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We present an efficient cooling scheme for fermionic *°K atoms, using laser light red and blue detuned
with respect to the D2 and D1 principle fluorescence lines, respectively. The cooling scheme is found to
significantly increase the saturation level for loading of a *°’K magneto-optical trap (MOT), resulting in increased
atom numbers or decreased cycle times. While the attainable “°K atom number is approximately doubled if
exclusively “°K atoms are cooled, the scheme is particularly powerful for dual-species MOTs, for example, if
40K and *"Rb atoms are cooled simultaneously in the same MOT configuration. The typical atom losses due
to light-assisted heteronuclear collisions between *°K and ®’Rb seem to be reduced, giving rise to a threefold
improvement of the “°K atom number as compared to that in a conventional dual-species MOT, operating
merely with D2 light. Our scheme can be a useful extension to most dual-species experiments, aiming to reach

simultaneous degeneracy of both species.
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I. INTRODUCTION

The recent advances in quantum simulation platforms
based on ultracold neutral atoms [1,2] and molecules [3-6]
have triggered renewed interest in refined laser cooling tech-
niques enabling rapid cycle times and high fidelity sample
preparation [7,8]. To study fundamental low-temperature
phases of matter [9,10], degenerate quantum gases are typi-
cally employed, requiring temperatures on the 100-nK scale,
well below the degeneracy temperature Ty, Where the be-
havior of matter is governed by quantum mechanics. The
usual initial step for preparation of a single-species quan-
tum degenerate gas is laser cooling to temperatures below
the Doppler temperature 7p (on the order of 100 uK) in
a three-dimensional (3D) magneto-optical trap (MOT) [11],
which combines an optical molasses [12] with a 3D mag-
netic quadrupole field. If more than a single atomic species
is required, for example, for the production of ultracold het-
eronuclear molecules, the simultaneous, spatially overlapped
operation of multiple 3D MOTSs is necessary, referred to as
a dual-species 3D MOT. This typically comes with undesir-
able density and atom number limitations due to two-body
loss processes such as molecule association via light assisted
collisions in presence of photons of the cooling light [13]. In
this paper we present a cooling scheme in a dual-species 3D
MOT, which mitigates such losses for the specific case of a
40K -87Rb mixture [14,15].

A possible way to decrease such losses is the use of
the spontaneous force optical trap (SPOT) technique dis-
cussed in Ref. [16]. This method requires one to place a
shadow into the repumping beam blocking the light from
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irradiating the atoms in the trap center. As a result since
the cooling cycling transition for alkali-metal atoms is typ-
ically not completely closed, the atoms in the trap center
naturally accumulate in a dark state and exit the cool-
ing cycle. Hence, the overall fluorescence and the rate of
light-assisted collisions decrease. Unfortunately, the SPOT
technique is only efficient for rather incompletely closed cy-
cling transitions as in the case of sodium. Hence, it also
does not apply for many dual-species mixtures of interest.
For single-species scenarios, more recently, laser cooling
using multiple atomic transitions was employed and found
favorable for improved 3D MOT performance in experi-
ments of alkali-metal [17] and alkaline-earth isotopes [18].
In these works, the improved performance is linked to
shielding effects due to short-lived metastable intermediate
states.

In the present paper, we explore a two-color scheme for
cooling a dual-species “°K$"Rb mixture, where in addition
to the conventional laser radiation, detuned to the red side
of the D2 transition of *°K at 767 nm, we include a second
spectral component, detuned to the blue side of the D1 transi-
tion of “°K at 770 nm. The second species, 87Rb, is cooled
by the conventional single-color method using red-detuned
light on the D2 transition of 8’Rb at 780 nm. After introducing
the baseline scenario of a single-color, single-species “°K 3D
MOT, we benchmark the performance of the two-color cool-
ing scheme in a single-species “°K 3D MOT in the saturated
regime. Here, we find an approximately twofold improvement
of the number of cooled atoms, as compared to the conven-
tional single-color laser cooling scheme [19]. Subsequently,
by adding a conventional single-color 3D MOT for 'Rb,
we investigate the dual-species (**K*’Rb ) 3D MOT perfor-
mance when the two-color cooling scheme is applied, finding
an up to threefold improvement of the final potassium atom
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FIG. 1. In (a), the electronic level scheme of “°K is shown. The
thick red (blue) arrows indicate the D2 (D1) cooling transitions.
The thin arrows indicate the respective repumping transitions. The
frequencies of the respective transitions are indicated by their de-
tunings from resonance 8p, < 0 and 8p; > 0. In (b), the “°K atom
number, after loading during 59 x = 35, is plotted against the in-
tensity Ip, of the D2 cooling light and the D2 frequency detuning
dpa. The solid gray lines indicate two intensities Ipy = In.x (upper)
and Ip, = 0.5 Iy, (lower). Black dotted lines are a guide to the eye
to indicate the two regimes; see main text

number, which we attribute to the suppression of light-assisted
heteronuclear collisions.

II. EXPERIMENTAL SETUP

A. General setup

The experimental setup consists of a dual-species 3D
MOT formed by the superposition of single-species MOTs
for “°K and ¥Rb inside an ultrahigh vacuum (UHV) glass
cell. The dual-species 3D MOT is loaded by cold atomic
beams of “°K and 3"Rb atoms obtained from two separated
source regions, which connect to the glass cell via differential
pumping stages. The preparation of the cold beams is achieved
in so-called 2D MOTs, loaded from dispensers. Essentially,
this is a two-dimensional (2D) MOT using a magnetic field
with linear quadrupole geometry and two additional beams
along the zero magnetic field axis, which is referred to by
the “4” sign in the acronym. A detailed description of this
technique is found in Ref. [20].

B. 2D* MOTs

The operating parameters of the 2D MOTs can be found
in Tables I (*°K ) and II (*’Rb ) of Appendix A and are not
varied throughout all experiments presented in this paper.
The rubidium 2D+ MOT is operated on the 528, 52— 5%P; /2
transition (D2). The frequency of the cooling light is tuned
to the red side (8§ < 0) of the |F = 2) — |F’ = 3) transition,
while the frequency of the repumping light (required to pre-
pare a closed excitation cycle) is resonant to the |[F = 1) —
|[F’ = 0) transition. The potassium 2D* MOT is operated on
the 42S)/, — 4?P3, transition (D2), with the cooling light
tuned to the red side of the |F = 9/2) — |F’ = 11/2) tran-
sition and the repumping light adjusted in resonance with the
|F =7/2) — |F' = 9/2) transition. This is indicated by the
red arrows in Fig. 1(a), where the electronic level scheme of
40K is shown. For both species, the circular polarization of the
cooling and repumping light in the 2D™ MOTs is orthogonal.

The intensity ratios Ieoo1//rep Of the cooling and the repumping
light in the 2D MOTs are 10 for 8’Rb and 1 for K .

C. ¥Rb 3D MOT

The 8Rb 3D MOT uses the same single-color cooling
scheme as the 8’Rb 2Dt MOT. Similarly to the parameters
of both 2D MOTs, the parameters of the 87Rb 3D MOT are
not varied for all experiments reported here, in order to reduce
complexity. The intensity ratio of the cooling and the repump-
ing light for 3Rb is I.o01/ Iiep = 100. The magnetic quadrupole
field centered around the position of the atoms is realized with
a pair of water-cooled copper coils placed outside the vacuum
system.

D. “K 3D MOT

To realize the two-color cooling scheme, the “°K 3D
MOT beams are derived from three tapered amplifiers (TAs),
divided into six beams of equal intensity delivered by polar-
ization maintaining optical fibers. The cooling and repumping
light on the D2 transition is provided by two separate TAs.
The cooling and repumping scheme on the D1 transition is
realized by a single TA, where the phase-coherent repumping
light is imprinted by an electroacoustic modulator operat-
ing at fyps«ox = 1.285 GHz [21]. The intensity ratios of the
cooling and the repumping light are Icoo1,p1/krep,p1 = 10 and
Leoot, 02/ Irep, 02 = 25, respectively. For both, 87Rb and “°K 3D
MOTs, the amount of repumping light was found to be insen-
sitive with respect to the particle number, if above a certain
threshold.

III. SINGLE-SPECIES “K MOT

To assess the performance of the two-color cooling
scheme, for comparison, we first characterize the opera-
tion of a conventional single-color, single-species MOT of
40K atoms. In Fig. 1(b), we plot the “°K particle number as
a function of the D2 cooling light intensity Ip, and the D2
cooling light frequency detuning p, for a loading time of
hoad, Kk = 3 s obtained by absorption imaging.

In this plot, we identify two different domains, which are
clearly separated for Ipp > 3 Iy

The first domain (conventional branch) is found around
Opr < —4T and Ip, > 3 I, (large negative detuning and large
intensity) denoted by the black dotted line, which serves as a
guide to the eye. Here, we find the maximum particle num-
ber of N = 2.2 x 107 for 8pp = —3.5T and Iy = Ipy.max =
7.5 L5y [red rectangle in Fig. 1(b)]. The second domain (side
branch) is found for more resonant D2 cooling light frequency
detuning §p, ~ —21T" at almost all settings of the intensity
Iny. Here, we find particle numbers up to Nx = 1.5 x 107,
Between these two domains we observe a local minimum of
the particle number Nx. While for the single-color scheme,
the second domain of the “°K 3D MOT shows slightly less
efficient performance, this domain becomes relevant if the
two-color operation of the MOT is investigated.

In contrast to conventional laser cooling in a MOT, we
additionally employ blue-detuned light on the D1 transition
of “°K as indicated by the set of blue arrows in Fig. 1(a),
similar to the experiments presented in [17] and reminiscent
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FIG. 2. In (a), the normalized *°K atom number Nk /Ng max is
plotted against the D1 cooling light intensity /p; and the cooling
light detuning 8p;. In (b), the 4°K atom number N after fi,q = 3 5 is
plotted against the D2 cooling light detuning dp, and the D1 intensity
Ip; for two distinct settings of the D2 intensity Ipp = 0.5/p max (1)
and Ip, = Ipy.max (ii). In (a) and (b), the red rectangle indicates the
parameter settings where the maximal “’K atom number is found.
In (c), Nk is plotted against the loading time #0,q k- The light blue
squares show Nk for optimal parameters according to Fig. 1(b), when
only the D2 transition is used for cooling. The dark blue diamonds
show Nk for cooling on both D1 and D2 transitions for optimal
parameters denoted by the black arrow and the red square in (b).

of VSCPT [22] and gray molasses cooling [23]. In Fig. 2(a),
we plot the normalized potassium particle number Nx /Nx max
as a function of the D1 detuning §p; and the D1 intensity Ip;.
In this experiment we fix the parameters of the D2 cooling
light to Ip, = 5.76 Iy and 6pp, = —1.67" (optimal values
according to Fig. 4). We identify two regimes separated by a
local minimum around Ip; > 3/, and 0.41" < dp; < 1.0T.
Our qualitative understanding of these domains of optimal
performance is limited and a subject of further investigation.
The parameter setting for optimal MOT performance of the
D1 frequency detuning §p; = 0.55T is indicated by the red
rectangle in Fig. 2(a) and is kept at this value for all following
investigations.

First, we vary the intensity Ip; of the D1 cooling light and
the detuning Sp, of the D2 cooling light for two different
settings of the intensity Ip, of the D2 cooling light, as can
be seen in Fig. 2(b). The intensity of the D2 cooling light
is set Ipy = 0.5 Ipy max in Fig. 2(b)i and to Ipp = Ipp max in
Fig. 2(b)ii according to the solid gray lines in Fig. 1(b). The
color map is set to be identical to the color map in Fig. 1(b), so
that the saturated data points correspond to an improved MOT
performance. We observe that with the inclusion of cooling
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FIG. 3. In (a), the potassium atom number is plotted as a function
of the intensity I, and the frequency detuning ép; in the dual-species
MOT in absence of any cooling light operating on the D1 transition.
In (b), we plot the suppression factor ¢ defined as the ratio of the nor-
malized particle numbers Nx found for single- and dual-species MOT
operation. In (c), we plot the particle number Nk of the single-species
(light blue squares) and the dual-species (orange circles) MOT as
a function of the loading time #j,,q x. The blue square in (a), close
to the upper left corner, indicates the optimal parameters used for
measuring the loading curve in (c). The black arrow in (c) indicates
the loading time for which (a) is obtained.

light operating on the D1 transition of “°K , the optimal setting
of the D2 cooling frequency detuning is at ép, = —2T in
contrast to the optimal detuning without cooling on the DI
transition, which is found to be §p, = —4.65T". Addition-
ally, we have varied the ratio of the intensities Ip;/Ipy. If
Iny = Ipy max [see Fig. 2(b)iil, Ip; can be set to larger values
and still yield reasonable “°K MOT atom numbers. However,
we find the best performance for parameter settings Ip, =
0.5 Ip2. max»> Ip1 = 0.33 Isy, and 8pp, = —2I" according to the
data point indicated with a red rectangle in Fig. 2(b)i. Here, we
obtain Nx = 2.51 x 107 after toad K = 38, a 13 % improve-
ment compared to the single-color operation, as indicated by
the black arrow in Fig. 2(c).

As a last step, we investigate the *°K atom number Nx as a
function of the MOT loading time #,59 shown in Fig. 2(c). For
this, we load the MOT for variable times at optimal parameters
indicated by the rectangles both for the D2 only MOT [see
Fig. 1(b)] and the two-color MOT [see Fig. 2(b)i]. For short
loading times of fjp,g k < 8's the improvement by the two-
color cooling scheme is marginal. However, for longer loading
times #1050,k > 85 an almost twofold increase of the *°K atom
number Nk is obtained. To extrapolate the saturation levels of
the two cooling methods, we fit both data sets in Fig. 2(c) with
a time dependent rate equation model, including a density
dependent two-body loss term [24], and find a threefold in-
creased saturation level in the two-color scenario. The loading
curve is found to be well fitted by this model, indicating that,
in contrast to the single-color MOT, even larger atom numbers
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FIG. 4. In (a), Nk is shown as a function of the intensity /p, and
the frequency detuning dp, for a fixed value of Ip; = 1.5 Ig. In (b),
Nk is plotted as a function of the intensity /p; and the frequency de-
tuning ép, for a fixed value of Ip, = 0.5 (i), 0.75 (ii), and 1.00 (iii) x
Ipy.max- In (a) and (b), the blue rectangles denote the optimal MOT
operation parameters. In (c), Nk is plotted vs the loading time #j,,4 k
for the respective optimal parameters of each cooling method. The
optimal parameter for the two-color cooling scheme is indicated by
the blue rectangle in panel (b)i. The red circles denote Nk in a dual-
species MOT with cooling on both the D1 and the D2 transition. The
orange circles denote N in a dual-species MOT with conventional
cooling only on the D2 transition. The gray diamonds (squares) cor-
respond to loading curves previously obtained in Fig. 2(c) [Fig. 3(c)].

can be expected, by increasing the flux of the cold “°K beam
source. See Appendix B for details of the fit model.

So far the only discussed parameter was the particle num-
ber Nk of the potassium MOT; however, the second relevant
parameter which is of importance is the temperature 7 of
the atomic ensemble. We have measured the temperature for
cooling parameters according to Fig. 2(c) and found it to be
weakly dependent. A discussion of the ensemble temperatures
for all applied cooling schemes can be found in Appendix C.

IV. SINGLE-COLOR DUAL-SPECIES MOT

In this section, we investigate the negative effects of
light-assisted heteronuclear collisions (LAHNCSs) on the per-
formance of a dual-species MOT for “°K and 8’Rb atoms,
operating with conventional single-color D2 only cooling.
Since the loading efficiency of rubidium is much larger than
that of potassium, we apply different loading times for both

species. Typically, we operate with a variable loading time
hoad, x fOr 40K atoms followed by a time window with a
duration fip,q krp = 38, during which both species 40K and
87Rb are loaded. The rubidium atom number Ng;, that is ob-
tained after fj0,9 krp = 35 is identical for all dual-species
scenarios and is Ngp = 1.5 x 10°. During the combined load-
ing period #1024, kry We see no further increase of the 40K atom
number Nk but rather a decrease attributed to LAHNCs. In
order to consistently compare loading of *°K atoms with load-
ing of “°K and 3"Rb atoms, we equally specify the “°K atom
number Nk and the loading time #0,4 x for both cases.

In Fig. 3(a), we plot the “°K atom number Nk as a function
of the intensity Ip, and the detuning ép, of the D2 cool-
ing light. In the conventional branch, we observe a similar
qualitative behavior as previously found in Fig. 1(b) for the
single-species D2 only MOT. In Fig. 3(a), the maximum
particle number Ng = 2.38 x 107 is found in the conven-
tional branch for a detuning dp; = —4.6 I" and an intensity of
Iy = 7.7 Iy, However, the side branch obtained in Fig. 1(b),
vanishes. We explain this behavior with an increased pho-
ton scattering for cooling light tuned closer to the atomic
resonance (dpy &~ 0), which in consequence leads to pro-
nounced LAHNCs and associated two-body loss.

To further illustrate the impact of the presence of rubid-
ium atoms on the potassium atom number Nk, we plot the
suppression factor ¢ in Fig. 3(b), which is defined as the
ratio of the normalized *“’K atom numbers for the single-
species (Fig. 1) and the dual-species [Fig. 3(a)] single-color
40K MOT, i.e., both in absence of D1 cooling. The red shaded
areas in Fig. 3(b) (suppression factor ¢ > 1) indicate regions,
where the dual-species MOT performs better compared to the
single-species case, whereas the black areas (¢ < 1) denote
the regions where the Nx is severely reduced by the presence
of 8’Rb atoms.

In Fig. 3(c), we investigate Nx as a function of the load-
ing time fiua k- The orange circles denote Nx for optimal
parameters indicated by the blue rectangle in Fig. 3(a). For
comparison, the blue squares repeat Nx found in Fig. 2(c)
for the single-species single-color scenario. We see that the
40K atom number for the single-color dual-species MOT is
clearly reduced due to the presence of 3’Rb atoms. The black
arrow in Fig. 3(c) marks the loading time fipaq x = 10, for
which Fig. 3(a) is obtained.

V. TWO-COLOR, DUAL-SPECIES MOT

Adding blue-detuned light on the D1 transition signif-
icantly improves the dual-species MOT performance. This
central result is analyzed in the remainder of this paper.

In Fig. 4(a), we investigate the effects of additional cool-
ing light operating on the D1 transition with an intensity of
Ip; = 1.5 I in a dual-species MOT of 40K and 3"Rb . This
extends the previous investigations of D1 line cooling in a
single-species MOT for “°K shown in Fig. 2. To compare our
results to the previous measurements in Figs. 1(b), 2, and
3(a), we vary the intensity Ip, and the frequency detuning §p,
and count the “°K atom number Nx. We observe a notably
different behavior throughout the entire measured parame-
ter regime. The previously dominant conventional branch no
longer appears. Surprisingly, we find that the inclusion of the
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DI cooling light restores the side branch and even enhances
the particle number Nk above the saturation threshold found
for the D2 only dual-species MOT, as can clearly be seen in
Fig. 4(a). In absence of D1 cooling, this parameter region is
subject to significant LAHNCs and consequently low potas-
sium particle numbers Nk. Note that the color map in Figs. 3
and 4 is equal, displaying a significantly larger “°K MOT in
presence of D1 cooling. In Fig. 4(b), we vary the D1 intensity
Ip; and the D2 detuning Sp; for three distinct settings of
the D2 intensity Ip, as indicated by the insets. We observe
a similar behavior as compared to the single-species MOT
and find that the performance of the MOT is sensitive to the
relative powers of Ip; and Ip,. We obtain a maximum number
of 5 x 107 in the case of the two-color dual-species MOT
(Ip; =091 I and 6pp, = —1.67T") for a parameter setting
indicated by the blue rectangle in Fig. 4(b)i. This corresponds
to a twofold increase for #o,g x = 10s compared to the con-
ventional single-color dual-species D2 MOT number obtained
in Fig. 3(a). Finally, we plot the potassium atom number Nk of
the dual-species MOT versus the loading time #1554 in Fig. 4(c).
Here, the red circles denote N in the two-color dual-species
MOT. The orange circles mark N for the single-color dual-
species configuration of the MOT [see Fig. 3(c)]. The gray
data, for comparison, repeat the data shown in Fig. 2(c).

For short loading times 10,0,k < 3 s, the two cooling meth-
ods yield comparable results. However, for longer loading
times fjpad.k > 3 s the potassium atom number Nk is sig-
nificantly increased by the implementation of the two-color
cooling. For the longest loading times investigated in our ex-
periment, we find N = 1.71 x 108 for the two-color cooling
scheme and Nx = 5.67 x 107 for the single-color case. This
is a threefold improvement in the dual-species scenario. From
the behavior of the loading curve it is a reasonable assumption
that the improvement can be even more significant for longer
loading times as the “°K atom number Ny in the single-color
MOT is saturated after ~15s, while the reach of saturation
of the potassium number in the two-color cooling scheme is
significantly shifted towards later times (see Appendix B).

VI. CONCLUSION

In summary, we demonstrate a powerful cooling scheme
for preparing mixtures of cold “°K and 3’Rb atoms in a dual-
species MOT. In addition to the conventional cooling of
40K atoms using light tuned to the red side of the D2 tran-
sition, a second light component, tuned to the blue side of
the D1 transition, is used. We have started with benchmarking
the performance of a conventional single-species MOT for
40K atoms using single frequency cooling light with a negative
detuning dpy < 0 with respect to the D2 line and an intensity
Iny. Two domains in the parameter space {dpy, Iy} are iden-
tified, dubbed conventional branch and side branch, where
the cooling efficiency attains a relative maximum, while the
global maximum is reached in the conventional branch. In a
second step, discussed in Sec. III, we demonstrate that the in-
clusion of additional light beams, blue detuned with respect to
the D1 transition, can increase the potassium atom number in a
single-species MOT for long loading times. In a third step, we
investigate MOT loading in a dual-species scenario of *°’K and
87Rb . In Sec. IV, we benchmark the dual-species MOT using

conventional cooling on the D2 transition. Here, we find sig-
nificant atomic losses due to LAHNCs and the disappearance
of the side branch. Finally, in Sec. V, we investigate the
influence of the two-color cooling scheme in a dual-species
MOT scenario. We observe a significant improvement of
the 4°K atom number Nk, with the side branch forming the
optimal parameter region. For long MOT loading times we
demonstrate a threefold improvement of Ng. We attribute the
significant reduction of saturation of 0K loading, observed
in the dual-color MOT, to a suppression of light-assisted
heteronuclear collisions between “°K and 3’Rb atoms. We be-
lieve that this is due to optical pumping and the resulting
population of dark states. As a consequence, longer loading
times or an increase of the flux of the cold “°K beam source
allow for larger Nx. Due to the similar level structure of
alkali-metal atomic species, we suspect that the discussed
cooling scheme can be a useful extension for most modern
dual-species alkali-metal quantum gas experiments, which re-
quire high fidelity preparation of large atomic samples with
high repetition rates.
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APPENDIX A: 2D MOT PARAMETERS

In the source region, separated from the main chamber
by a differential pumping stage, a room-temperature thermal
alkali-metal vapor is precooled to produce a collimated cold
atomic beam. To increase the pressure of the alkali-metal gas,
UV-LED:s are operated simultaneously with the loading phase.
This method has been shown to increase the loading rates of
alkali-metal MOTs [25]. In our apparatus, the loading rate is
increased almost up to tenfold using this technique [26]. The
loading rate was found to be proportional to the intensity of
the UV light.

In our case, the 2Dt MOT is formed by two pairs of
counterpropagating laser beams in a retroreflected configu-
ration. These pairs of beams are used for transverse cooling
of the particles. These four beams, together with a magnetic
quadrupole field, form a conventional 2D MOT. In our setup,
however, there is an extension of this scheme, namely an
additional cooling beam aligned perpendicular to the two

TABLE 1. Experimentally optimized “°K 2D+ MOT parameters.

Parameter Transversal Axial
Magnetic gradient 17.5Gcem™! 0Gcem™!
1/e beam diameter 26.9 mm 14.4 mm
Ie00 per beam 28 Iy 70 Ly
I, per beam 27.5 Ly 14 Iy
8(:001 -3r -3.6TI"
Srep —-0.05T —0.05T
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TABLE II. Experimentally optimized ¥’ Rb 2D+ MOT parameters.

TABLE III. Experimentally optimized 8 Rb 3D MOT parameters.

Parameter Transversal Axial Parameter Transversal
Magnetic gradient 14Gem™ 0Gcem™! Magnetic gradient 7.5Gcem™!
1/e beam diameter 26.9mm 10.8 mm 1/e beam diameter 26.9 mm
.01 per beam 8 Ly 20 Lgy .00 per beam 1.7 Iy

I, per beam 0.3 Iy 0 Lgy I, per beam 0.04 Iy
Bcool 29T 29T Bcool -27T

Brep or Brep or

transversal beams, called the axial cooling beam (hence the
designation 2D™ MOT). This axial beam is reflected from
the surface of a substrate located inside the UHV system,
which has a small hole to allow the transfer of the precooled
atoms into the main chamber through a differential pump-
ing stage. The 2D* MOT operates only on the D2 line of
40K and therefore addresses the |[F =9/2) — |[F' =11/2)
transition for cooling and the|F = 7/2) — |F’' = 9/2) transi-
tion for repumping of the atoms [see Fig. 1(a)]. The magnetic
quadrupole field to generate the transversal magnetic confine-
ment is provided by two pairs of coils placed outside the UHV
source region. Static stray magnetic fields are compensated by
additional coil pairs in the transversal direction. This magnetic
field infrastructure allows for magnetic gradients up to 20
G/cm and homogeneous magnetic compensation fields on the
order of several G. The experimentally optimized parameters
of the 2D MOT can be found in Table 1. Efficient operation
of the 2D MOT is a crucial step in the experiments, since
the atomic flux determined by the quality of the 2Dt MOT
strongly influences the performance of the 3D MOT and thus
all subsequent steps in the production of cold atoms.

The rubidium 2D* MOT is realized in the same con-
figuration as the potassium 2Dt MOT. The experimentally
optimized parameters of the 3’Rb 2D* MOT can be found
in Table II. The experimentally optimized parameters of the
87Rb and “°K 3D MOT can be found in Table III. The pa-
rameter values presented in the Appendix A are not varied
throughout the series of experiments described in the main
text.

APPENDIX B: LONG-TERM MOT LOADING BEHAVIOR

To gain insights about the long-term loading behavior of
the different MOT loading scenarios, we fit our experimental
data obtained in the main text [Figs. 2(c) and 4(c)] to a rate
equation model commonly utilized describing the loading be-
havior of single-species MOTs [27,28]:

ON« (1)
ot

where N,(t) denotes the particle number Nx found in the
single-color (x = D2) or dual-color (x = D1D2) operation.
We extract the constant atomic loading rate R and the single-
particle loss rate y with a simultaneous fit to both loading
curves shown in Fig. 5(a). The additional free parameter B,
models the density-dependent loss rate, which is assumed
to be different between the two scenarios and is therefore
individually determined. We find that the ratio of the density-
dependent loss rate Bpy/Ppipz = 9.7(20) is far from unity,
resulting in a vastly different saturation level in both cases.
Extrapolating these loading curves beyond the measured load-
ing duration to times of up to fipuaxk < 180s leads to a
difference in the saturation level of 2.96(9) as can be seen
in Fig. 5(c).

In the dual-species setting, isolating individual processes
is much more challenging and therefore the loading behavior
can no longer be captured with a simple rate equation model.
The inclusion of an additional inter-species density-dependent
loss term fails to accurately describe the experimental data.
In Fig. 5(b), we plot the potassium atom number Nx of the

=R — YN (t) — BeNe(2)? (B1)

(a) e (b) [ (c)
25x10¢ - |1 K (only D2) fit1 1 osxi0el [© 1 sxaoel 1
@ K(D1+D2) — fit2  ——
20F 20F 2.0F 1
.8 "
¥ 15¢ 1 = 15¢ e = P13 ’ B
< z o “hb-o0gs0| Z ',./'
1.0 E 1.0 e +0.004 | 1of # i
oo f e
05T gt 05 5. a=0.605 05
s £0.002
00 . . . . 0.0 . ; 00 . . . . . .
0 30 40 0 30 40 0 30 60 90 120 150 180

10 20
MOT loading time ti,.qx/ s

10 20
MOT loading time ti,.qx/ s

MOT loading time ti,.qx/ s

FIG. 5. In (a), we repeat the data obtained in the main text of this paper of the single-species MOT (Fig. 2) and plot the potassium atom
number Ny as a function of the loading time 1o, k- In (a), the salmon and red solid line denotes the fit of the single-species data according to the
correct model for the single-color and two-color MOT, respectively. For details, see text in Appendix B. In (b), we repeat the data obtained in
the main text of the dual-species MOT (Fig. 4) and plot the potassium atom number Nk as a function of the loading time #,,4 x . Here, the dotted
lines denote a fit according to the insets, where the curves fitl and fit2 are scaled by fitted factors a = 0.605(2) (salmon) and b = 0.850(4)
(red), respectively. In (c), we investigate the predicted loading behavior of the four scenarios according to the models in the text. The data of
(a) and (b) and the solid lines denote the fit according to the model in Eq. (B1). The gray shaded areas denote the 99 % confidence intervals of

the fit.
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dual-species MOT as a function of the loading time f,q k-
The solid lines repeat the fits obtained in Fig. 5(a) for com-
parability. Interestingly we find that the data are best modeled
by rescaling the previously determined fit functions fit 1 and
fit 2 with factors a = 0.605(2) and b = 0.850(4), respec-
tively. Once again, extrapolating beyond the measured data,
we obtain a difference in saturation level of 2.96(9) x b/a =
4.16(13) as can be seen in Fig. 5(c). However, without access
to the correct rate equation models, this result has to be taken
with care.

APPENDIX C: TEMPERATURE OF THE MOT

The ensemble temperature is a relevant property to discuss
in experiments concerned with laser cooling methods. We
have purposely limited its discussion in the main text as we
have found very weak dependence of the MOT temperature
with respect to the applied cooling method. We have measured
the temperature for the four investigated cooling methods
operated at their respective optimal parameters and visual-
ized in Fig. 6. We generally observe temperatures slightly
below the Doppler temperature Tpoppler = 145 uK which is
usually sufficient as in most modern cold atom experiments

1.0 T T T
g osf ]
8 (o]
N ° ° é
o
5 0.6F .
©
g
g 0.4+ 1
8
5 o02f .
=
OO 1 1 1 1
D2 D2 +D1 D2 D2 +D1
only K only K with Rb with Rb

FIG. 6. Temperature of the “°K MOT after #,,,0.x = 10's for the
four discussed cooling schemes in units of the Doppler temperature
Tpoppler- The errors bars denote the uncertainties of the fitting routine.

the MOT phase is followed by a sequence of sub-Doppler
cooling schemes such as (gray) molasses cooling. Therefore,
the optimization of the MOT parameters prioritizes the cap-
tured number of particles Nx over other relevant quantities
such as the temperature or density.
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