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A continuous excitation band of a free-bound photoassociation transition of ytterbium atoms is observed as a
red wing of the IS0 - 'P; atomic line at 399 nm for a hot thermal vapor. The excitation to the 0] molecular state is
observed by monitoring fluorescence from the 3P, state atoms, which allows us to detect the production of Yb,
molecules with high sensitivity. The photoassociation is characterized in comparison with transitions to atomic
Rydberg states. The time profile of the fluorescence signal suggests that the 0 molecular state predissociates

with states correlating to the 'Sy + 3D, atomic states.
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I. INTRODUCTION

Ytterbium is a lanthanide element with an electronic con-
figuration similar to those of alkaline-earth atoms. Ultracold
Yb atoms have been utilized for various applications such
as quantum simulations [1,2] and atomic clocks [3—6]. One
of the remarkable features of alkaline-earth(-like) atoms is
the existence of metastable (*Py, *P») states of long radiative
lifetimes on the order of seconds or more. These states can
also be employed in the above-mentioned applications. Their
collisional properties can be deduced from information on
Yb, molecules. Certain molecular states are also used to probe
the properties of atomic ensembles such as their density. It
is therefore of growing importance to characterize both the
electronic ground and excited states of Yb;.

In spite of this need, spectroscopic data on Yb, is scarce,
while there have been several spectroscopic studies on dimers
of heavy alkaline-earth atoms (e.g., Sr [7-12] and Ba [13]).
To the best of our knowledge, only one study using ma-
trix isolation spectroscopy has observed absorption spectra of
molecular transitions of Yb, with vibrational structures [14].
Quantum chemical calculations are also difficult for this heavy
molecule. There have been theoretical studies of potential
curves [15-19] and a breakdown of the Born-Oppenheimer
approximation [20].

Recent studies have performed photoassociation spec-
troscopy of ultracold Yb atoms [21-31]. This type of
spectroscopy can probe vibrational levels near the dissocia-
tion limit, and determine potential curves at long internuclear
distances. For the 65> 'Sy-6s6p 'P; transition at 398.9 nm,
vibrational levels have been investigated up to the detuning
of about 16 cm™~! from the dissociation limit [21,23]. Not
only the fact that Franck-Condon factors are smaller at deeper
levels but also the line broadening that occurs due to pre-
dissociation prevents investigation at further detuning. The
predissociation mechanism, whether the molecules dissociate
to the 'S, +3P states or the 'Sy 43D states, has not been deter-
mined through atom loss measurement [21].
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In this paper we report our spectroscopy findings on a
red wing of the 'Sy-'P; atomic line using a thermal vapor
of Yb. This wing corresponds to the photoassociation to the
Oj molecular state correlating to the IS0+ 'P; atomic state.
Note that the term “photoassociation” used in this paper
has the original meaning, the free-bound transition of an
atomic pair, while nowadays it is typically used for narrow
spectral signatures observed in ultracold atom experiments.
Although rovibrational structure has not been resolved for this
high-temperature photoassociation, our study was able to in-
vestigate a wide range of detuning up to about 150 cm™~'. The
photoassociation was monitored via fluorescence at 555.6 nm
from dissociated 'Sy+ 3P, atomic pairs. The fluorescence
from the relatively long-lived 3P, state was easy to distinguish
in both wavelength and time domains from the background
scattered light of a pulsed excitation laser beam. The pre-
dissociation mechanism was also clarified from the decay
process to the 15, 4+ 3p; state. A similar detection scheme has
previously been employed for the predissociation of photoas-
sociated ultracold potassium atoms [32].

There is a long history of studies on atomic line wings
[33,34]. Far wings of the 15, - 1p; transition of Yb atoms have
been investigated for absorption spectra of Yb vapors in buffer
gases [35,36], and the wing due to the Yb-YDb collisions has
been deduced by taking the limit of zero buffer-gas density
[35]. The highly asymmetric spectrum that we report here,
in contrast, was not obtained in that study, possibly due to
differences between the detection schemes.

II. EXPERIMENT

Yb vapor was produced by heating pieces of Yb metal in
a Type 316 stainless-steel furnace. The furnace was heated to
around 750 K by surrounding sheathed heaters. The tempera-
ture was measured by a thermocouple attached to the furnace.
The vapor was extracted from the furnace into a vacuum
space through an aperture 1.0 mm in diameter. In a typical

©2021 American Physical Society
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FIG. 1. Molecular and atomic energy-level diagrams. 3985 399.0 3995 400.0
(a) Potential-energy curves of Yb, correlating to the Wavelength in a vacuum (nm)

65> 1Sy +(6s 'Sy, 6s6p 'Py, 6s6p P) atomic states. The curves
of the X07, 0F('Sy + 'Py), and the other states are traced from the
graphs of Ref. [29], Ref. [15], and Ref. [19], respectively. Solid lines
are for u states and dashed lines are for g states. Note that the curve
of the 0 (1So + 'Py) state is shifted so that the asymptote coincides
with the 'Sy + 'P; atomic level, while the curves of the other excited
states are not shifted. (b) Energy levels of Yb atoms. The inset shows
the levels around 25 000 cm ™.

iteration, 3 g of Yb metal was placed in the furnace, and the
photoassociation signal was observed for several hours. The
vacuum chamber was evacuated with a diffusion pump and a
liquid nitrogen trap, and the pressure outside the furnace was
about 0.01 Pa.

Yb atoms were excited by a pulsed dye laser positioned
about 2 cm from the exit aperture of the furnace. An Exalite
404 dye laser was pumped by a XeCl excimer laser with a
repetition rate of 10 Hz and a pulse duration of about 5 ns. The
pulse energy of the dye laser was up to 0.3 mJ, and the laser
beam cross section was about 6 mm?. The wavelength of the
dye laser was scanned around the 'Sy - 'P; atomic transition
at 398.9 nm. There are four electronic states asymptotically
connected to the 'Sy + 'P; atomic state (see Fig. 1): 07[!=F],
1['T,], 1,['T1,], and OF['E}]. All of these have potential
energies of 7~ dependence at long internuclear distances r
because of the resonant dipole interaction. The 0 and 1,
states are attractive at long r, while the 1, and O; states are
repulsive. The OF and 1, states have dipole-allowed transi-
tions from the ground XO; state. The spontaneous decay rate
of the 0 state near the dissociation limit is about twice that of
the 'P; atomic state, and the radiative lifetime of the P state
is 5.46 ns [21]. This short lifetime precludes discrimination of
the X0 -0, fluorescence from scattered light of the excitation
laser pulse. For emission from near-dissociation vibrational
levels of the OM+ state, the wavelengths of the fluorescence and
the scattered light are too close to be easily distinguished with
a monochromator or a spectral filter.

Nevertheless, we have observed emission from 3P; state
atoms, which is caused by photoassociation and the subse-
quent decomposition process. Because this atomic state has a
lifetime of 0.87 wus [37], and because the wavelength of the
15, - 3p; transition is 555.6 nm, the fluorescence can be clearly

FIG. 2. Excitation spectra of Yb vapors obtained by monitor-
ing the 555.6 nm fluorescence at two different temperatures shown
with different offsets. The resonance line at 398.91 nm is the
16y - 1P, atomic transition, and the other sharp lines correspond to
two-photon excitations to atomic Rydberg states. The labels indi-
cate the assignment of atomic lines, e.g., 24s and 23d refer to the
6524s 'Sy and 6523d 3D, states, respectively. For a 3D, doublet
the longer-wavelength line is the transition to the *D, state. The broad
continuous band observed at 760 K corresponds to the photoassocia-
tion of atomic pairs. The inset shows a part of the spectrum at 760 K
with a large scale for the vertical axis.

distinguished from the scattered light. Here, the fluorescence
was introduced to a monochromator fixed at 555.6 nm, and
detected by a photomultiplier tube. The directions of the Yb
vapor beam, the excitation laser beam, and the fluorescence
collected are all perpendicular to each other. In the measure-
ments of Fig. 2, Fig. 3(b), and those of the 'S, - |P; excitation
of Figs. 3(a) and 4(a), an interference spectral filter was used
instead of the monochromator. The full width at half max-
imum (FWHM) of the transmission of the monochromator
was 3 nm. The interference filter had the center wavelength of
560 nm and the FWHM of 10 nm. It was confirmed that both
instruments gave the same spectral profile of the observed red
wing. The signal from the photomultiplier was amplified and
then recorded through a digital oscilloscope. All wavelengths
described in this paper are the values in a vacuum.

III. RESULT

The observed excitation spectrum is shown in Fig. 2. It
is composed of sharp discrete lines and an asymmetric con-
tinuous band. The discrete lines correspond to two-photon
excitations to atomic Rydberg states. These excitations are
enhanced by the near-resonant intermediate 'P; state. An ex-
tensive list of energy levels and assignments of Rydberg states
can be seen in Ref. [38], including most of the discrete lines
observed here. It is worth noting that, when the excitation
laser beam was focused at the observation point, each Rydberg
line profile had a tail towards the 'Sy - 'P; line at 398.91 nm.
This was attributed to Fano resonance with a photoionization
process for a high laser intensity [39].
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FIG. 3. Temperature and laser energy dependence. (a) Time-
integrated fluorescence signal intensities as functions of the temper-
ature of the furnace (dots). These values are normalized to the data
points at 768 K. The photoassociation signal is integrated in the range
of 399.11-399.21 nm. The excitation laser pulse energy is about
0.2 mJ. The solid line overlaid near the Rydberg line data is the satu-
rated atomic density n in the furnace. Note that the atomic density
at the excitation point is about three orders of magnitude smaller
than n. The dashed and dot-dashed lines near the photoassociation
and the 'Sy - 'P; line data, shown here for informational purposes, are
proportional to n> and n®, respectively. (b) Excitation laser energy
dependence of the signals (dots). They are well fit by a straight
line for the photoassociation and a quadratic curve for the Rydberg
line (lines). The photoassociation signal is taken at 752 K and at
399.20 nm. The Rydberg line signal is at 626 K and at 398.96 nm
and corresponds to the transition to the 6s23s 'S state.

At low temperatures, only the Rydberg lines are observed.
This result ensures that small branching for the radiative decay
of the 'P; atomic state to triplet states causing the fluorescence
from the 3p; state [40] is negligible in the present experiment.
When the temperature is increased, the 'Sy - 'P; line with a
long red wing appears. This wing corresponds to photoas-
sociation and is visible at wavelengths up to about 402 nm.
Figure 3(a) shows the temperature dependence of these spec-
tral components. It also shows that the Rydberg line signal is
proportional to the atomic density # in the furnace estimated
from the temperature, while the photoassociation signal is
proportional to n%. This behavior supports our association of
the red wing with photoassociation, since photoassociation
is a two-body collision process. The scattering matrix for a
photoassociation collision has been formulated in Ref. [41].

It should be noted that Yb, molecules in the XO; ground
state are also expected to exist in the vapor, and that their
density is approximately proportional to n> as explained by
the law of mass action [42]. From the vapor pressure of Yb
[43] and the potential curve of the XO: state [29], the density
of Yb, in the furnace is estimated to be 108 cm~3 at 800 K.
To confirm that the red wing corresponds not to bound-bound
transitions of Yb, but to photoassociation, we assessed the
dependence of the signal intensities on the distance from the
aperture of the furnace to the excitation point. If the red wing
were due to bound-bound transitions, the intensity ratio of
the red wing to the Rydberg line would be independent of
the distance, since the density ratio of molecules to atoms
should not change during free flight from the aperture. Instead,
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FIG. 4. Time profiles of observed fluorescence signals. The time
origin is irradiation of the excitation laser pulse. (a) Profiles of a
Rydberg line and the 'S, - 'P; line. The Rydberg line is the transition
to the 6520s 'S, state at 399.99 nm. The signal intensity for the higher
temperature in each panel is multiplied by 0.86 for the Rydberg line
and 0.028 for the 'Sy - 'P; line to give the same peak height with the
lower temperature profile. (b) Profile of photoassociation taken with
the excitation at 399.20 nm. The dot-dashed and dashed lines in the
upper panel are fit curves of Eq. (2) with (1/k,, 1/y) = (0.33,0.87)
us and (0.46, 0.87) us, respectively (see Sec. IV), where the fitting
parameter is only the amplitude A. The residual from the dashed line
is also shown in the lower panel.

we have confirmed that the intensity ratio decreases as the
distance increases. This is consistent with the expectation that
atomic density decreases with increasing distance and that the
photoassociation signal is proportional to the square of the
atomic density at the excitation point. We have also confirmed
that the observed spectrum is markedly different from the
calculated excitation spectrum of Yb, as the sum of all the
bound-bound XOf -0 transitions for a thermal population
distribution among rovibrational states. Whereas the calcu-
lated spectrum increases with increasing wavelength from the
1So - P atomic line, the observed spectrum behaves in just the
opposite manner.

Figure 3(b) shows the laser pulse energy dependence of
the photoassociation and Rydberg line signals in a low pulse
energy range. The Rydberg line shows a quadratic behavior
with respect to the laser energy, while the photoassociation
shows a linear behavior. These results confirm that the sharp
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lines are two-photon excitations to Rydberg states and that
the red wing assigned to the photoassociation is a one-photon
excitation.

Figure 4 shows the time profiles of fluorescence signals
of the Rydberg line, the 'Sy - 'P; line, and photoassociation.
As shown in Fig. 4(a), the rise and fall times of the pro-
files become long at high temperatures. This behavior can be
explained as radiation trapping, i.e., the repeated absorption
and re-emission of the 555.6 nm photons (and also 398.9 nm
photons for the 'Sy-'p; line) by surrounding atoms due to
high atomic density. The profiles at 728 K in Fig. 4(a) and
that at 738 K in Fig. 4(b) are confirmed to be the same with
those at lower temperatures, which means that the radiation
trapping is negligible for these profiles. The Rydberg line
signal has longer rise and fall times than the photoassociation
signal has, because this 6s20s 'Sy Rydberg state has a long
radiative lifetime of 0.65 us [44] and can decay both directly
and indirectly to the 3p; state. The fall times of both signals
mainly reflect the radiative lifetime of 0.87 us of the 3p; state.

A remarkable feature is the rise time of the photoassocia-
tion signal, which is much longer than the radiative lifetime
of the O state. Note that the response time of the photon
detection system is about 20 ns, which is negligibly shorter
than this rise time. This result indicates that the 3P, state atoms
are not directly produced from the 0 state. If the production
of the 3p, state atoms were a direct one-step process with a
rate «, the time profile would fit the solution

Ny = Ale™" —e 0], (1)

of rate equations dNy/dt = —(I" 4+ « )Ny, dN,/dt = kNy —
yN;. Here, A is a fitting parameter related to the number
of initial 0;' state molecules, ¢ is time, and Ny and N; are
the numbers of molecules in the O state and atoms in the
3p, state, respectively. The rates I and y are the inverses of
the radiative lifetimes of the O state and the Py state, and
are 0.37 GHz and 1.1 MHz, respectively. However, the large
value of I" does not allow Eq. (1) to realize the observed long
rise time of the photoassociation signal. Therefore, at least
one more step is needed in the decay process from the 0
state to the Py state with a decay time of several hundred
nanoseconds.

In the end, we briefly mention the experimental results
for excitation at the 'S, - 'P, atomic resonance and at its tail
in the blue side. The temperature dependence of the 'Sy - 'P;
line shown in Fig. 3(a) indicates that the signal intensity is
proportional to n®, which means that three-body collisions
are responsible for the production of the 3P, state atoms. The
time profile of the 15, - Iy line shown in Fig. 4(a) extends to
much longer time than the radiative lifetime of the 'p; state.
This result indicates that the 3P, state atoms are not directly
produced from the !P; state atoms. The spectral tail in the blue
side, which is less pronounced than the red wing as shown in
Fig. 2, is explained as the power-broadened tail of the 'S, - 'P;
atomic resonance. The spectral profile around the peak and of
the blue tail is well fit by a Lorentzian function with the full
width at half maximum (FWHM) of 5 x 10~3 nm, which is
a reasonable value compared with the excitation laser pulse
intensity. The temperature dependence and the time profile of
excitation at 398.87 nm, which is on the blue tail, are similar
to those of the 'S, - 'P; line.
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FIG. 5. Schematic for the suggested decay process of the 0} state.

IV. DECAY PROCESS

Production of the 3P, state atoms in the case of photoas-
sociation is due to predissociation of the O state molecules.
However, predissociation of the 0; state with states correlat-
ing to the 15y 3P states, which may occur at short internuclear
distances and has been theoretically discussed in Ref. [45],
cannot be responsible for the observed fluorescence. Direct
dissociation to the 'Sy + 3Py state cannot explain the long rise
time in Fig. 4(b), and dissociation to the 1So—i—3P0,2 states
does not lead to production of the 3P| state atoms. The long
rise time of the photoassociation signal suggests a two-step
decay process consisting of predissociation of the 0] state
with the 'Sy +3D states followed by radiative decay of the
3D -3p, transitions, as shown in Fig. 5. The 3Dy and °D, atomic
levels are located at 579 and 316 cm™' from the 'p; level as
shown in Fig. 1(b), respectively. The radiative lifetimes of the
3p; and 3p, states are 0.33 us [37] and 0.46 us [46], which
are long enough to explain the rise time. The *D; and *D,
states mostly decay to the 3P states. The decay rates from
the 3D; and 3D, states to the 3P, state are 1 and 2 MHz,
respectively [47].

Since the total decay rate I + x; of the O} state is very
large, the time profile of the fluorescence signal in a long
timescale can be expressed similarly to Eq. (1) as

Ny = A(e™ V" — e™¥2"), ()

where «;, represents the inverse of the radiative lifetime of
the 3p states. The dot-dashed and dashed lines in Fig. 4(b)
show the expected profiles for dissociation to the 'Sy + 3D,
and 'Sy + 3D, states, respectively. The result for the 'Sy + 3D,
state is in good agreement with the observed profile at 738 K.
From this agreement the dissociation channel is identified to
be the 'Sy + 3D, state.

In the case of excitation at the 'S - 'P; line, not only the
0, state but also the long-lived 1, state is expected to be
populated via three-body collisions. The rise time of the fluo-
rescence signal of the 'S - 'P; line in Fig. 4(a), which is longer
than that of the photoassociation signal, can be explained by
the involvement of the 1, state molecules.
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FIG. 6. Linewidths of vibrationally resolved photoassociation
transitions from the J” = 0 s-wave scattering state obtained in a
previous study on ultracold atoms [23] (circles). The uncertainties of
the linewidths are typically 0.05 GHz. The line shows an example of
calculated linewidths (x; 4 I') /27 for a hard-core potential with the
parameters aq = 0.353 nm and Hq(r.) = 4.3 cm~'. The vibrational
level E, is measured from the 'S, + 'P; dissociation limit.

V. PREDISSOCIATION LINEWIDTH

Previous photoassociation studies on ultracold Yb atoms
[21,23] have reported vibrational-level-dependent line broad-
ening. Unpublished data obtained by Ref. [23] for the
linewidths of the photoassociation are shown in Fig. 6. The
linewidth should be the sum of the predissociation width
and the radiative decay width I' /2. It begins to broaden at
vibrational levels about 8 cm~! from the dissociation limit.
The observed predissociation is caused by the homogeneous
spin-orbit interaction [48] that occurs with heavy dimers
such as Yb,. Heterogeneous interactions [48], which become
stronger as the rotational angular momentum increases, are
too weak to explain the linewidth broadening seen in Fig. 6
for the photoassociation from the J” = 0 state with J” being
the rotational angular momentum of the XO; state. This ho-
mogeneous interaction couples the 0} state with a 0, state
correlating to the 'Sy + °D» state.

In the following, the bound 0;' state and the dissociating O,
state are referred to as |e) and |d), respectively. The predisso-
ciation is caused by a potential crossing between these states.
The potential curve of |e) is well expressed by the asymptotic
form of V,(r) = —Cs./r® — Cg./r® at long r. The potential co-
efficients are C3. = 11.535 a.u. and Cee = 1.2 x 103 a.u. [23].
The short-range theoretical potential curve of |e) shown in
Fig. 1(a) is connected to this long-range curve. The potential
curve of |d) is much flatter at long r because its asymptotic
form is Csq/r> — € [49], where € is the energy difference
between the 'P; and 3D, atomic levels. These two potential
curves are expected to intersect at about r. = 1.1 nm, which
is fairly long.

In such a case of the potential crossing at the outer
turning point of |e), the predissociation linewidth «; /27 is
expected to undulate as a function of the vibrational en-
ergy level E,. The predissociation linewidth at E, is given
by 277 |Hea (re)|* [ (Ye (Eu) [Wa(E,)) |*, where Heq(r.) represents

the electronic interaction between |e) and |d) at r., and
(Ve (E)|Wa(E)|? is the Franck-Condon factor with the
continuum wave function 4(E,) being energy normalized
[48]. The dominant contribution to the Franck-Condon fac-
tor comes from a region around the potential crossing. The
relative phase ¢(E,) at r, between the radial wave functions
Ye(E,) and ¥4(E,) is important, and the dependency of the
linewidth on ¢(E,) is given by sin’[p(E,) + /4] [48,50].
The relative phase ¢(E,) is given by

S(E,) = @[ / " dryEy = Vel)— / dr\/Ev—vdu)},
3)

h
where u is the reduced mass, 7 is the Planck constant divided
by 27, and a. and a4 are the inner turning points of V,(r) and
Va(r) at E,, respectively.

The range of E, of our interest is —25 < E, < —2 cm™
for the comparison of the linewidths of Ref. [23]. The first
term of Eq. (3) varies monotonically by about 5 rad in this
range. Although no information on V4(r) is available, the
second term should behave similarly to the first term and
the amount of the change should be on the same order. Thus,
the revival of the narrow photoassociation linewidth is ex-
pected at not so large detuning because of the undulation of
the linewidth. An example of the calculated result for a simple
hard-core potential, V4(r) = oo for r < aq and V4(r) = —e€
for r > aq, is shown in Fig. 6, where the observed linewidths
are nicely reproduced and narrow linewidths are recovered at
about —21 cm™.

1

VI. SPECTRUM CALCULATION

Next, the observed red wing is compared with a theoret-
ical excitation spectrum of the photoassociation to the 0}
state for a '"*Yb, homonuclear atomic pair. Since the red
wing is located near the 'Sy - 'P; atomic line, it is generated
primarily due to transitions between the 'Sy + 'S, scattering
states with low collision energies and high vibrational states
near the dissociation limit of the Oj[ state. Note that, at
near-dissociation levels, properties such as vibrational level
spacings are insensitive to the short-range potential curve,
and thus the calculated spectrum is almost independent of
the short-range potential. The potential curve V. (r) of the 0
state is described in the previous section. The ground-state
potential Vy(r) is taken from Ref. [29], where the ab initio
potential of Ref. [16] is smoothly connected to the asymptotic
form of —Ce,/r® — Cs,/r® with adequate scaling to reproduce
two-color photoassociation spectra. The well depth of V,(r)
is 743 cm~!, and the coefficients are Csg = 1933.5 a.u. and
Cgg = 2.172 x 103 a.u. [29]. Transition strength is obtained
for each transition between an energy-normalized scattering
state of even J” in the XO;,r state and a unit-normalized bound
state of an odd rotational angular momentum J' in the 0;f state
by calculating the Franck-Condon and Honl-London factors.
The electronic transition dipole moment is assumed to be
independent of r. We have focused on a range of detuning
from the !So-'P; line within 150 cm~'. The corresponding
wavelengths range up to 401.3 nm. At V.(r) = —150 cm™!
with r = 1.4 nm, the contribution of the Cs./r® term is still

013118-5



KATSUNARI ENOMOTO et al.

PHYSICAL REVIEW A 104, 013118 (2021)

10

»
s ]
T
=}
s
-
S
>
2 4 N \ .
2] \\ ' ”
% N N \\\\ \aII J WM
J7=200-298 "~ \/)\ R
”_ _ S o ~ o IV
J”=300 \\;\338— 1005108~ L ST
o L TSl ~ - J7=0-98
’ 399 400 401 402

Wavelength in a vacuum (nm)

FIG. 7. Comparison of an observed spectrum at 764 K (solid
line) with calculated excitation spectra (dashed lines) of the photoas-
sociation for various ranges of J”. There is no fitting parameter in the
calculated spectrum except its total amplitude.

only 0.6%, and thus the potential is well expressed by the
asymptotic form. The relative kinetic energy E of the scat-
tering state is considered up to 150 cm™! (=216 K) in the
calculation. The population distribution among the scattering
states is deduced by considering the relative motion of a
pair of atoms in an effusive atomic beam as described in the
Appendix. The ground-state potential does not support bound
states for J” > 282 due to the centrifugal term. The quasi-
bound states inside the centrifugal barrier for the X0} state
are neglected, because most of them are confined within short
internuclear distances such that the Franck-Condon factors
for near-dissociation levels are small. The quasibound states
of the O;{ state, on the other hand, are taken into account,
since the barrier is located at relatively long r due to the r—3
dependence of V(7).

The calculated spectrum is shown in Fig. 7 along with the
observed spectrum on a semilog scale. The contribution from
various ranges of J” is also shown. Note that the contribution
from the J” > 400 states is negligibly small. The observed red
wing is well reproduced by the calculated excitation spectrum.
This good agreement supports the assignment of the red wing
to the photoassociation to the O} state. This comparison of the
observed and calculated spectra is under the assumption that
the predissociation rate k; is much larger than the radiative
decay rate I". Although the predissociation rate «; is strongly
dependent on the vibrational level, it is often much larger than
the radiative lifetime I" as shown in Fig. 6 as the calculated
example and its undulation is averaged out by the contribution
from various values of J” and E. Thus, this simplification of
the predissociation rate is a reasonable assumption for this
comparison.

VII. CONCLUSION

The continuous excitation spectrum of hot Yb vapors ob-
served as a red wing of the 'Sy-'P, atomic line at 399 nm
is assigned to photoassociation of the 0; molecular state.
This assignment is supported by the agreement between the

0.04 T T T T T T T

0.03

0.02

F(E)

0.01

000 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n
0 20 40 60 80 100 120 140 160

Relative kinetic energy E (cm™")

FIG. 8. Simulated relative kinetic-energy distribution for col-
lisions of '"Yb atoms in an effusive beam (solid line) and the
distribution function of Eq. (A4) (dashed line). The inset shows a
magnified graph near £ = 0.

observed and calculated excitation spectra, the dependence
on atomic density, and the dependence on the distance of
the excitation point from the furnace. The photoassociation
causes fluorescence from the 3P; state atoms, which enables
sensitive detection of the production of Yb, molecules. The
long rise time of the fluorescence signal suggests that the P,
state atoms are produced by a two-step process consisting of
predissociation of the 0] state with the 'Sy +°D, state and
subsequent radiative decay to the 'Sy +3p; state. This model
can nicely explain the previous observations of the broadening
of the photoassociation lines of ultracold atoms and suggests
that narrow photoassociation lines would be recovered at
not so large detuning. The comparison of photoassociation
linewidths of several isotopes would allow us to determine
the relative phase of Eq. (3) through the mass scaling analysis
similar to Refs. [24,29] and to predict linewidths of all the
other isotopes.
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APPENDIX: RELATIVE MOTION
IN AN EFFUSIVE BEAM

A photoassociation rate coefficient is obtained from the
scattering matrix element Sy ;, given in Ref. [41] averaged
over the energy distribution F(E) of relative motion of a
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colliding atom pair as [51]

/OodEF(E)nUrEI > @7 + DSl
o k2 - 0,ial »

(AL)

where v is the relative velocity, and k = /2uE /h. For
example, the energy distribution of relative motion of
a pair of atoms in the Maxwell-Boltzmann distribution
is

2/ 1\ E
F(E)zﬁ(]@_ﬁ VEep(-p) (A2

where kg is the Boltzmann constant, and T is the temperature.

In the present experiment, photoassociation in an effu-
sive beam is investigated. The distribution of the relative
kinetic energy in this situation is considerably different from
Eq. (A2). The velocity distribution of an atom in an effusive
beam is given by

F) = ;(%)

[N

2 _om o,
vexp szT”)’ (A3)

where m is the mass of the atom, and v is the velocity. When
the distance L of the excitation point from the aperture of the
furnace is much larger than the aperture diameter d, a collision
between a pair of atoms flying to the same direction should be
considered. From integration of f(v)f(v — ), the relative
kinetic-energy distribution of a pair of atoms of an identical
mass is obtained as

(3 =2x)e ™
JTkBT

(4x? — 4x + 3) erfc (V/x)e™
nkgTﬁ ’
(A4)

where x = E /kgT and erfc(t) = ftoo dt exp(—t2). This energy
distribution is not applicable to very small E, because the
relative velocity component vertical to the direction of the
flight is not negligible in this case. A simulation result of
the energy distribution is shown in Fig. 8. The parameters
assumed are L =20mm, d = Il mm, and T = 764 K. The
simulation agrees excellently with Eq. (A4) except in a region
of very small E. The calculated spectrum of Fig. 7 is obtained
with this simulated energy distribution.

F(E) =
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