observed when the vacuum chamber was opened.

Atoms fly out of the nozzle at a full angle of 3.5°.
Their flux can be estimated based on the saturated
vapor pressure of potassium in the cup at 140°C [26],
which gives 2.6-107 atoms/s. The MOT capture
region is visible from the cup at an angle of 2°, and
the decelerator output aperture cuts off atoms flying
at angles exceeding 1.7°.

The pressure in the area near the furnace is
6-10~% Torr at the furnace temperature 140 °C
measured by a magnetodischarge pump assuming
that the main gas is H,. The actual gas composition
is unknown. The potassium contribution is probably
not primary since the potassium vapor pressure at
room temperature, at which the walls in this area are
located, is an order of magnitude lower and equals
9.10~? Torr. The pressure measured with the furnace
heating turned off is 8 - 10~ Torr assuming the main
contribution is hydrogen.

In experiments with 4OK, the cup was heated to
88—120°C.

2.3. Zeeman slower

The Zeeman slower [27] allows slowing down
a portion of atoms in the thermal beam and thus
increasing the MOT loading rate. The slower
consists of a beam counter-propagating to the
atomic beam and an electromagnet with a conical
winding shown in Fig. 1.

JETP, Vol. 166, No. 4(10) 2024
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For 39K, the beam is tuned to slow atoms at the
transition

451/2(F = 2’Fz =F)— 4P3/2(F/ = 3’Fz’ = F),

the beam polarization 6. at the trap region, the
beam diameter at intensity level 1 / e equals 19 mm,
and the intensity in the center is 20 mW/cmz, which
is much higher than the saturation intensity of the
circular transition 1.75 mW/cmz. At the nozzle
edge, the beam diameter approximately equals the
nozzle diameter. The detuning from the transition
frequency is selected by maximizing the number of
atoms in the MOT and equals A, = —11.5I" in the
zero magnetic field, where I = 2n(6.035MHz) — is
the inverse lifetime of the excited state [28].

The electromagnet was originally designed for
slowing Li. The current magnitude is selected
so that to maximize the number of atoms in the
trap, and for 3K it was 7.7 A. This value was used
for the trap with the highest values of N ~ 7. 10°.
Additionally, measurements were performed with a
smaller number of atoms in the trap N ~ 5- 10%at a
current of 6.3 A.

The field profile on the decelerator axis at a
current of 7.7 A is shown in Fig. 3a

39 40

—F'=3
4°P [ 4°P
32 L =234 MHz 32
:?_:3 l T F'=9/2 T
Ay i v 44 MH
A AMOT l z
4 — F'=11/2
AMOT
A
Q
766.7 nm| g | &= ==
s |2 slo
L 5)
~ =
F=2 F=17/2
4°s {
112 462MHz T
F=1 ¥V 126MHz
2
47 S 1286 MHz
—F=9/2

Fig. 2. Energy levels *K and *“’K close to resonance with radiation.
Adapted from [25]
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Fig. 3. Magnetic field profile along the axis of the Zeeman slower
for K (@) and 0K (b). Blue stands for the measured field at 7.7 A
((a), for K) and 9.7 A ((b), for *°K), orange stands for the field of
ideal decelerator (1) for given detunings A. Vertical dashed lines
show the electromagnet boundaries

The field of an ideal decelerator is also shown

h

“Bohr

2n
A -

B(z) = 20, (29 — z)], (1)

which corresponds to uniformly decelerated motion
with the accelerationa_, = nhl' / (m)), where m is
the atomic mass, and {1, - — is the Bohr magneton.
The actual field decreases more slowly than the ideal
one, making the deceleration process more stable
against abrupt magnetic field changes and light
intensity reduction. The intersection of the ideal
profile with the actual one in Fig. 3@ corresponds

to the initial velocity

A |HpopB(z =9cm)

Vini m 3

Ay | =330m/c,2)

which in turn corresponds to the involvement of
thermal distribution of atoms in deceleration.
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-Upmt,mV
196.5 T
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Fig. 4. Fluorescence of a beam of atoms passed through a Zeeman
slower, depending on Av,_, and the diagnostic beam detuning
depending on the frequency of the transition 4Sl/2(F =1)—4
P3/2(F’ = 2). The resonance with this transition and with 4S
1/2(F =2)— 4P3/2(F/ = 3) is marked by the vertical lines F =1
and F = 2, respectively. ZS on/off means decelerator on/off.
Fluorescence is measured in units of the output voltage of the
photomultiplier Upy,p and is visible against the background of
illumination of the photomultiplier by over-reflections

In the MOT region, the decelerator creates a small
field of about 2 G. In all experiments with MOT,
this field is compensated by a coaxial electromagnet
located on the other side of MOT and not shown in
Fig. 1.

The effect of the decelerator can be seen in
Fig. 4, which shows the fluorescence of the beam
in the diagnostic beam in the area where MOT is
subsequently observed.

The diagnostic beam is directed at an angle 42°
to the beam axis in the plane yz, against the atomic
motion. In this measurement, the MOT-creating
fields are absent. The diagnostic beam diameter is
5.5 mm at the intensity level 1 / e, the center intensity
0.5 mW/cmz, polarization is linear in the plane yz.
Fluorescence is observed on a photomultiplier tube
(PMT) at various detunings of the diagnostic beam
Av ._, from the transition frequency

48, 5 (F =1) = 4P, ,,(F' = 2).

The figure shows the dependence with the
decelerator turned on and off. The switching off
is achieved by changing the polarization of the
decelerating beam to ¢, which has almost no

JETP, Vol. 166, No. 4(10) 2024
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effect on the PMT illumination from rereflections,
the light from which dominates over fluorescence,
as seen in Fig. 4.

The slowed atoms in Fig. 4 appear near Av,_, =0
since the slowing process for most atoms ends with
pumping into the state 481/2(F =1) due to the
significant radial component of the magnetic field
at the output of the decelerator. From the detuning
of the slowed atoms peak, their longitudinal velocity
can be determined as 60 m/s, which is close to the
estimate —AA,, / (2r) = 54 m/s. Unslowed atoms are
mainly in the state 4S; /2(F = 2). The decay in their
distribution is 350 MHz away from the resonance

48, ,(F =2) — 4P, ,(F' =3),

as noted in Fig. 4. This frequency shift corresponds
to the Doppler shift for atoms with a velocity of
360 m/s, which is close to estimate (2).

For *°K atomic deceleration on the transition was
used.

48,y (F=9/2,F,= F)y-4P, ,(F'=11/2,F,= F).

To prevent the beam from interfering with the
formation of MOT located at the beam center, in
experiments with 40K, a 6 mm diameter area at
the center was darkened. Without darkening, the
intensity at the center in the MOT region would
be 35 mW/cmZ. The detuning from resonance
A, = —5.8", which corresponds to a velocity of
27 m/s. The electromagnet current is 9.7 A, the
number of atoms in MOT was lower by at least an
order of magnitude.

The actual field profile at 9.7 A and the close
profile of an ideal decelerator are shown in
Fig. 3b. One can see that the actual and ideal
field profiles almost coincide over a wide segment
9sm < z < 25sm, with deviations in this area not
exceeding 2 G. If atoms break away from the slowing
process in this section, then the decelerator works
fully only at z > 25 cm, where the field decreases
more smoothly than in the ideal decelerator The
boundary z = 25 cm corresponds to slowing from
velocities v, . = 220 m/s, that is, involving only 3.6%
of the thermal distribution of atoms in slowing.

For K neither slowed nor thermal atoms were
observed. The possibility of effective slowing with
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a field profile close to ideal was confirmed by the
example of K. 1t was found that at 10 A current,
the number of slowed atoms is approximately 30%
higher than it is at 7.7 A.

2.4. Magneto-optical trap

The magneto-optical trap is formed near the exit
of the Zeeman slower. The position of the trapped
atomic cloud is shown in Fig. 1. The center of the
trap coincides with the atomic beam axis. The trap is
created by three pairs of counter-propagating beams
and a pair of electromagnets with counter-flowing
currents, following the traditional scheme [7]. The
pressure near the MOT is 3- 107'° Torr assuming
the main gas is H,. The beam diameter is 18 mm
at intensity level 1 / e, with circular polarizations.
Each beam contains two frequencies, viz. the main
frequency and the repump frequency.

For 39K, the main frequency component interacts
with the transition

48, ,(F =2) — 4P, ,(F' =3),

shown in Fig. 2a. The detuning from the transition
is Ay;or = — 10T, the component intensity at the
center of each horizontal beam is 12.5 mW/cmz, and
at the center of each vertical beam it is 10 mW/cmz.
The repump frequency is close to the transition

48,5 (F =1) — 4P, ,(F' = 2)

and detuned by Arep = —5I'. Due to the proximity of
excited levels 4P3/2(F’ = 3) and 4P3/2(F/ =2), the
main frequency leads to frequent transitions to the
latter and decays to 4S, /2(F = 1), which requires a
sufficiently strong repump field to be depleted, with
an intensity at the center of each horizontal beam of
4 mW/cmz, and at the center of the vertical beam of
20 mW/cmz. The electromagnets create a magnetic
field gradient, the magnitude of which in the vertical
direction x equals —9.5 G/cm. This value was used
for the trap with the largest N ~ 7 - 10°.

Additionally, temperature measurements for
3K were performed with fewer atoms N ~ 5- 108 In
these experiments Ay, = —6T", Arep = —3I', the
magnetic field gradient was —3.5 G/cm.

For trapping 40K, the main frequency of MOT
beams is close to the transition
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Fig. 5. Optical scheme for adding the repump frequency to the main frequency of magneto-optical trapping (MOT): (a) for 39K; (b) for
40K . Beams drawn close and parallel are in the same spatial mode, including MOT and repump beams. "AOM +235" and "AOM
—310 MHz," are AOMs shifting the light frequency by +235 and —310 MHz respectively. PBS is the polarizing beam splitter, A / 2 and
A / 4 are the half- and quarter-wave phase shifters, respectively, FR — Faraday rotator of polarization at 45°, and M is the mirror

48,,,(F=9/2) — 4P, ,(F' =11/2)

and detuned below it, Ay, = —4I". The intensity
of this frequency component at the center of each
horizontal and vertical beam is — 5 and 10 mW/cm2
respectively. The repump frequency component is
detuned from the transition

48, ,(F=7/2) — 4P, ,(F' =9/2)

by Arep = —3.5T". The hyperfine splitting of the level
4P, 2 is large enough, so high repump intensity is
not required. In each horizontal and vertical beam,
the intensity is 1.3 and 2.5 mW/cm2 respectively.
The vertical magnetic field gradient is —7.5 G/cm.

2.5. Camera and photomultiplier tube

The data sources are a photomultiplier tube
(PMT) and a CMOS camera, whose positions
are schematically shown in Fig. 16 and Fig. 1c
respectively. The PMT was used to measure atom
accumulation time in the MOT. The camera imaged
the cloud of atoms by shadowgraphing in light with
a near-resonance frequency. The PMT and camera
cannot be used simultaneously. Either one or the
other device is installed.

2.6. Setup modification when changing isotopes

Switching from one isotope to another requires
changes in the optical scheme where the repump
frequency is added to the main MOT frequency. The
schemes for *’K and *’K are shown in Fig. 5a and
Fig. 5b, respectively.

In the case of ® 9K, the repump frequency is added
to the main frequency using an acousto-optic
modulator (AOM) in the double-pass mode. For
40K, it is added by AOM in the four-pass mode.

The addition occurs before splitting the beam into
three pairs of MOT beams shown in Fig. 1.

3. NUMBER AND TEMPERATURE OF
ATOMS IN MAGNETO-OPTICAL TRAPS

3.1. ¥K
3.1.1. ¥K fluorescence

A photograph of atoms fluorescing in MOT
beams is shown in Fig. 6a. The image was taken
with a consumer digital camera, so the yellow tint of
the cloud is a color reproduction error.

3.1.2. Number of ¥*K atoms

The number of atoms was measured using shadow
imaging in a monochromatic radiation field with

the frequency shifted by Aphoto from the transition

JETP, Vol. 166, No. 4(10) 2024
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Fig. 6. (a) Fluorescence of several billion atoms 3K in the MOT. (b), (c¢) Shadow images for the cloud K without expansion when

detuning the illuminating beam Aphow = —0.2I' () and A

hoto
value is reflected in color, is shown. Below each image, tﬁ

= 2.5T (c). The distribution of the transmission coefficient 7'(x, z), whose
e distribution 7'(x = const, z) along the orange line is shown, smoothed over

the neighboring points along the line. On panel (c¢) the visible number of atoms N = 8.7 - 10°

481/2(F =1)— 4P3/2(F’ = 2). Before imaging,
atoms are accumulated in the trap for 40 s, with
the 1/e level reached in approximately 10 s. 500 ms
before imaging, the slowing beam is blocked by a
mechanical shutter. 200 us before imaging, the
MOT repump beams are switched off for 100 ns
using an AOM, which transfers most atoms to the
state 481/2(F =1). The MOT beams are blocked
by a mechanical shutter within 20 us. The imaging
occurs at the instant of shutter closure or with a
controlled delay. The magnetic fields of the MOT
and decelerator remain on during imaging.

The imaging consists of turning on for 2 us the
probe beam shown in Fig. 1c and propagating along
the yaxis. The beam diameter significantly exceeds
the cloud size, with central intensity of 0.24 mW/cm2
< of saturation intensity. The atoms create a shadow
in the beam. The transmitted light is projected onto
the camera. By comparing images with and without
the atomic cloud, one can find the transmission
coefficient distribution 7'(x,z) used to calculate the
column gas density

ny(x,2) = —InT(x,2), 3)
(¢)

where G is the cross section of light scattering by a
single atom, and the number of atoms
N = | n,(x,z)dxdz. @)

JETP, Vol. 166, No. 4(10) 2024

The image of the cloud immediately after
switching off the MOT beams is shown in Fig. 6b.
The cloud is elongated vertically unlike the cloud
in photograph 3.1.1a due to a slight difference
in MOT beam alignment. Image 6b was taken at
resonance, which leads to almost complete light
scattering near the cloud center and does not allow
reliable calculation of n,(x,z) and N. Therefore,
for quantitative analysis, images with detunings
|Aphoto |= (2.5-5.5)I", were used, an example is
shown in Fig. 6¢. For such detunings o can be
calculated by summing the transition probabilities
from the states 4S, ,(F = I,Fz) to all available
levels 4P3/2(F’ = 0,1,2) and averaging over equal
populations of the initial magnetic states Fz The
splitting of excited levels can be neglected, which
gives

kz/n

1+ (2Aph0t0 /r)2 ‘

®)

G(Aphoto) =

The calculation of ¢ is independent of polarization.

The number of particles N measured at different

A is shown in Fig. 7.

photo
We will take the average as an approximation
of the true value. Thus, (6.9 +1.3)- 10° atoms are
captured in the K trap.

In Section 3.2.2 using the example of K it is
shown that at the furnace temperature > 120°C
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Fig. 7. Number of atoms ¥K in MOT measured using a probe
beam with different detuning from resonance AphmoA Means and
standard deviations for two repetitions are shown

the main limiting factor in the number of atoms is
collisions with the atomic beam. As a result, shifting
the MOT center beyond the atomic beam can lead
to a N increase by 2 or more times.

The number of atoms can also be measured by
the fluorescence of atoms in the MOT beams. We
compare the two methods. In shadow imaging,
it is known that almost all atoms are at a specific
hyperfine level. Data interpretation requires
a model that would provide the population of
magnetic sublevels. Here, the model is replaced
by an assumption of equal population, based on
which ¢ (5) was calculated. Data interpretation
depends on the detuning Aphoto' Measurements
were conducted at various Aphoto, and the
proximity of results indicates correct accounting
for detuning. Additionally, shadow imaging also
allows determining the temperature, as shown in
Section 3.1.3.

Converting the number of fluorescence photons to
the number of atoms depends on more parameters.
A model is needed that would indicate the

a)

b) ©)
0.8
10 10 0.6
5 5 04
0.2
% 5 10 15 % 5 10 15
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populations of ground and excited hyperfine levels
and their magnetic states. Populations depend on
the local magnetic field, intensities and detunings
of the MOT bichromatic field, and spontaneous
emission from surrounding atoms. Collective
effects related to MOT field attenuation and photon
rescattering become noticeable already at N = 10°
[29]. The method thus depends on calculations and
assumptions to a much greater extent than shadow
imaging and for this reason was not used here.

3.1.3. ¥K thermometry

Temperature was measured by gas expansion after
switching off the MOT optical fields. Figures 8a—c
show the example images of the atom concentration
t =0, 2, 4 ms after the start of expansion.

Temperature measurements were performed with
a smaller number of atoms N ~ 5-10%. Due to lower
optical cloud depth, resonant radiation was use
Aphoto = (. When calculating the scattering cross-
section, only one excited level is taken into account
4P, /2(F "' =12), averaging over magnetic sublevels
yields

502

12n° ©)

The cloud has an elongated shape in all images.
Also, expansion in the long direction occurs faster. A
possible reason lies in trap imbalance after switching
off the repump beams, which make a significant
contribution to confinement. For each image, the
root-mean-square half-widths in two directions were
found by fitting with a two-dimensional Gaussian
profile. The sizes along the long and short directions
are plotted in Figs. 9a and 9b).

The dependencies are fitted with free expansion
formulas

1.0

0.0

Fig. 8. Shadow images of the cloud K after 0 (a), 2 (b) and 4 (c) ms after disconnecting the MOT optical fields. Coordinates are plotted
in mm, and the color indicates the transmission coefficient value 7'(x, z)
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are indicated

Tlong(short) (7)

_ 2 2
Oong(short) (n= \/GOIOng(short) +1 m

which gives two temperature values Tlong, T o AAS
a temperature estimate, we take the average, and
we take the half-difference as the systematic error,

obtaining 7 = 4.5 +1.5 mK.

The obtained temperature is noticeably higher
than the value 7" = 870 uK predicted by the cooling
theory of a two-level atom in a weak field [30] at
Apor = —6I. In experiments [19, 31] temperatures
from 2 to 6 mK were measured. Cooling IK
differs from cooling of a two-level atom and from
polarization gradient cooling [32]. The difference
is related to the small hyperfine splitting of the
excited state and the consequently increased role
of repumping. For lithium isotopes, which also
have small hyperfine splitting of the excited state,

JETP, Vol. 166, No. 4(10) 2024

respectively, are shown. Purple dots are data, curves are fit (7), and temperatures obtained by fitting

temperatures from 1 to 4 mK have been reported [6,
33]. Additionally, there is a general effect of increase
in T with the growth N as (T —T)) ~ N'/3, where
T, is the temperature at small N [34].

3.2. 4K
3.2.1. Number of *°K atoms

Unlike measurements with 391(, the repump
frequency is switched off simultaneously with the
main one, rather than in advance, so at the time of
imaging the vast majority of atoms are in the state
4Sl/z(F =9 /2). For imaging, a probe beam in
resonance with the transition 45, /2(F =9/2)— 4P
3 /2(F "=11/2)is used. The scattering cross-section
is obtained by averaging over equal populations of
magnetic sublevels of the initial level

32
o =—"
5w

@®)
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©)

Fig. 10. Shadow images of the cloud 40K after expansion during t = 0 (a), 0 (), 1.5 (¢), 3.5 (d) ms. Coordinates are in mm. Color shows
the value of T'(x,z), with the color scale for (b)—(d) differing from the scale for (¢). The number of atoms N =1.5- 108 (a), 6.3 10° (b),

7.7-10° (¢), 5.5-10° (@), the measurement error for (b)—(d) is £10°

Shadow image of the atomic cloud immediately
after switching off the optical fields of the decelerator
and MOT is shown in Fig. 10a. Number of atoms in
the image N = (1.46 4+ 0.09) - 10%. The measurement
error is related to slight variations in the probe
beam power between shots, including closely timed
photographs with and without atoms.

The number of atoms N = 1.5-10% is two orders
of magnitude less than the number of atoms 39K,
although for trapping 40K a mixture enriched up
to 12% in *°K. was used. Such enrichment suggests
~ 10° atoms *°K in the trap since other experimental
conditions are similar. The reason for the difference
between actual and predicted number of atoms 4K
is unclear.

3.2.2. Effect of the thermal beam on the number
of atoms *°K in the trap

MOT is located in the path of the thermal atomic
beam, whose diameter in the MOT plane equals
20 mm, and the flux is almost uniform. To understand
how the beam affects the MOT, the accumulation
time of atoms at the level 1 / e was measured as a
function of the atomic flux in the beam. The flux is
regulated by the temperature of the oven cup 7. .
Fig. 11 shows the dependence of accumulation time

T on temperature.

The time T obviously decreases with the increasing
flux. We compare measurements with the model.
The dynamics of the number of atoms in the trap is
approximately determined by the equation

dN
— = N —Ty,mN +F, 9
7 ©®)

% vacuum beam

where F is the number of atoms captured in
the trap per unit time, I' , - is the collision
frequency of a trapped atom with the surrounding
gas in the vacuum chamber, and I',_, . is the
collision frequency with atoms from the beam. The

accumulation timet =1 /(T +T

Both collision frequencies can be calculated. The
surrounding gas is mainly H,, which is related to the
release of atomic hydrogen from the stainless steel
vacuum chamber walls [35—37]. The collision cross-
section can be found using the Landau-Lifshitz-
Schiff formula [38]

vacuum beam )

2/5
C6,K—H2(K—K)

Ok 1 (k—K) = 8.08 2 . (10)

where CG,K_H_2(K — K) are Van der Waals
coefficients for potassium-hydrogen (potassium-
potassium) collisions, and v is the velocity of the
incident particle.

(11)

1—1vacuum = nH <VGK7H >T ’
2 2 " vacuum

where averaging (..., is performed over the
vacuum

thermal distribution of the surrounding gas, and
concentration n, is known from the pressure
3.107'° Torr measured by the magnetodischarge
pump and independent of the oven temperature.

. nKVnroz

= ven
Fbeam 411:[2 Ok-k> (12)

where / — is the distance from the cup to the MOT
(Fig. 1a), the total concentration of all potassium

isotopes ny (T ..,) is known from the dependence
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beam*
of the saturated vapor pressure on temperature [26],
and v is the thermal velocity.

The accumulation time T =1/(T", . ,um T beam)
calculated without fitting parameters is shown
in Fig. 11 by the orange curve. This curve closely
reproduces the data. The contributions ", . . and
Iy cam to the accumulation time are shown separately

by dashed curves

The stationary solution of Eq. (9) gives the number
of atoms in the trap N = Ft. At the temperature
T .., =120°C about half of the losses occur due to
atoms being knocked out by the thermal beam. The
shift of the trap beyond the atomic beam would
allow increasing N by two times. The same method
can increase the number of atoms *’K. With the
increasing oven temperature, the flux increases and,

consequently, the possible gain from shifting the trap.

3.2.3. YK thermometry

The temperature of atoms in MOT was measured
by gas expansion, similar to the measurement
for *K. Figures 10b—d show images of 40K atom
concentration after 7 = 0, 1.5, 3.5 ms from the start
of expansion. It can be noticed that the cloud in
Fig. 1056 is significantly smaller than in Fig. 10a.
Temperature measurements were performed
with a depleted source, which allowed loading
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N = (1—8)-106 atoms into the trap, on average
4.4-10°.

Additional processing of images 10b-d, was
required as the images are less contrasting due to
fewer atoms. Ring defects occurring in the image
plane due to dust particles on optical surfaces can
be accurately excluded only if their position is
identical on the images with and without atoms.
However, defects shift from image to image due to
air currents and vibrations, resulting in potentially
overestimated atom numbers and distorted cloud
sizes in low-contrast images. The distortion prevents
size determination for half of the images at r > 3
ms. To suppress such errors, all shadow images
used for *K thermometry were processed using the
principal component method [39—41]. Based on
seven images without atoms, a basis of four principal
components was created, whose combination was
used to suppress defects. Figs. 10b-d show images
after processing.

The evolution of cloud sizes during expansion is
shown in Figs. 9c¢ and 94. Unlike 391(, the expansion
anisotropy is almost absent. Temperatures for the
major and minor axes were 141 uK and 117 pK,
respectively. Based on the average and spread of these
values, we obtain a temperature of 7 =129 +12
which is 35 times lower than the temperature of IK.

Temperature of 40K was found to be below the Le-
tokhov-Minogin-Pavlik limit A" / 2 = 144 uK [30].
Moreover, at detuning Ay, = —4I", the cooling
theory of a two-level atom in weak light [30] predicts
a temperature of 590 uK. The MOT magnetic
field, which remains on during expansion, has
no noticeable effect on the expansion and cannot
explain the difference with the two-level atom
theory. A similar deviation from the two-level model
was previously observed for 0K in [16], where the
temperature was estimated at 50 uK at detuning
Apyor = 3T

The low temperature is associated with cooling
in the polarization gradient [42]. The effectiveness
of such mechanism depends on the position of
hyperfine levels nearest to the excited level with
angular momentum F’ involved in the main MOT
transition [32]. For Cs, level F' —1 lies below F’ by
251 MHz, and for 8Rb it is by 266 MHz, which is
much larger than typical MOT detunings Ay;p. As
a result, for Cs and 87Rb in MOT, temperatures of
about 50 uK were obtained [43, 44], three times
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lower than the limit A" / 2. For 40K, the splitting
is smaller, 44 MHz, however, the level F' —1 lies
above F’ and therefore further from the resonance
with the main MOT frequency, which again favors
cooling in the polarization gradient.

4. CONCLUSIONS

Magneto-optical traps were created for K and
for 4OK, loaded from a Zeeman slower. Transition
between isotopes is achieved by minor modification
of the setup. The number of trapped atoms, 7 - 10°
and 1.5- 108, is the largest among traps, where IK
and *K are loaded from the slower, respectively.
For 401(, the influence of collisions with the beam
atoms on accumulation time was studied for the
first time. A method for increasing the number of
atoms is proposed. The measured gas temperature
IK equals 4.5 mK. The gas temperature 40K turned
out to be much lower, about 130 uK, which is below
the Letokhov-Minogin-Pavlik limit
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