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Decay Rate Measurement of the First Vibrationally Excited State
of MgH™ in a Cryogenic Paul Trap
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We present a method to measure the decay rate of the first excited vibrational state of polar molecular
ions that are part of a Coulomb crystal in a cryogenic linear Paul trap. Specifically, we have monitored the
decay of the |v = 1,J = 1)y towards the |v = 0, J = 0)y level in MgH™ by saturated laser excitation of
the v =0,J = 2)y-|lv = 1,J = 1)y transition followed by state selective resonance enhanced two-
photon dissociation out of the |v=0,J=2)y level. The experimentally observed rate of 6.32(0.69) s~!
is in excellent agreement with the theory value of 6.13(0.03) s~ ! (this Letter). The technique enables the
determination of decay rates, and thus absorption strengths, with an accuracy at the few percent level.
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Diatomic hydrides are a basic class of molecules with
dipole-allowed rovibrational transitions. Such species like
CH, OH, and NH can be readily observed in the interstellar
medium (ISM) both in their neutral and singly ionized
states [1-3]. In general, their abundances in the ISM are
derived from mm-wave and deep infrared (IR) absorption
and emission lines [4] for which precise knowledge of the
relevant rovibrational transition strengths is required. The
determination of the decay rates of single rovibrationally
excited states due to spontaneous emission represents the
most direct way of determining these strengths [5-8].
However, a scarcity of accurate laboratory data exists since
lifetimes ranging up to many seconds require both excel-
lent vacuum conditions and suppression of black-body
radiation (BBR).

In this Letter, we present a measurement of the decay
of the |v = 1,J = 1)y towards the |v = 0, J = 0)y level

in MgH' by saturated laser excitation of the
|lv=0,J=2)x-|lv=1,J=1)x transition followed by
rotational-state-selective two-color 1 + 1 resonance-

enhanced multiphoton dissociation (REMPD) out of the
v = 0,J = 2)y level [9]. Here, |7, J)y denotes the level
with vibrational quantum number v and rotational quan-
tum number J in the electronic ground state X' *. The
molecular ions were trapped in a recently commissioned
cryogenic Paul trap, CryPTEx [10], operating at a tem-
perature of ~5 K and providing excellent vacuum condi-
tions. In this setting, the molecular ions were
sympathetically cooled into a Coulomb crystal through
Coulomb interaction with Doppler laser cooled Mg* ions
[11]. In Fig. 1, a level scheme depicting the lowest

0031-9007/13/111(5)/053002(5)

053002-1

PACS numbers: 33.70.Ca, 31.15.—p, 37.10.Mn

relevant rovibrational levels |v, J)y in the X' 3" potential
of MgH™" is presented. Transitions induced between the
various states |2/, J')y due to BBR and collisions with
residual background gas particles are characterized by
rate constants FZ‘,’J ;- For simplicity only dipole-allowed
transitions are indicated. A linearly polarized quantum
cascade laser (QCL) operating at 6.2 um couples the
lv =0,J =2)y and |v = 1,J = 1)y levels [12] at an ef-
fective Rabi frequency of {docp, and feeds the decay
lv=1,J=1)y—|r=0,J=0)y. As will be confirmed

later, the cryogenic setup assures that ngél, Fgﬁ, < F(l)i(l),
and the intensity of the QCL is sufficient to achieve F(l)é,
I‘(l):(l) < Qcr. Combined with the fact that the magnetic
substates of the |r =0,/ = 2)y level mix at a rate
I, > F(l]:(l] due to uncompensated magnetic fields
(see later), it is possible to strongly simplify the complex
situation of Fig. 1(a) to the one depicted in Fig. 1(b) with
the corresponding rate equation model governing the decay
of the population py, of the level |v = 0,J = 2)x

3
Po2 = — gr(l)j(l)Po,z = —I"%pg,. (1)
Here, the factor 3/8 arises from the fact that under the
above conditions there will always be an equal population
in all of the magnetic substates of the |v = 0,J = 2)y
(5 substates) and |v = 1,J = 1)y (3 substates) levels,
with only the latter substates decaying towards the
|v = 0,J = 0)x level with equal rates F(l)j(l). Measurement
of the population of the | = 0, J = 2)y level as a function
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FIG. 1 (color online). (a) Level scheme of MgH™ depicting
the lowest relevant rovibrational levels |v, J)y in the X!'37F
electronic potential. States |2/, J')y are coupled with rate con-

stants FZ;J_,/. In the decay rate measurement, a two-step

REMPD process state-selectively dissociates molecules in the
|v=0,J=2)y level via [v =0,J = 1), in the A'2* potential,
and a quantum cascade laser (QCL) couples the |[v = 0,J = 2)y
and |v = 1,J = 1)y levels. Note that the energy scale is discon-
tinuous. (b) Simplified effective decay rate scheme when assum-
ing T03, T0%, < Tgg and T3, Ty < Qocr., where Qo is the

Rabi frequency induced by the QCL (see text for more details).

of time will hence result in a decay rate I'™* from which
the fundamental decay rate I’ (l)j(l) is readily obtained.

REMPD of ions trapped in a Coulomb crystal provides
for a particularly convenient means of measuring state
populations [9]. In the above dynamics, we have not con-
sidered vibrational excitations other than the one driven
by the QCL, since excitations out of the vibrational ground
state will happen at rates much slower than F(l)z(l) (a very
conservative upper bound of the excitation rate due to BBR,
collisions, and off-resonant excitations by the cooling laser
is 0.1 s™!). Theory predicts the rates F(l]j(l), F(l);é to be of the
order 5-10 Hz. To obtain the data needed to extract the F(l)j(l)
decay rate, the following experimental sequence is repeated
for various exposure times of the QCL.

(i) First, *Mg™" ions are loaded into the trap via isotope-
selective two-photon ionization of Mg atoms in an effusive
beam [13,14] [see Fig. 2(a)]. In the first step a 285 nm laser
crosses the atomic beam at right angles, and resonantly
excites the 3s® 1S,-353p ' P, transition of the Mg atom
nearly Doppler-free. The second photon leading to ioniza-
tion is either yet another 285 nm photon or a 280 nm
photon from one of the two counterpropagating laser
beams providing the light for the Doppler cooling of the
Mg ™ ions via the 35 %S, ,,-3p *P; , transition. The 285 nm
ionization beam is applied until a Coulomb crystal
containing typically 5-7 X 10> Mg" ions is produced.
The number of ions in the crystal is determined from
two-dimensional projection images of the crystals result-
ing from recording fluorescence from the Mg™ ions by an
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FIG. 2 (color online). (a) Sketch of the setup: Cryogenic Paul
trap electrodes (yellow), parts of the ~5 K inner and ~35 K
outer shields (gray), laser beams for dissociation (purple), photo-
ionization (lavender), and laser cooling at 280 nm (dark green),
the QCL beam (red), the Mg source (black spheres), and the H,
source (green spheres). (b) Front view of the trap, including
the imaging system consisting of a plano-convex spherical lens
(f =40 mm), and an image intensified CCD (charge-coupled
device) camera (3.2 X magnification) mounted below the trap.
(c) Projection images of Coulomb crystals during an experimen-
tal sequence: I, pure Mg" crystal consisting of 6630(200)
ions (after photoionization loading). II, crystal composed of
1250(100) fluorescing Mg* ions and 5200(200) MgH™ non-
fluorescent ions (after reactions). III, after a pair of REMPD
pulses addressing the P(2) transition of the resonant step was
applied. The dashed-dotted ellipses indicate the outer boundary
of the initial ion Coulomb crystal, while the dotted one indicates
the reduced sized crystal after a set of REMPD pulses have
been applied. All images correspond to a CCD exposure time
of 500 ms.

image-intensified CCD camera. Based on the fact that cold
ions form spheroidal shaped crystals with constant ion
densities, the total number of ions in these rotationally
symmetric crystals can be easily deduced from the ellip-
tical projection images [see Fig. 2(c), I] [14,15].

(i1) Next, the crystal is exposed to an effusive molecular
beam of H, molecules, and MgHJr molecules are formed
through the reaction Mg+(3p2P3/2) + H, —» MgH* + H
[11]. When about 80% of the Mg™ ions in the crystal have
reacted and the MgH™ ions have been sympathetically
cooled to become part of a Coulomb crystal, the H, flux
is interrupted. In spite of this intermittent gas input, an H,
background gas number density well below that equivalent
to a pressure of 10~ !" mbar (at 300 K) is achieved after the
H, flow is stopped. Even though the MgH™" ions cannot
directly be detected through fluorescence measurements,
their abundance can be deduced indirectly by the fluores-
cence from remaining Mg™ ions [11,15] [see Fig. 2(c), IT].

(iii)) After shutting off the H, molecular beam, the
MgH™ ions are left to equilibrate rovibrationally for 4
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minutes before the QCL addressing the |v=0,J =
2)x-lv = 1,J = 1)y transition irradiates them for times
varying from a few ms to a few s. The QCL exposure
time is controlled by a mechanical shutter with a 200 ws
rise time.

(iv) Finally, at the end of the QCL exposure period, the
population in the |v = 0,J = 2)y level is determined by
applying a pair of linearly polarized REMPD laser pulses.
A 281 nm pulse (8.5 uJ, 9 ns, ~0.5 mm? spot size)
resonantly addresses the |[v = 0,J = 2)y-|v = 0,7 = 1)4
transition while an overlapping 266 nm pulse (1.1 mJ, 9 ns,
~0.5 mm? spot size) provides excitation to the dissociative
C'>" potential. Dissociation leads to the loss of an Mg
atom and a proton from the trap, neither being confined by
the trapping potentials. It should be noted that the resonant
P-branch excitation leads only to dissociation of the
M; = {—1,0, 1} substates. In Fig. 2(c), III, the change in
the size of the overall crystal is immediately observed, and
a refined analysis shows that only a fraction of the MgH*
ions have been lost, but no Mg™ ions. Since only a fraction
of the molecules are dissociated (the ones in the
|v = 0,J = 2)y level), steps (iii) and (iv) are repeated until
about half of the originally produced molecular ions are
dissociated before returning to the first step (i). In Fig. 3 the
equilibrium rotational state distribution constructed from
REMPD measurements (for method, see [9]) before the
application of the QCL is presented (inset), together
with a graph showing the refilling dynamics of the
|v = 0,J = 2)y level when initially emptied (main figure).
Already after 1 minute the steady-state distribution has
clearly been reestablished, indicating that the 4-minute
waiting time introduced in the experimental step
(iii) should be more than sufficient. The fitted refilling
rate of 0.088(11) s~! (numbers in brackets indicate one
standard deviation uncertainties) is furthermore sufficiently
slow to ensure that the assumption I‘gé/, Fgﬁ, < F('):(l)
required for the simplified decay governed by Eq. (1) is
valid under our experimental conditions. Refilling dynam-
ics of the lower rotational states are even slower at
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FIG. 3 (color online). Main figure: Refilling dynamics of the
population of the |v = 0,J = 2)y level obtained by measuring
the resonantly dissociated molecular fraction after initial deple-
tion versus time. The red curve represents an exponential fit to
the data with rate 0.088(11) s~!. Inset: Measured equilibrium
rotational state distribution depicted by red bars (1o standard
deviations shown). The black bars display a (36 K) thermal
distribution for comparison.

measured rates of 0.02(1) s™! for the |v =0,/ = 0)y
and 0.04(2) s~! for the |v = 0, J = 1)y state. The devia-
tion from a ~5 K equilibrium rotational state distribution
is due to residual ~35 K and 300 K BBR because of
incomplete shielding, as well as to possible low-rate back-
ground gas collisions. Central to this Letter, however, is the
fact that any residual dynamics are far too slow to play any
role in the determination of the vibrational lifetime, as
shown in Fig. 3 and can be concluded from the stated
measured refilling rates.

The employed QCL operates at the 6215.19 nm wave-
length of the |v = 0,J = 2)x-|lv = 1,J = 1)y transition
[12], and is referenced to an ammonia vapor absorption
cell. The linearly polarized laser beam has ~30 mW power
in an approximately elliptic Gaussian beam profile of
roughly 3.4 X 1.6 mm? (width at 1/e? intensity level) at
the position of the ion crystal. To be sure to always address
the |v =0,J = 2)y-|lv = 1,J = 1)y transition with the
very narrow natural line width of only 277 X 2.5 Hz inde-
pendently of long-term drift of the QCL center wavelength,
this laser’s line width is effectively broadened to 1.5 GHz
(full width at half maximum, FWHM) through current
modulation at 400 kHz. A simple estimate under these
conditions results in an effective Rabi frequency, Q.
of ~1000 Hz, and hence confirms the validity of the
assumption F&;, F(l)j(l) < Q¢ made under the simplified
decay model. Furthermore, with an uncompensated mag-
netic field at the position of the crystal of the order of the
Earth’s magnetic field (~ 0.5 gauss), we expect the Larmor
precession frequencies among the rotational magnetic sub-
states to be of the order of 100 Hz—1 kHz [16], which
secures the last assumption I'gyg > T é:(l) of the simpli-
fied model. Figure 4 shows the measured relative popula-
tion of the |v = 0, J = 2)y level as a function of the time
tocr that the MgH™ ions were exposed to the QCL light.
As expected, equilibration of the population between

Resonantly dissociated fraction (%)

FIG. 4 (color online). Main figure: Relative population of the
|v = 0,J = 2)x level of the MgH™ molecules after application
of the QCL for a time #ycy,. The solid red curve represents an
exponential fit to the data points (black squares). Inset: Close-up
of the data for the first 20 ms, including an exponential fit to this
data selection (blue dotted line).
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magnetic substates occurs rapidly and leads to equal popu-
lation of the substates of the |¥ = 0,J = 2)y and |v =
1, J = 1)y levels (see Fig. 4 inset). After 20 ms, the popu-
lation in the |v = 0, J = 2)y level is reduced to a level of
about 5/8 of the initial level indicating the establishment of
equal population in all the substates. The measured rate for
reaching this equilibrium of 199(69) s~! is in good agree-
ment with that expected from the QCL parameters and the
estimated magnetic field (see above).

After these initial fast dynamics, a slower exponential
decay in the population is observed. The solid curve in
Fig. 4 represents an exponential fit to these data, and yields
a decay rate I'™ of 2.37(0.26) s~!. Using the simple

decay model validated above, the decay rate F(l):(l) can

now be calculated to be I'go=(8/3)I'™ =6.32(0.69)s ™.
Currently, the main uncertainty in the data points arises
from uncertainties in the determination of the exact number
of molecular ions from crystal sizes, the exact fractional
population of the |v = 1, J = 1)y level, nonresonant con-
tribution to the REMPD process, and the dissociation effi-
ciency. One strategy to get around the first point would be to
perform similar experiments but with single molecular ions
[17,18]. In any case, with improved laser stability, decay
rate measurements with an accuracy at the few percent level
should become feasible through the application of this new
technique. A statistical uncertainty at the 1% level, unri-
valed for such long lifetimes, should already be achievable
in a two-day measurement campaign using ion crystals
similar to those described in this Letter. However, our
method is not mature enough to make a detailed projection
of the ultimate resolution because systematic effects at a
level lower than a few percent have not been studied yet.
The decay rate can be calculated from the known
potential energy and dipole moment curves obtained by
electronic structure methods [19]. We have performed a
systematic investigation of the effects of basis sets and
electron correlation on the theoretically predicted decay
rate. Electronic structure calculations were performed [20]
at the CCSD(T) level, where all electrons were correlated,
using the uncontracted versions of the aug-cc-pCVXZ
(X=D,T, Q,5) basis sets [21]. Convergence of the diffuse
functions was achieved using a doubly augmented
cc-pCVQZ basis set. Relativistic effects were estimated
by the DKH2 formalism. Extrapolation to the basis set
limit was achieved using an exponential fit to (T, Q, 5)
data for the Hartree-Fock energy and an L3 fit to (Q, 5)
data for the correlation energy [22]. Convergence of the
CCSD(T) method with respect to increased electron corre-
lation was achieved using the BD(TQ) method with the
aug-pCVDZ and aug-pCVTZ basis sets. Dipole moments
relative to the COM system were calculated by a double
numerical differentiation with respect to an external elec-
tric field of =10™* a.u. Analyses of the convergence of the
theoretical decay rate with respect to the basis set, electron
correlation, and relativistic effects, lead to a best estimate

TABLE I. Experimental and theoretical values for the |v =
1,J = 1)y — |v = 0,J = 0)x decay rate in MgH™.

Theory™"
6.13(0.03) s7!

Theoryb[23]
5.58 57!

Experiment”

6.32(0.69) s~!

“This Letter.
"Calculated dipole moments were used to calculate decay rates
employing the program LEVEL [24].

of 6.13(0.03) s~!. This value is in excellent agreement
with the experimental value, and in fair agreement with a
previous theoretical estimate of 5.58 s™! using a CI
approach with a TZP quality basis set and an effective
core potential for Mg [23] (see Table I).

In summary, we have measured the decay of the
|lv=1,J = 1)y towards the |v=0,J =0)x level in
MgH* by saturated laser excitation of the
v =0,J = 2)y-|lv = 1,J = 1)y transition followed by a
1 + 1 REMPD process which selectively dissociates only
those molecules in the |v = 0, J = 2)y level. The cryo-
genic trap provided a low intensity BBR environment and
ultrahigh vacuum conditions thus yielding experimental
conditions under which simple models can be constructed
and used for analysis. This work describing the measure-
ment of a decay rate on laser-prepared molecular ions
bridges the long-standing gap between such measure-
ments and those on trapped cold neutral molecules
[6-8]. The method can readily be extended to other
molecular ions of particular astrophysical importance
such as CH' [25,26], HD" [27], OH" [28], and NH"
[28] with potential decay rate measurements at a few
percent accuracy level, and hence provides an interesting
alternative to other well-established techniques [29-35].
These ions could be conveniently loaded into the trap by
photoionizing out of effusive atomic beams, after which
they would be quickly crystallized into a prepared laser-
cooled Coulomb crystal, see, e.g., Ref. [36]. The weak
influence of the trapping environment on the molecular
dynamics furthermore indicates that our cryogenic trap
should as well be suited for ultrahigh resolution molecu-
lar spectroscopy with the aim of testing fundamental
physics [37-40], for quantum state preparation and ma-
nipulation of molecular ions [9,27,41,42], and eventually
for studies of ultracold chemistry [43,44].
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and the Danish Natural Science Research Council. The
AU team furthermore appreciates significant support
through the Danish National Research Foundation Center
for Quantum Optics—QUANTOP, The Danish Agency
for Science, Technology and Innovation, the Carlsberg
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