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The trapped '"*Yb™ ion is a promising candidate for portable atomic clock applications. However,
with buffer-gas cooled ytterbium ions, the ions can be pumped into a low-lying 2F; /2-state or form
YbH™ molecules. These dark states reduce the fluorescence signal from the ions and can degrade the
clock stability. In this work, we study the dynamics of the populations of the 2F, /2-state and YbH™
molecules under different operating conditions of our "' Yb™ ion system. Our study indicates that
’F, /2-state ions can form YbH™ molecules through interactions with hydrogen gas. As observed
previously, dissociation of YbH' is observed at wavelengths around 369 nm. We also demonstrate
YbH™ dissociation using 405-nm light. Moreover, we show the population in the dark states can
be limited by using a single repump laser at 935 nm. Our study provides new insights into the

molecular formation in a trapped ion system.

INTRODUCTION

The past two decades have witnessed significant ef-
forts in miniaturizing atomic clocks. There are several
approaches to miniaturize an atomic clock such as laser
cooled atoms [IH3], vapor-cell atomic clocks [4H7], and
trapped ion clocks [8]. We focus on developing a highly
miniaturized microwave atomic clock which is operated
using the 12.6 GHz hyperfine ground state transition of
trapped '"'Yb™" ions [0HIT]. Previous studies have shown
that ™'Yb" ions can be pumped in the 2F; ), state [12-
20] and form a YbH' molecules [21, 22]. As a result,
the 'Yb™ signal can be reduced and the clock stabil-
ity is degraded. Understanding the 2F7/2—state trapping
and the YbH™ molecular formation is one of the keys
to the compact '"'Yb" atomic clock. In this paper, we
investigate the YbH* formation of trapped ions.

Previous studies have suggested that YbH™ molecular
ions can be formed from the 2F7/2—state or 2D3/2—state
ions through an interaction with hydrogen gas [21], 22].
Since it is difficult to completely remove hydrogen from a
vacuum system, the YbH™ formation can be problematic
in a passively pumped vacuum package [9H11], 20]. We in-
vestigate the YbH™ formation mechanism under different
optical excitation conditions in such a passively pumped
package. To optically excite the ions, 369-nm, 405-nm,
760-nm, and 935-nm lasers are used, and microwave ra-
diation drives transitions within the 25 /5 ground state.
Primarily, we investigate the YbH" dynamics when both
the optical and microwave radiation are applied conti-
nously, and we compare our data to a rate equation model
to understand the populations of the various states. We
also perform a limited study of the populations when the
lasers and microwave radiation are sequentially pulsed,
and the rate equation is modified to account for only long-
time-scale population dynamics. While our results do not
rule out formation of YbHT molecules from the 2Dj /2"
state, our results suggest that YbHT are formed predom-

inantly from 2F; s2-state ions. Dissociation of YbH™ has
previously been observed at wavelengths of 369.48 nm,
369.44 nm, 369.20 nm, and 368.95 nm [I4] 21, 22]. We
demonstrate dissociation can also be achieved using 405-
nm light from a free-running edge-emitting diode laser.
Moreover, we illustrate that the 935-nm light can suffi-
ciently prevent the molecular formation.

EXPERIMENTAL SYSTEM

The experiments are carried out in a 3-cm?® vacuum
package developed and constructed by the Jet Propul-
sion Laboratory (Figure ) The vacuum package is
permanently sealed with a copper pinch-off and passively
pumped with a nonevaporable getter. The vacuum pack-
age details are described in Refs. [OHII]. The chamber
is baked out to achieve 107!° torr level. The vacuum
package is back filled with 4 x 10=¢ Torr of neon (as
read from an ion gauge without a gas correction factor
applied), which provides buffer gas cooling of the ions.
A Yb oven is heated to above 300 Celsius to produce
Yb atomic vapor. The Yb atoms are then ionized by
electrons produced by the photoelectric effect. To pro-
duce an emission of electrons, we shine about 10 mW
of the 405-nm laser light onto the Yb coated trap rods.
The ' Yb" ions are trapped in a linear quadrupole RF
Paul trap which has 240 V,,s applied between adjacent
trap rods at 3.35 MHz, and the four trap rods are held
at a -20V potential difference relative the grounded end
cap electrodes of the trap. Microwave radiation is ap-
plied to the ions by coupling the microwave power into
the package through the trap rods. A magnetic field of
~230 mG is applied in the perpendicular direction of the
laser beam. This magnetic field will result in a Zeeman
splitting of ~300 kHz in |25’1/2,F = 1) state while the
trapping frequency is typically ~400 kHz. The 935-nm
laser (~ 0.5 mW) is used to clear the low-lying *Dj/5
state, and the 760-nm laser (~ 0.5 mW) is used to clear
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FIG. 1. (a) Simplified energy level diagram of the *"Yb™ ion. The solid arrows show the laser transitions. The dashed arrows
show the spontaneous decays. The dotted arrows show collisional decays. (b) Photograph of the 3 cm® vacuum package. (c)
A simplified rate equation diagram illustrates the levels and the transitions used in the rate equation model. (d) Microwave
linewidth measurements. The data (circle markers) are fitted to the Lorentzian function (solid line). The numbers indicate the
full width at half maximum of the fits. Each measurement is represented by a different color.

the 2F7/2 state. The 369-nm laser is used for state de-
tection and optical pumping. A 250-mm focal lens is
used to focus these laser beams at the ion cloud with the
beams passing the hollow end caps of the Paul trap. Flu-
orescence of trapped ions at 369-nm is collected using a
photomultiplier tube. The Yb™ ion signal is detected us-
ing the 369-nm fluorescence. All of the lasers are locked
to Bristol wavemeters. The 369-nm laser is estimated to
have a frequency stability of ~ 100 MHz.

THEORETICAL MODEL

To understand the YbH' formation, we first con-
sider the transitions between different energy levels of a
1"YbT jon under optical excitation (Figure ) With-
out the hyperfine structure, the energy diagram can be
simplified as shown in Figure . Assuming that YbH™
molecular ions are formed from F-state ions, the rate
equations can be written as,

ng = —Ragons + (1 — a)ypnp + (yp + Rozs)np
+(Rr + Rreo)nr + Rynay

np = —ypnp + Risons
np = —(yp + Rozs + Rpr)np + aypnp (1)
'h/F = 7(RF —+ R760)nF + RDFnD - RFMnF

’fLM = RFM’I’LF — RMnM

Here ng,np,np,np, and ny; are the relative popula-
tion of the Sy /2, P12, D32, F7/2, and YbH™ states. The
branching ratio of the P-state to the D-state, «, is
~ 0.005 [20]. The spontaneous decay of the P-state
and D-state are vp (~ 108 s71) and yp (~ 20 s71),
respectively. Rsgg is the effective pumping rate of the
whole S}/, state determined by the settings of the 369-

nm laser and the 12.6-GHz microwave radiation. The
optical pumping rate of the 760-nm and 935-nm lasers is
R76o (~ 107! s71) and Rgss (~ 10® s71), respectively.
The rates from the D — F, F — YbHT, F — S, and
YbH' — S states are Rpr,Rry, R, and Ry, respec-
tively.

For much of this study the clock was operated in a
“continuous mode,” where the 12.6 GHz microwave ra-
diation and the resonant 369-nm light continuously illu-
minate the ions. The full width at half maximum of the
clock resonance is determined by optical and microwave
power broadening,

L [Bs . L3691y
—y[502+ () )
where () is the microwave Rabi frequency, I'sgg is the
pumping rate of the 369-nm laser from the |2Sl/2, F=1)
state to either hyperfine level of the |>P; /2) state, and
B is the average number of photons scattered before
optical pumping to the [2S;,5, F = 0) state. For the
|2,S'1/2,F = 1) to |2P1/2,F = 1) (1-to-1 transition), 8=
3, while for the [2S;/5, F = 1) to [*Pys, F = 0) tran-
sition (1-to-0 transition) S= 300 to 500, depending on
the ion temperature. To obtain the maximum signal
(i.e. maximize Rsgg) at a given FWHM, we find that
T360 = 27 x FWHM/+/3 and Q = 21 x FWHM/+/33,
which gives Rsgg = 2m x FWHM/+/27 when the mi-
crowave frequency is resonant with the hyperfine transi-
tion. The time to optically pump the ions from the upper
clock state to the lower state is v/33/(2r x FWHM).
Thus, the 1-to-1 transition can be used to interrogate
the clock transition much faster than the 1-to-0 transi-
tion in a continuous mode. However, in the continuous
mode many fewer photons are scattered per microwave
photon absorbed compared to a “pulsed mode” of op-
eration, where the microwave radiation and the 369-nm

FWHM =



laser light are sequentially applied. In this paper, the 1-
to-1 transition and the 1-to-0 transition are used in the
continuous mode and the pulsed mode, respectively. A
more thorough discussion of the pulsed and continuous
mode is found in Ref. [23]. For a chosen linewidth in
the continuous mode, the 369-nm laser power and the
microwave power are set for maximum Rsgg. In prac-
tice, this is achieved by setting the appropriate laser
power while applying a large microwave power to give
a maximum scattering rate at that laser power, %Fgﬁg.
Then, the microwave power is reduced by 2/3 such that
R3g9 = %%1—‘369 = 2rFWHM /+/27. A sample of the mi-
crowave linewidths from 2 Hz up to 276 Hz is shown in
Figure [[d. The 369-nm power increases from a few nW
to hundreds nW as the microwave linewidth is increased
from a few Hz to a few hundred Hz.

POPULATION DYNAMICS AND THE
MOLECULAR ION FORMATION

Population dynamics

To understand the molecular formation mechanism, we
optically excite the 171yh" jons and observe the Yb't
ion signal under different excitation scenarios (Figure
2h). We perform experiments for different microwave
linewidths (2 Hz, 29 Hz, and 276 Hz) using the 1-to-
1 transition. To monitor the ion signal, the 171vh " jons
are continuously pumped from the S-state to the P-state
by the 369-nm laser. The Yb™ ion signal is detected
by collecting the 369-nm photons spontaneously emitted
from the P-state to S-state. Here, the background level
is determined by turning off the microwave radiation.
The microwave-off signal yields a similar photon count
as detuning the 369-nm laser away from the 1-to-1 tran-
sition. Since the spontaneous emission occurs extremely
fast (~ 10% s71) compared to the optical pumping rate
( 10% s~ or less), the steady-state fractional population
of the P-state is nearly zero. The Yb™ ion signal nor-
malized to unity reflects the fraction of the population in
the S-state.

To validate that molecular ions are formed from the
F-state ions, we compare data to the numerical simula-
tion of Equation [Il Here Rpr, Rr, Rrar, Rar, and Rrgo
are free parameters of the rate equation. We first focus
on the segment 2 of Figure 2h which is enlarged in Fig-
ure 2p. As the 760-nm and 935-nm lasers are turned off,
the Yb fluorescence signal will decay. To roughly esti-
mate the free parameters, we use the 29 Hz linewidth
data since this data set has an obvious double decay
feature. Here, the laser powers are Psgo.nm = 127 nW,
P?GO—nrn =045 mW, and P935—nm = 0.52 mW. The fast
decay occurring within the first few minutes is due the
F-state trapping [I8420]. The ratio of Rr and Rpp de-
termines the normalized ion signal after the fast decay.

The sum Rp+ Rpr determines the ion signal decay rate.
We attribute the slow decay on an hour timescale to the
YbH™ formation. The ratio of Ry and Ry determines
the ion signal steady-state value, and the sum Ry;+ Rpps
determines the ion signal decay rate. Starting from this
initial estimation, we perform the simulations iteratively
to determine the free parameters. The free parameters
are determined by minimizing the root-mean-square er-
ror (RMSE) between the data and the simulation. We
estimate that Rpp ~ 1.03 s7!, Rp ~ 8.64 x 1073 s71,
Rigo ~ 10 x 1073 571, Rpar ~ 0.22 x 1073 57!, and
Ry ~ 0.43 x 1073 s~1. The data are contain well within
a +20% level of the free parameter values as shown by
the shaded region of Figure 2h. Rzg is determined using
the segment 8 in the Figure[2h. Once the free parameters
are determined for the 29 Hz linewidth data, we use the
same free parameters Rpp, Ry, R7¢0 and Rpjs for the 2
Hz and 276 Hz simulations. Since the molecular ions can
be disassociated by the 369 nm light, we assume that an
effective disassociation rate R); is proportional to Rsgg,
which is proportional to the 369-nm optical power. Over-
all, the data agree well with the numerical simulation.
This result suggests that the 170Yh " molecular ions are
formed largely from the F-state ions since molecular for-
mation from the D-state is not included in the numerical
model. Previous work has suggested that the molecular
ions can be formed from the D- or F-states through an
interaction with hydrogen gas [22]. This is discussed in
more detail below.

Moreover, the data indicate that the 760-nm has lit-
tle effect on the 369-nm fluorescence signal (Figure [2k).
The Yb signal does not show a significant reduction un-
der the absence of the 760-nm laser. This indicates that
the '™'Yb™ ion clock may be operated in a continuous
mode without the 760-nm laser. The 935-nm laser alone
can maintain the Yb signal at a sufficient level. When
the microwave linewidth is less than a few Hz, the 369-
nm fluorescence signal does not reduce much as we turn
off both the 935-nm and 760-nm lasers. The 369-nm
fluorescence signal only reduces by 20%. However, it is
important to note that these behaviors depend on the
exact composition of the gases within the vacuum pack-
age. If the decay rate out of the F-state back to the
S-state Rp is too slow, an F-state clearing laser may be
required, and Rp depends on the background gas compo-
sition. Since our vacuum package is permanently sealed,
the exact composition in this package is not known.

Comparing D — YbH" and F — YbH" simulations

To further verify that the molecular ions are formed
primarily from the F-state ions, we perform a D —
YbH' simulation where YbH' ions are formed only
from ions in the D-state. In the D — YbH' simula-
tion, we used the same free parameters obtain from the
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FIG. 2. (a) Normalized Yb fluorescence signal for different microwave linewidths. The data (circular markers) are compared
to the simulations (solid lines) to obtain the best free parameters. The data are contain well within a £20% level of the free
parameter values (shaded regions). The state (on/off) of the microwave radiation, the 935-nm laser, and the 760-nm laser are
represented by the respective green, red, and blue shaded regions at the top of the plot. The dashed lines divide the experiment
into small segments labeled by numbers from 1 to 10. The background level is determined by turning off the microwave
radiation. Data points represent the normalized photomultiplier counts with a 0.1 s gate. (b) The Yb signal of segment 2 in
plot (a). (c) Comparing the fractional Yb signals at varying linewidths of the microwave transition. Data show the fractional
signals without the 760-nm laser at the end of the segment 5 (red markers), without the 935-nm laser at the end of segment 8
(magenta markers), and without both of the lasers at the end of segment 7 (blue markers). Data points and error bars represent
the means and standard deviations of 100 normalized photomultiplier counts with a 0.1 s gate.
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FIG. 3. Comparing the F' — YbH™ simulation model (a) and the D — YbH™ simulation model (b). The data is the 29-Hz
data from Figure [2h. The simulated populations of the different energy states are represented by different colors. The colored
letters represent the corresponding YbH', P, D, F, and S states. The Yb signal (norm.) is normalized to unity. Data points
represent the normalized photomultiplier counts with a 0.1 s gate.

F — YbHT simulation (Figure ), except that Rpas
is set to zero. The rate of forming YbH™ from D state
ions is Rpar ~ 25 x 1073 s~1. When the D — YbH™
simulation to the F — YbH™ simulation are compared,
they both agree well to the 29 Hz linewidth data through

segment 7 in Figure [3 However, the D — YbH" simu-
lation does not agree to the data at the segment 8 and
9 (Figure 3b). In the segment 8, the 760-nm laser is
turned on after blocking both the 760-nm and 935-nm
lasers for a long period. The D — YbH™' model predicts



that the 369-nm fluorescence signal will increase rapidly
right after the 760-nm is turned on as ions are cleared
out of the F-state. The ions then will be transferred
quickly into the D-state (Figure ) From the D-state,
the ions would form the YbH' molecular ions. As a
result, the Yb" signal should slowly decrease after an
initial jump. However, the Yb™ signal does not decrease
like the D — YbH™ model predicts. The Yb™ signal in-
stead slightly increases, which is more consistent with the
F — YbH™ simulation. Since the 760-nm laser clears F-
state ions, the molecular formation from F-state ions will
be reduced. As the result, the ion signal increases when
YbH" molecules are disassociated back to Yb™ ions.

In a combined model, we can allow both F — YbH™
and D — YbH™ to occur simultaneously. When Rpay
is reduced to ~ 5 x 1072 s7! and Rpps is ~ 0.18 x
1073 571, the combined model can still match the data.
When Rpas > 5% 1073 s71, the combined model shows a
similar problem as the D — YbH™ model as we discussed
above (Figure [3p). If we calculate the rate of molecular
formation with the combined model from the D-state and
F-state, we find the maximum value of npRpy = 20 x
10~%/s and the minimum value of np Rpar = 84x1076 /s.
This demonstrates that the dominant process for YbH™
is from the F-state in our system, and the D — YbH™
contribution can be largely ignored when modeling to
limit the free parameters.

Disassociating YbH' molecules

Previous studies have shown that the YbH" molecu-
lar ions can be disassociated using 369 nm light tuned
to particular resonant wavelengths [14, 21, 22]. The
disassociation wavelengths occur at 369.48 nm, 369.44
nm, 369.20 nm, and 368.95 nm. We perform dissocia-
tion spectroscopy to detect YbH™ molecules using a laser
tuned to the 369.48-nm wavelength. For this experiment
two 369-nm lasers are used. First, the ions are exposed
to 50-76 uW of light to dissociate the molecules. Then,
the second laser is applied on resonance with the 1-to-
1 transition (at 369.5251 nm) to monitor the ion signal
after the disassociation period. The 760-nm laser is on
while the 935-nm laser is blocked. If the molecular dis-
association occurs, the number of Yb™ ions will increase.
As a result, the ion signal will increase.

As we scan the 369-nm laser across the 369.48 nm dis-
association wavelength, the ion signal shows a resonance
peak at 369.482 nm (Figure [4h). This is an indication of
the YbH™ disassociation. This observation is consistent
with the earlier studies [14} 2], 22]. When the disassocia-
tion time is prolonged to 6 s, the disassociation linewidth
is broadened. With 0.5 s of disassociation time, the reso-
nance peak has a FWHM of about 15 pm (33 GHz). The
FWHM is broadened to about 100 pm for the 6 s disas-
sociation. This indicates that the molecular ions can be

disassociated using light off-resonant from the molecular
transition.

Since the Yb™ signal is collected using the 369-nm
photons emitted from trapped ions, using 369-nm light
for the molecular disassociation will increase background
noise. For a Yb™ ion clock, a high background level will
degrade the clock stability. For this reason, we demon-
strate that 405-nm light can disassociate YbH'. Using
a free-running edge-emitting diode laser, we apply 405-
nm light to the trapped ions for 10 s with varying power
with the 935 nm laser off. The ion signal increases to a
steady level after the 405-nm laser power reaches above
a 1 mW level (Figure [dp). We also compare the disas-
sociation process with and without the 760-nm laser. If
the 405-nm light could clear the F-state, the Yb™ signal
with the 760-nm laser should be higher than that without
the 760-nm laser. Since the results with and without the
760-nm are comparable, the Yb™ signal increases mainly
due to the YbH™ disassociation.

We also compare the Yb™ signal with and without the
405-nm laser using the same procedure in Figure |2, We
will first focus on segment 2 of Figure [dc, where both
the 760-nm and 935-nm lasers are blocked, to illustrate
the effect of the 405-nm laser. When the 405-nm laser
is absent, the trapped ions will quickly fall into the F-
state [I820] and then slowly form YbH™ as discussed
in the previous section. The Yb" signal without the
405-nm laser shows the double decay time constants as
expected. On the other hand, the 405-nm laser will sig-
nificantly increase the YbH™ dissociation rate. When
the YbH" disassociation rate is much faster than the
YbH' formation rate, the YbH™ population is negligi-
ble. Under the presence of high 405-nm laser power,
the trapped ions will quickly fall into the F-state with
a negligible YbH" population. The data show that the
Yb' signal quickly decays to a steady state due to the
F-state trapping. Overall, the data show a good agree-
ment with the numerical simulation of Equation [I} We
estimate that Rpp ~ 1.08 s, Rp ~ 9.6 x 1073 571,
Rreo ~ 29 x 1073 571, Rpa =~ 0.32 x 1073 s71, and
Ryr ~ 0.36 x 1072 s~ 1. Here we compare the data with-
out the 405-nm laser to the theoretical model to obtain
the free parameters [24]. We use the same parameters
to simulate the population dynamics under the presence
of the 405-nm laser. To include the molecular dissoci-
ation effect of the 405-nm laser, we simply change the
molecular disassociation rate Rj;. The data with 405-
nm laser agrees well to the numerical simulation when
the Ry rate is about 20 times larger than the molecular
formation rate Rzps. The normalized YbT signal with
405-nm laser rises above unity in segments 5 and 6 due
background fluctuations. The free running 405-nm laser
diode is not stable, and its laser power fluctuations can
perturb the photon count of the photomultiplier tube.
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Pulsed mode operation

Since a ytterbium ion clock is often operated in the
pulsed mode, we will briefly discuss the population dy-
namics under pulsed-mode operation. In the pulsed

mode, either a single Rabi to two Ramsey microwave
pulses are applied to the ions followed by a 369-nm light
pulse. We typically apply a single pulse, which transfers
ions from the 2S5, F = 0) state to the [2S) 5, F = 1)
state, and fluorescence collected during the 369-nm light
pulse determines the relative populations of the two
states. Since the 369-nm light is off during the microwave
interrogation, the pulsed mode does not suffer the light
shift problem as in the continuous mode of operation. In
the pulsed mode, we apply 10 uW of 369-nm power which
optically pumps the ions back to the |2Sl/2, F = 0) with
a time constant of ~ 23 ms. Figure [5| shows the Yb*
signal in the pulsed-mode operation (1.45 s of microwave
and 0.25 s of 369-nm light). Rather than a full multi-
state model, we implement a simplified two level model
that includes only the S-state and the F-state as de-
scribed in Ref. [20]. Since the 10 yW of 369-nm light
can disassociate YbH™ quickly, the YbH™' population is
not considered. With the rapid spontaneous decay of
the P-state, the population of the P-state is nearly zero.
Also, the decay rate of the D-state is much faster than
those rates associated with going into and out of the F-
state, so the short time-scale dynamics of the D-state is
neglected, and the D-state population is given as a frac-
tion ap of the S-state. In this way, we only consider the
steady-state populations after each pulse, and the long-
time-scale pulsed-mode dynamics is given by modifying



Equation [I] as,
ng = —aprprng + (re + r760 + TEM)NE
np = —(rrp+rwo +rrv)nF + aprprns. (3)

Since ap is the fraction of the S-state population in the
D-state, it will depend on the ratio of the microwave
pulse length to the 369-nm laser pulse length, the 369-
nm laser power, and the 935-nm laser power, which clears
ions out of the D-state. Adding the parameter ap into
Equation [3] is equivalent to adjusting the effective rate
going from S-state to F-state due to the 2-level sim-
plification. Since ions in the D and P-states and the
YbH™ molecules also decay into the S-state during the
pulsed-mode operation, the effective rates from F-state
to S-state have to be adjusted to compensate for these
ignored states in the 2-level model. Here rpp, rp, e,
and r7go are the effective rates from F-state to S-state,
which corresponds to Rpr, Rp, Rryr, and Rr7go in the
continuous-mode model, respectively. The data agrees
well to the numerical simulation of Equation [3| when
reg = 7.8 X 1073 871,7"760 = 49 x 1073 Sil,TFM =
0.22x 1073 s~ rpp =1.19 571, and

104 x 1075, 935 — nm ON,
*D =9 69 x 1073, 935 — nm OFF.

Here the rp,r760, and ap parameters are obtained by
minimizing the RMSE between the data and the simula-
tion. The rate constants rry; and rppg cannot be deter-
mined from the data because they are not independent
of rr and ap respectively in the model, and they are set
equal to Rpys and Rpp from the continuous-mode re-
sults. The data are contained well within +£20% level of
the free parameters as shown by the shaded region of the
Figure Overall, the parameters are similar with the
those found for the continuous mode data. The effec-
tive pumping rate Rrgp of the pulsed-mode data is about
three times higher than that of the continuous-mode re-
sults. This difference is an effect of the 2-level simplifica-
tion as discussed above. We note that to obtain a more
precise description of the pulsed-mode dynamics, a sim-
ulation including all energy levels should be used while
observing the fluorescence decay for each pulse of the 369-
nm laser. Since this type of simulation requires a small
integration step (< 1072 s), it is not ideal to simulate a
few hours of experimental data. Finally, while the vac-
uum package used in this work had little F-state trapping
without the use of the 760-nm laser, other sealed vacuum
packages required the 760-nm laser to avoid significant F'-
state populations. The F-state trapping we assume de-
pends on the exact gas background in the package, which
depends on the details of the preparation of the vacuum
package and how long since it has been sealed.

CONCLUSION

In conclusion, we have demonstrated that the forma-
tion of YbH™ molecular ions occurs when the ytterbium
ions are primarily in the F-state. The experimental data
show good agreement with the theoretical model that
YbH' molecules are dominantly formed from the F-
state. Our numerical simulation indicates that YbH™
molecules may be formed from the D-state ions; however,
the D — YbH' rate is much smaller than the D — F
rate, and thus the large F-state population gives rise to
YbH™ being formed mainly from the F-state in our sys-
tem. Our study indicates that the 760-nm has little effect
on Yb" ions when the 369-nm power is low. Since 935-
nm light can clear ions out of the D-state, it can stop ions
going into the F-state from the D-state. If the ions do
not populate the F-state, they will likely not form YbH™
molecules. Therefore, it is possible to run a Yb" atomic
clock in a continuous mode using only a 369-nm and 935-
nm laser. We also demonstrate that YbH' molecules can
be disassociated using off-resonant 405-nm light. With
the permanently sealed vacuum packages used in our
work, the exact composition of the gas background can
change from package to package giving different rates for
Rr, Rpr, Ry, and Rppy. Once these rates are known,
our model can determine how to minimize the number of
molecular ions and Yb ions in the F-state.
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