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The trapped lnyb+ ion is a promising candidate for portable atomic clock applications. However,
with buffer-gas cooled ytterbium ions, the ions can become trapped in a low-lying 2F712-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 2F7/2-state and Ybil+
molecules under different operating conditions of our 171Yb+ ion system. Our study indicates that
2F7/2-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
Y1311+ 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 of 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 [1-3], vapor-cell atomic clocks [4]-7], 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 17lyb+ ions [9411]. Previous studies have shown
that 171Yb+ ions can be trapped in the 2F712 state [12-

!NJ] and form a YbH+ molecules [21, 22]. As a result,
the lnYb+ signal can be reduced and the clock stabil-
ity is degraded. Understanding the 2F712-state trapping

and the YbH+ molecular formation is one of the keys to
the compact lnyb+ atomic clock. Because of significant
interest in the ytterbium ion, 2F7/2-state trapping has
been more broadly studied. In this paper, we investigate
the YbH+ formation of trapped ions.

Previous studies have suggested that YbH+ molecular
ions can be formed from the 2F772-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 [9-EE, Dj]. 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 2S1/2 ground state.

Primarily, we investigate the YbIl+ 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 ybH+ molecules from the 2D3/2-
state, our results suggest that ybH+ are formed predom-
inantly from 2F7/2-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 [®, 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. Our study pro-
vides new insight into the molecular formation process
and allows the determination of which lasers are neces-
sary for the lnyb+ atomic clock operation.

EXPERIMENTAL SYSTEM

The experiments are carried out in a 3-cm3 vacuum
package developed and constructed by the Jet Propul-
sion Laboratory (Figure lb). The vacuum package is
permanently sealed with a copper pinch-off and passively
pumped with a nonevaporable getter. The inYb+ ions
are trapped in a linear quadrupole RF Paul trap which
has 240 Vrms 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. The vacuum package details are described in Refs.
[9-n]. The vacuum package is filled with 4 x 10-6 Torr
of neon (as read from an ion gauge without a gas correc-
tion factor applied), which provides buffer gas cooling of
the ions. Microwave radiation is applied to the ions by
coupling the microwave power into the package through
the trap rods. The 935-nm laser (--, 0.5 mW) is used
to clear the low-lying 2D3/2 state, and the 760-nm laser
(-, 0.5 mW) is used to clear the 2117/2 state. The 369-nm
laser is used for state detection and optical pumping. A
250-mm focal lens is used to focus these laser beams at
the ion cloud. Fluorescence of trapped ions at 369-nm
is collected using a photomultiplier tube. The Yb+ ion
signal is detected using the 369-nm fluorescence.
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FIG. 1. (a) Simplified energy level diagram of the 171Yb+ 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 cm3 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.

THEORETICAL MODEL

To understand the YbH+ formation, we first con-
sider the transitions between different energy levels of a
171-1713+ ion under optical excitation (Figure la). With-
out the hyperfine structure, the energy diagram can be
simplified as shown in Figure lc. Assuming that YbE1+
molecular ions are formed from F-state ions, the rate
equations can be written as,

its

hp

nD

= —R369ns + (1 — a)7pnp+('YD+ R935 )nD

+(RF + R760)nF + RMnM

= --ypnp + R369ns

= 4-yD + R935 + RDF)ND a'ypnp

= -(RF R760)nF RDFND RFMnF

nM = RF MnF RMnM •

(1)

Here ns,np,np,np, and nM are the relative popula-
tion of the 51/2, P1/2, D3/2, F7/2, and YbH± states. The
branching ratio of the P-state to the D-state, a, is
— 0.005 [®]. The spontaneous decay of the P-state and
D-state are -yp 108 s-1) and 7D 20 s-1), respec-
tively. R369 is the effective pumping rate of the 369-nm
laser and the microwave radiation combined. The op-
tical pumping rate of the 760-nm and 935-nm lasers is

R760 10-1 s-1) and R935 103 S-1), respectively.
The rates from the D F, F F S, and
YbH+ S states are RDF, RF A RF, and RM, respec-
tively.

For much of this study the clock was operated in a
"continuous mode," where the 12.6 GHz microwave radi-
ation and the resonant 369-nm light continuously illumi-
nate the ions. The full width at half maximum (FWHM)
of the clock resonance is determined by optical and mi-

crowave power broadening,

FWHM = 
 

7r V 2 
—
13
112 (r36

2 I

9 )2 (2)

where S2 is the microwave Rabi frequency, F369 is the
pumping rate of the 369-nm laser from the 125'1/2, F = 1)
state to either hyperfine level of the 12/31/2) state, and 0
is the average number of photons scattered before opti-
cal pumping to the 125'1/2, F = 0, mF = 0) state. For the
1251/2, F =1) to 12P1/2, F =1) (1-to-1 transition), 0= 3,
while for the 125'1/2, F = 1) to 12P1/2, F = 0) transition
(1-to-0 transition) 0= 300 to 500, depending on the ion
temperature. In the photon shot-noise limit, the signal-
to-noise ratio at a given FWHM is optimized when
F369 = 7FWHM and St = \/31(20rFWHM, and in
the experiment we set the 369-nm laser and microwave
power to these levels, which gives R369 = IFFWHM.
The time to optically pump the ions from the upper clock
state to the lower state is /3/(rFWMH). Thus, the 1-to-
1 transition can be used to interrogate the clock transi-
tion much faster than the 1-to-0 transition in a continu-
ous mode. However, in the continuous mode many fewer
photons are scattered per microwave photon absorbed
compared to a "pulsed mode" of operation, where the mi-
crowave radiation and the 369-nm laser light are sequen-
tially 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. [24.
To determine value of R369, we measure the microwave
linewidth for a given 369-nm power used in the experi-
ment. In the paper, we operate with R369 = 37FWHM.
A sample of the microwave linewidths from 2 Hz up to
276 Hz is shown in Figure Id. The 369-nm power in-
creases from a few nW to hundreds nW as the microwave
linewidth is increased from a few Hz to a few hundred Hz.
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FIG. 2. (a) Normalized Yb fluorescence signal for different microwave linewidths. The data (circular markers) are compared to
the the simulations (solid lines) to obtain the best free parameters. 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. (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).

POPULATION DYNAMICS AND THE
MOLECULAR ION FORMATION

Population dynamics

To understand the molecular formation mechanism, we
optically excite 171Yb+ ions and observe the Yb+ ion sig-
nal under different excitation scenarios (Figure 2a). 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 171Yb+ ions 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 transition. Since the spon-
taneous emission occurs extremely fast 108 s-1) com-
pared to the optical pumping rate ( 102 s-1 or less), the
steady-state fractional population of the P-state is nearly
zero. The Yb+ ion signal normalized 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 simulation
of Equation 1. Here RDF, RF, RFM, RM, and R760 are
free parameters of the rate equation. We first focus on

the segment 2 of Figure ga which is enlarged in Figure gb.
As the 760-nm and 935-nm lasers are turned off, the Yb
fluorescence signal will decay. To roughly estimate the
free parameters, we use the 29 Hz linewidth data since
this data set has an obvious double decay feature. The
fast decay occurring within the first few minutes is due
the F-state trapping [1S-03]. The ratio of RF and RDF
determines the normalized ion signal after the fast decay.
The sum RF+ RDF determines the ion signal decay rate.
We attribute the slow decay on an hour timescale to the
YbH+ formation. The ratio of Rm and RFM determines
the ion signal steady-state value, and the sum Rm+RFM
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 RDF ti 1.25 8-1, RF r-z-Z, 9.6 x 10-3 8-1,
R760 "-Z% 13 x 10-3 s-1, RFM 0.28 x 10-3 s-1, and
RM 0.45 x 10-3 8-1. R760 is determined using the
segment 8 in the Figure ga. Once the free parameters
are determined for the 29 Hz linewidth data, we use the
same free parameters RDF, RF, R760 and RFM 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 RM is proportional to R369,
which is proportional to the 369-nm optical power. Over-
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all, the data agree well with the numerical simulation.
This result suggests that the 171Yb+ 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 little
effect on the 369-nm fluorescence signal (Figure 2c). The
Yb signal does not show a significant reduction under
the absence of the 760-nm laser. This indicates that the
171 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 mi-
crowave linewidth is less than a few Hz, the 369-nm fluo-
rescence 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 the exact composition
of the gases within the vacuum package. If the decay rate
out of the F-state back to the S-state RF is too slow, an
F-state clearing laser may be required, and RF depends
on the background gas composition. Since our vacuum
package is permanently sealed, the exact composition in
this package is not known.

Comparing D —> Y1D11+ 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. Comparing the D —> YbH+ simula-
tion to the F —> Ybil+ simulation, they both agree well
to the 29 Hz linewidth data through segment 7 in Figure
3. However, the D -- YbH+ simulation does not agree
to the data at the segment 8 and 9 (Figure Eb). 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 —> Ybil+ model predicts that the 369-nm fluores-
cence signal will increase rapidly right after the 760-nm is
turned when ions are cleared out of the F-state. The ions
then will be transferred quickly into the D-state (Figure
lc). 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 —> Ybil+ model predicts.
The Yb+ signal instead slightly increases, which is more
consistent with the F YbH+ simulation. Since the
760-nm laser clears F-state ions, the molecular forma-
tion from F-state ions will be reduced. As the result,
the ion signal increases when YbH+ molecules are dis-
associated back to Yb+ ions. Note that our experiment
does not rule out the possibility of YbH+ formation from
D-state ions but shows that F —> YbH+ is the dominant

process.

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 [LE, 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 AW 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 4a). This is an indication of
the YbH+ disassociation. This observation is consistent
with the earlier studies [®, 21, 22]. When the disassoci-
ation time is prolonged to 6 seconds, the disassociation
linewidth is broadened. With a 0.5 second of disassoci-
ation time, the resonance peak has a FWHM of about
15 pm (33 GHz). The FWHM is broadened to about
100 pm for a 6 second disassociation. This indicates that
the molecular ions can be disassociated using off-resonant
light.

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 Ybil+. Using
a free-running edge-emitting diode laser, we apply 405-
nm light to the trapped ions for 10 second with varying
power. The ion signal increases to a steady level after the
405-nm laser power reaches above a 1 mW level (Figure
Lib). We also compare the disassociation 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+ disassoci-
ation.
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 4c, 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
[18-2D] and then slowly form YbH+ as discussed in the
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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 significantly

increase the YbH+ dissociation rate. When the YbEFF

disassociation rate is much faster than the YbH+ forma-

tion rate, the YbH+ population is negligible. 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 agreement with the nu-

merical simulation of Equation 1. Here we fit the without
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10 µW, which yields an optical pumping time of 23 ms. The
microwave power, the 935-nm laser, and the 760-nm laser are
represented by green, red, and blue bars respectively. The
dashed lines divide the experiment into small segments la-
beled by numbers from 1 to 10. The data (circle markers) are
compared to the the numerical simulation (solid line). The
background level is determined by detuning the 369-nm laser
away from the 1-to-0 transition.

405-nm laser data to the theoretical model to obtain the
free parameters. We use the same parameters to simulate
the population dynamics under the presence of the 405-
nm laser. To include the molecular dissociation effect of
the 405-nm laser, we simply change the molecular disas-
sociation rate RM. The data with 405-nm laser agrees
well to the numerical simulation when the RM rate is
about 20 times larger than the molecular formation rate
RFM.

Pulsed mode operation

Since a ytterbium ion clock is often operated in the
pulsed mode, we will briefly discuss the population dy-
namics under the pulsed mode operation. In the pulsed
mode operation, 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 1281/2, F = 0) state to the

1251/2, 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 oper-
ation. In the pulsed mode operation, we apply 10 pVAT
of 369-nm power which optically pumps the ions back
to the 12S112, F = 0) with a time constant of — 23 ms.

Figure 5 shows the Yb+ signal in the pulsed mode oper-
ation (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 described in Ref. [01]. Since the
10 /LW of 369-nm light can disassociate Ybfl+ quickly,
the Ybil+ 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 fraction aD 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,

its = —aDrDFnS (rF r760 rFM)nF

nF = —(rF r760 rFM)nF +aprpFns• (3)

Since aD 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 aD into
Equation is equivalent to adjusting the effective rate
going from S-state to F-state due to the 2-level sim-
plification. Moreover, ions in the D-state, the P-state,
and the YbH+ form also decay into the S-state during
the pulse mode operation. In general, the effective rates
from F-state to S-state have to be adjusted to compen-
sate for the ignored states in the 2-level model. Here

rDF, rF, rFM, and r760 are the effective rates from F-
state to S-state, which corresponds to RDF, RF, RFM,
and R760 of the continuous mode, respectively. The data
agrees well to the numerical simulation of Equation
when rF = 7.7 x 10-3 s-1, r760 = 41 X 10-3 5-1, rFM =
0.28 x 10-3 s-1,rDF = 1.25 s-1, and

{113 x 10-6, 935 — nm ON,
aD 60 x 10-3, 935 — nm OFF.

Here these parameters are obtained by minimizing the
RMSE between the data and the simulation. Overall,
the parameters are similar with the those found for the
continuous mode data. The effective pumping rate R760
of the pulse mode data is about 3 times higher than that
of the continuous mode data. This difference is an effect
of the 2-level simplification as we discussed above. We
note that to obtain a more precise description of the pulse
mode dynamics, a simulation 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 (< 10-2 s), it
is not ideal to simulate a few hours of experimental data.
Finally, while the vacuum 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
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F-state trapping we assume depends 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 has
no YbIl+ formation out of the D-state. Our study indi-
cates 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 are not trapped in
the F-state, they will not likely form YbIl+ 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 dis-
associated using an 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 RF,
RDF, Rm , and RFM. Once these rates are known, our
model can determine how to minimize the number of
molecular ions and Yb ions in the F-state. Our results
provide new insights into the trapped Yb+ ion system
which can be applied to improve the Yb+ atomic clock
whether is it operating in the continuous mode or the
pulsed mode. The molecular ion study can also be ap-
plied to other trapped ion systems.
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