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Abstract We report the observation of the hitherto unde-
tected v′ = 8 ← v = 0 vibrational overtone in trapped HD+
molecular ions, sympathetically cooled by laser-cooled Be+
ions. The overtone is excited using 782 nm laser radiation,
after which HD+ ions in v = 8 are photodissociated by the
313 nm laser used for Be+ cooling. The concomitant loss of
HD+ is detected by the method of secular excitation (Roth
et al. in Phys. Rev. A. 74:040501(R), 2006). We furthermore
present details of the experimental setup, and we show that
results from spectroscopy of v′ = 8 ← v = 0 overtones in
combination with accurate ab initio calculations may yield a
new value for the proton–electron mass ratio with an accu-
racy of order 1 ppb.

1 Introduction

The molecular hydrogen ion (H+
2 ) and its isotopomers

(HD+, D+
2 , HT+, etc.) are the simplest (one-electron)

molecules. As such they are amenable to high-accuracy ab
initio level structure calculations, which currently achieve
0.3 ppb accuracy for rovibrational levels in the electronic
ground state [1]. The inclusion of high-order quantum
electrodynamics (QED) terms in these calculations makes
molecular hydrogen ions an attractive target for experiments
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aimed at tests of QED. With rovibrational-state lifetimes ex-
ceeding 10 ms, it has long been recognized that high res-
olution optical (infrared) spectroscopy should be possible
and could provide accurate experimental input. Several ex-
perimental studies were undertaken [2, 3] or are currently
in progress [4]. Koelemeij et al. achieved an accuracy of
2 ppb on a Doppler-broadened vibrational overtone tran-
sition at 1.4 µm in trapped HD+ molecular ions, sympa-
thetically cooled to 50 mK [3]. For comparison, the highest
accuracy achieved in laser spectroscopy of trapped atomic
ions is ∼1 × 10−17 for Al+ ions sympathetically cooled by
laser-cooled Mg+ ions [5]. It is therefore likely that the ex-
perimental accuracy of 2 ppb, currently being the highest
achieved for molecular hydrogen ions, may be substantially
improved in future experiments.

Accurate results of laser spectroscopy of HD+ are a goal
of interest for the determination of the value of the proton–
electron mass ratio, mp/me , and it has been suggested that
this may be achieved by combining ab initio theoretical re-
sults with results from spectroscopy [2]. The 2010 Commit-
tee on Data for Science and Technology (CODATA) recom-
mended value of mp/me has an accuracy of 0.41 ppb. The
value of mp/me is largely determined by two separate mass
determinations, namely that of the proton relative mass (in
atomic mass units [6, 7]) and the electron relative mass [8].
The resulting 0.41 ppb uncertainty stems primarily from the
determination of the electron relative mass. To improve on
the 2010 CODATA value of mp/me through spectroscopy
of HD+, an accuracy level of about 0.1 ppb for both theory
and experiment is required. We are currently setting up an
experiment aimed at high-resolution laser spectroscopy of
HD+ vibrational overtones at an accuracy of order 0.1 ppb.
In this paper, we report the detection of the hitherto un-
observed v′ = 8 ← v = 0 vibrational overtone in the 1sσg

electronic ground state of HD+. In Sect. 2, we explain how
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this transition may be used to provide experimental input to
a new determination of mp/me , and present several a pri-
ori theoretical considerations relevant to the experiment. In
Sect. 3, we will review the experimental setup and proce-
dure, followed by the presentation of the first spectroscopic
signals observed in this experiment in Sect. 4. In Sect. 5,
we will discuss the potential of this experiment for a new
determination of mp/me .

2 Theory

2.1 Determination of mp/me from vibrational resonances
in HD+

The 1sσg electronic ground state of the molecular hydro-
gen ion supports rovibrational states of nuclear motion. In
the most simplified picture of the HD+ ion in this state,
the two nuclei are separated by twice the Bohr radius, a0,
and harmonically bound to each other through the Coulomb
attraction by the electron located halfway the two nuclei.
It is then readily shown that vibrational states have an en-
ergy of order hcR∞

√
me/μ(v +1/2), with v the vibrational

quantum number, while the rotational energy is of order
hcR∞(me/μ)J (J + 1) for rotational angular momentum J .
Here, R∞ equals the Rydberg constant, μ is the HD+ re-
duced nuclear mass, me denotes the electron mass, h stands
for Planck’s constant, and c is the speed of light. Rotational
and vibrational level spacings can be accurately determined
by laser spectroscopy, and the value of me/μ may be de-
termined by combining spectroscopic results with accurate
theoretical calculations. Details about how this may be done
are postponed to Sect. 5.

2.2 Energy levels, wavefunctions, and electric dipole
moments

Several high-accuracy calculations of the HD+ level struc-
ture and properties have recently been published; see, for
instance, [1, 9] and references therein. However, in many of
the available theoretical papers no numerical results are pre-
sented for (v = 8, J ) rovibrational states. Since knowledge
of the properties of (v = 8, J ) and other relevant states is
required for the design of the experiment, we followed a rel-
atively simple approach to obtain rovibrational energy lev-
els and wavefunctions, electric dipole moments, photodis-
sociation cross-sections and sensitivity coefficients with re-
spect to proton/electron or deuteron/proton mass variation.
In principle, our approach works for any state (v,J ), except
for high-lying states close to the dissociation limit, which
are very susceptible to the details and inaccuracy of the
model used here.

Figure 1 shows a partial energy level diagram of the HD+
molecular ion including the electronic ground-state poten-
tial, 1sσg , and the first electronically excited potential, 2pσu.
Note that in HD+ the g/u symmetry quantum labels are only
approximately good quantum labels as the nonidentical nu-
clei introduce g/u symmetry breaking at large internuclear
range. Furthermore, HD+ is an open-shell molecule, which
implies that a multitude of spin couplings exist involving
the electron spin, proton spin, deuteron spin and electric
quadrupole moment, and the molecular rotation. These cou-
plings lead to hyperfine level splittings up to 1 GHz and have
been evaluated theoretically with high accuracy [10, 11], but
will not be considered in detail here. The potential energy
curves shown in Fig. 1 are interpolations of data published
by Esry and Sadeghpour, who presented the potential energy
as the sum of a nonrelativistic, fully adiabatic curve, and a
diagonal nonadiabatic correction [12]. We use these curves
to obtain radial wavefunctions of nuclear motion, χvJ (R),
by numerical solution of the radial Schrödinger equation in-
cluding the centrifugal term due to the molecular rotation:

− �
2

2μ

d2

dR2
χvJ (R) +

[
Vi(R) + �

2J (J + 1)

2μR2

]
χvJ (R)

= EvJ χvJ (R). (1)

Here, R is the internuclear separation, and Ev,J is the rovi-
brational energy. The functions Vi(R) (with i = 1,2) are
the potential energy curves of the 1sσg and 2pσu states,
respectively, shown in Fig. 1. Dipole moment functions
D1(R) and D12(R) used here are taken also from [12], and
correspond to the permanent dipole moment of the 1sσg

state and the transition dipole moment for electronic tran-
sitions between 1sσg and 2pσu, respectively. D1(R) may be
used to estimate transition rates achievable in rovibrational
spectroscopy, whereas D12 is useful for computing cross-
sections for the photodissociation occurring in 2pσu ← 1sσg

transitions.

2.2.1 Rovibrational line strengths

Vibrational overtones are generally weak transitions, and
when designing an experiment for overtone spectroscopy
it is essential to have information on their line strengths.
We compute line strengths and Einstein coefficients as fol-
lows. Ignoring the spins of the proton, deuteron and elec-
tron, and noting that the 1sσg state has zero orbital angular
momentum projection onto the internuclear axis (Λ = 0),
we express the dipole transition matrix element between two
states with quantum numbers (v, J,M) and (v′, J ′,M ′) as
follows [13]:

|Dvv′JJ ′MM ′q |2 = ∣∣〈JMD∗−q0(ωE)J ′M ′〉∣∣2
μ2

vv′JJ ′
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Fig. 1 Potential energy curves of the 1sσg and 2pσu electronic states.
Indicated energy values are binding energies of the molecule (in
atomic units). Shown also are radial nuclear (vibrational) wavefunc-
tions χv(R) for v = 0 and v = 8, as well as one dissociating nuclear
wavefunction in the 2pσu state. The red arrow indicates the 782 nm
overtone transition of interest here, and the green arrow represents pho-
todissociation by a 532 nm photon

= (2J + 1)(2J ′ + 1)

(
J 1 J ′
0 0 0

)2

×
(

J 1 J ′
−M −q M ′

)2

μ2
vv′JJ ′ , (2)

with

μ2
vv′JJ ′ =

∣∣∣∣
∫ ∞

0
χv′J ′(R)D1(R)χvJ (R)dR

∣∣∣∣
2

. (3)

Here, (v, J,M) and (v′, J ′,M ′) are the quantum numbers
of the lower and upper states, respectively, and we assume
that the states (v, J ) are degenerate in the magnetic quan-
tum number M (corresponding to the projection of J on
the space-fixed z-axis). The dipole matrix element μvv′JJ ′
is a vector oriented along the internuclear axis of the HD+
molecule. Therefore, in order to evaluate the matrix ele-
ments, μvv′JJ ′ needs to be transformed from the molecule-
fixed to the space-fixed frame by rotation about the set of
Euler angles ωE, which is implemented through the rotation
operator D∗−q0(ωE) in the first factor in (2). In arriving at the
second line of (2), we use the fact the projection of J on the
internuclear axis is zero. The index q = −1,0,1 labels the
three components of the dipole operator (with respect to the
space-fixed frame) in spherical tensor notation.

The squared matrix elements μ2
vv′JJ ′ are readily evalu-

ated using the numerical expressions for wavefunctions and
dipole moment functions introduced above. We can now cal-
culate the line strength, Svv′JJ ′ , which evaluates to [14]

Svv′JJ ′ =
∑

M,M ′,q
|Dvv′JJ ′MM ′q |2

= max(J, J ′)μ2
vv′JJ ′ . (4)

From the line strength, Einstein coefficients for spontaneous
emission, absorption, and stimulated emission (Avv′JJ ′ ,

Bvv′JJ ′ and Bvv′JJ ′ , respectively) may be obtained using
the relations [14]

Avv′JJ ′ = 2ω3
vv′JJ ′

3ε0hc3

Svv′JJ ′

2J ′ + 1
, (5)

Bvv′JJ ′ = π2c3

�ω3
vv′JJ ′

Avv′JJ ′ , (6)

Bvv′JJ ′ = 2J ′ + 1

2J + 1
Bvv′JJ ′ . (7)

These expressions have been used to obtain spontaneous
lifetimes and overtone excitation rates, and the relative accu-
racy of the matrix elements μvv′JJ ′ is believed to be better
than 10−3 [15]. This is verified here by comparing the matrix
elements with those presented by Bakalov et al. for transi-
tions v′ ← v with v′, v ranging from 0 to 4 [16], as well as
with those given by Colbourn and Bunker [17]. The results
of Bakalov et al. are based on high-accuracy nonrelativistic
variational wavefunctions of HD+, and may be considered
to be exact. The values presented by Colbourn and Bunker
are based on a Born–Oppenheimer description which does
not take g/u symmetry breaking into account, in contrast
to the approach presented here. To compare these results,
matrix elements for (v′ = 1, J ′ = 3) ← (v = 0, J = 2) and
(v′ = 4, J ′ = 3) ← (v = 0, J = 2) are listed in Table 1.
The agreement of the values calculated here with those of
Bakalov et al. is excellent and well within the specified in-
accuracy of the former. The values of Colbourn and Bunker,
however, differ at the level of 3 × 10−3. This has been at-
tributed to the fact that Colbourn and Bunker did not take
g/u symmetry breaking into account [15].

2.2.2 Photodissociation cross-sections

In previous HD+ spectroscopy experiments, (1 + 1′) reso-
nance-enhanced multiphoton dissociation (REMPD) was
used to detect rovibrational transitions [3, 18]. In this
scheme, the first photon induces the rovibrational excitation
within 1sσg , whereas the second photon induces an elec-
tronic transition to the continuum of dissociating states in
the repulsive part of the 2pσu potential. As we are inter-
ested in detecting the hitherto unobserved v′ = 8 ← v = 0
overtone by (1 + 1′) REMPD, it is mandatory to obtain pho-
todissociation (PD) cross-sections as a function of photon
energy in order to find a suitable wavelength for the second
photon. PD cross-sections may be obtained following the
approach by Dunn, who treated the case of H+

2 and D+
2 in the

Born–Oppenheimer approximation [19]. The same strategy
was employed by Tadjeddine and Parlant, who calculated
PD cross-sections also for HD+ [20]. Here we follow the
same procedure1 for HD+, but using the wavefunctions ob-

1Since this strategy takes g/u symmetry breaking into account, the
results may be expected to be more accurate. However, a thorough as-
sessment of the accuracy is beyond the scope of this work.
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Fig. 2 (a) PD cross-sections for
various vibrational states v

versus the wavelength, λ, of the
dissociating photon. For all
curves the rotational quantum
number J = 2. The
cross-sections are strongly
modulated by Franck–Condon
oscillations. Inset:
cross-sections for various
vibrational states by photons of
wavelength 313 nm (crosses)
and 532 nm (circles). (b) PD
cross-sections for v = 8 and
various J

Table 1 Matrix elements μvv′JJ ′ for various rovibrational transitions (v′, J ′ = 3) ← (v = 0, J = 2) in units of Debye. Here the notation [n]
stands for ×10n. The results of Bakalov et al. shown here were converted from their original form using (4)

v′ = 1 v′ = 4 v′ = 8

Colbourn & Bunker [17] 7.799[−2] −7.6[−4]
Bakalov et al. [16] 7.8191[−2] −7.6314[−4]
This work 7.820[−2] −7.636[−4] 2.808[−5]

tained from (1) and the electronic transition dipole moment
D12(R). Following Dunn, the PD cross-section (in m2) may
be approximated as

σvJ (E) = 4πε0h

3mec

√
μHD+

μH+
2

E√
Ef

×
∣∣∣∣
∫ ∞

0
χEf J ′(R)D12(R)χvJ (R)dR

∣∣∣∣
2

. (8)

Here, E equals the photon energy, and Ef is the kinetic en-
ergy of the dissociation products above the 2pσu dissocia-
tion limit. Following Dunn’s convention, all energies in (8)
are expressed in Rydbergs, while the dipole matrix element
is expressed in atomic units. We ignore PD due to transi-
tions to continuum states within 1sσg , mediated by the per-
manent nuclear electric dipole moment, which we estimate
to contribute to the cross-section only below the 10−3 level.
Figure 2(a) displays PD cross-sections versus photon wave-
length for the range of vibrational states v = 4–8, whereas
Fig. 2(b) illustrates the variation of PD cross-sections with
the molecular rotation. We verified the validity of our calcu-
lations by comparing with experimental and theoretical re-
sults for HD+ [20, 21], as well as by re-evaluating the case

of H+
2 and comparing the results with those by Dunn [19]

and Kilic [22].

3 Experimental approach

With the experimental setup described previously in [3],
spectroscopy of a v′ = 4 ← v = 0 overtone at 1.4 µm was
demonstrated with an accuracy of 2 ppb, limited by signal-
to-noise and Doppler broadening due to residual motion of
the trapped HD+ molecular ions, which were sympatheti-
cally cooled by laser-cooled Be+ ions. In the experimen-
tal setup presented here, the same methods for trapping and
cooling HD+ are used. We nonetheless believe that with our
setup detrimental effects of signal noise and Doppler broad-
ening may be reduced substantially so as to improve the ac-
curacy to 0.5 ppb for a single rovibrational line (Sect. 5).

3.1 Laser systems

3.1.1 Preliminary considerations

Moss tabulated theoretical HD+ rovibrational level energies
with an accuracy <0.001 cm−1 [23]. From these tables, we
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find that the (v′ = 8, J ′) ← (v = 0, J ) overtones require
excitation wavelengths in the range 782–807 nm for J =
0,1, . . . ,5 and J ′ − J = ±1. This wavelength range is cov-
ered by commercially available continuous-wave (CW) tita-
nium:sapphire (Ti:S) lasers. However, the v′ = 8 ← v = 0
overtones are expected to be very weak, and one may ques-
tion whether the irradiance obtainable with such a laser sys-
tem is sufficient to achieve an appreciable transition rate.
Here it is useful to make an comparison with the exper-
imental setup for spectroscopy of the (v′ = 4, J ′ = 3) ←
(v = 0, J = 2) overtone described by Koelemeij et al., who
focused 170 µW of laser power at 1.4 µm to a beam waist
(or spot size) of 200 µm, and achieved sufficiently strong
signals after 6 s of REMPD [3]. From (7) we obtain Einstein
coefficients Bvv′JJ ′ for v′ = 8 ← v = 0 overtones which are
smaller than those for (v′ = 4, J ′ = 3) ← (v = 0, J = 2)

by a factor of 400–1000. Thus we conclude that ∼200 mW
of power focused to 200 µm spot size should suffice, which
may be readily achieved using a Ti:S laser. The excitation
rate may also be readily estimated using (7), taking Doppler
broadening and the linewidth of the excitation laser (rela-
tive to the linewidth of the rovibrational transition) into ac-
count. For HD+ ions at 10 mK, we find an excitation rate
for v′ = 8 ← v = 0 of 35 s−1, given a laser linewidth of
100 kHz.

Another remaining open question is which laser wave-
length and irradiance must be used for PD of the v = 8 state.
Koelemeij et al. used 1 mW of 266 nm laser radiation, fo-
cused to 100 µm spot size, to efficiently dissociate v = 4.
From the curves shown in Fig. 2(a) it can be seen that the
corresponding PD cross-section is 0.9 × 10−17 cm2. From
the curve for PD of v = 8 it is seen the cross-section for
532 nm radiation is slightly larger. 1 mW of 532 nm may
be obtained by picking off a small amount of power from
the 532 nm laser used to pump the Ti:S laser system men-
tioned above. From the same PD curve it is also seen that the
cross-section for PD at 313 nm is about three times smaller,
so some PD may be expected to occur due to the 313 nm
laser used for Be+ cooling. Moreover, HD+ ions which de-
cay by spontaneous emission are likely to decay stepwise
into states with v = 5,6,7, rather than relaxing directly to
v = 0. The inset of Fig. 2(a) shows that of these states, the
v = 5,6 states have a large PD cross-section at 313 nm. As
a consequence, HD+ ions which spontaneously decay from
v = 8 before PD occurs may still be dissociated while tran-
siting through the v = 5,6 states. The 313 nm laser system
detailed in Sect. 3.1.2 can provide enough power for effi-
cient PD, and to simplify the detection scheme we choose
to use the 313 nm cooling laser for PD rather than send-
ing an additional 532 nm laser through the ion trap appara-
tus.

3.1.2 UV laser system for Be+ cooling and PD

A schematic layout of the 313 nm laser for Be+ cooling is
depicted in Fig. 3. A commercial CW ring dye (Sulforho-
damine B) laser oscillates at a single mode at 626 nm. About
0.6 W of output power is coupled into a single-mode optical
fiber. After transmission by the fiber, the output laser beam
is coupled into a bow-tie-shaped optical enhancement cavity
housing a Brewster-cut beta barium borate (BBO) crystal.
The enhancement cavity is kept resonant with the 626 nm
laser frequency using the Hänsch–Couillaud scheme [24] in
combination with negative feedback onto a piezo-mounted
cavity mirror. In the BBO crystal, second-harmonic genera-
tion of 313 nm occurs, and the 313 nm radiation is coupled
out of the enhancement cavity by the first cavity mirror it en-
counters, which is antireflection coated for 313 nm. In this
way, up to 20 mW of 313 nm radiation is produced.

For laser cooling and detection of Be+ the absolute wave-
length of the 313 nm laser has to be tunable within a ∼1 GHz
range with respect to the Be+ 2P3/2(F = 3) ← 2S1/2(F =
2) transition. To achieve absolute frequency stability, we
pick off a small part of the dye laser output, and send it
to a Fabry–Pérot cavity (FP1) having a free spectral range
(δFSR1) of 149 MHz. The length of FP1 is controlled by a
piezo-mounted mirror and stabilized to the wavelength of
a helium–neon (HeNe) laser, which has a long-term abso-
lute frequency stability of 1 MHz. An error signal for the
servo loop (servo 1) is produced by modulating the length
of FP1 in combination with synchronous demodulation of
the output signal of a photodiode which measures the HeNe
laser power transmitted by FP1. In the same way, the dye
laser wavelength is stabilized to the length of FP1 through a
servo loop (servo 2) with ∼0.1 s time constant. Orthogonal
polarizations and polarizing beam splitter cubes are used to
combine and separate the HeNe and dye laser beams run-
ning through FP1. In this configuration, FP1 acts as a trans-
fer cavity to transfer the long-term frequency stability of the
HeNe laser to the dye laser. To achieve tunability of the dye
laser also in between the modes of FP1, we use a double-
pass acousto-optic modulator (AOM) setup [25] in between
the dye laser output and FP1 (Fig. 3). Thus, the frequency
of the doubly-diffracted beam can be shifted continuously
within the range ΔAOM = ±100 MHz, which exceeds δFSR1.
Figure 3 explicitly shows the relationships between the var-
ious laser frequencies. A commercial wavelength meter is
used to measure the dye-laser wavelength in order to lock
the dye-laser frequency to the FP1 mode closest to the first
subharmonic of the Be+ 2P3/2(F = 3) ← 2S1/2(F = 2)

transition at 313 nm. It should be noted that the 200 MHz
tuning range of the AOM translates to 400 MHz tuning range
at 313 nm. Quasi-continuous tuning of the 313 nm frequency
beyond the AOM tuning range is accomplished by relock-
ing the double-passed output of the AOM to adjacent cavity
modes of FP1.
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Fig. 3 Simplified schematic of the 313 nm laser setup used for
Be+ cooling and PD of HD+. The setup involves a ring dye laser
and a wavelength-stabilized helium–neon (HeNe) laser. The various
acronyms denote the following components: DP AOM, double-pass
acousto-optic modulator; PBS, polarizing beam splitter; FP1, Fab-
ry–Pérot cavity; PD, photodiode; λ meter, wavelength meter; SHG,
enhancement cavity for second-harmonic generation. The label m1 at-
tains integer values only. The HeNe and ring dye laser beams are over-
lapped before being coupled into FP1, but are drawn separately here
for clarity. See Sect. 3.1.2 for details

3.1.3 Near-infrared laser system for HD+ spectroscopy

In Sect. 3.1, it was argued that a Ti:S laser is ideally suited
for excitation of v′ = 8 ← v = 0 vibrational overtones in
HD+ as it offers high output power and a wide tuning range.
Similar to the spectral line recorded by Koelemeij et al.,
we expect each overtone to consist of many hyperfine com-
ponents covering ∼150 MHz, with each hyperfine compo-
nent being Doppler broadened to 10–20 MHz [3]. Therefore,
with its sub-100 kHz linewidth, the Ti:S laser is sufficiently
narrow to probe overtones without introducing additional
broadening. Furthermore, a femtosecond frequency comb
laser referenced to an accurate atomic clock can be used to
control the absolute frequency of the Ti:S laser through an
offset lock, and simultaneously measure the Ti:S frequency
as done in [3]. However, a large part of the experimental
work will not require the absolute frequency accuracy of the
frequency comb; in such cases, it is sufficient if the Ti:S laser
frequency is stable and tunable in a reproducible manner,
without precise knowledge of its absolute frequency. To op-
erate the setup independent of the frequency comb we have
set up the system depicted in Fig. 4. A first diode laser (DL1)
is locked to a hyperfine component of the Rb D1 line at
795 nm using saturated absorption spectroscopy (servo 3 in
Fig. 4). Part of the output beam of DL1 is overlapped with
part of the output beam of a second diode laser (DL2) at
795 nm, after which both are focused onto a fast photodi-
ode to obtain the RF beatnote between DL1 and DL2. The
beatnote signal is mixed with the RF output of a voltage-
controlled oscillator (VCO, not shown in Fig. 4) using a
double-balanced mixer. The difference frequency is subse-
quently converted to a voltage using a coax cable based

Fig. 4 Simplified schematic of the 782 nm laser setup used for exci-
tation of the (v′ = 8, J ′ = 3) ← (v = 0, J = 2) vibrational overtone in
HD+. The setup involves one titanium:sapphire (Ti:S) laser and two
diode lasers (DL1 and DL2). The various acronyms denote the follow-
ing components: PBS, polarizing beam splitter; Rb SA, rubidium-va-
por saturated absorption spectroscopy setup; FP2, Fabry–Pérot cavity;
PD (PDj ), photodiode (for laser j ); FPD, fast photodiode; BN, beat
note between DL1 and DL2 recorded by FPD. The label m2 attains in-
teger values only. The beams of DL2 and the Ti:S laser are overlapped
before being coupled into FP2, but are drawn separately here for clar-
ity. See Sect. 3.1.3 for details

Mach–Zehnder interferometer with a differential propaga-
tion delay time between the two arms of τ ≈ 4 ns [26]. The
output voltage is subsequently amplified and integrated, and
used to provide negative feedback to DL2. The effect of
this arrangement (summarized as ‘servo loop 4’ in Fig. 4)
is to stabilize the difference between the beatnote frequency,
ΔBN, and the frequency of the VCO, ΔVCO, according to
the relation [26]

(2πΔBN)τ = (2πΔVCO)τ + π

2
mod 2π. (9)

Thus, by adjusting ΔVCO the frequency of DL2 is adjusted
relative to DL1 and, therefore, relative to the Rb D1 line.
The VCO used here has a tuning range of 400–1300 MHz.
Figure 4 explicitly shows the relationships between the var-
ious laser frequencies.

The remaining part of the output of DL2 is sent to an FP
cavity (FP2) built inside the Ti:S laser enclosure, which has
a free spectral range δFSR2 = 0.75 GHz. The length of FP2
can be varied using a piezo-mounted cavity mirror. Although
the primary purpose of FP2 is to reduce the frequency drift
and the linewidth of the free-running Ti:S laser by locking
to the side of a fringe of FP2, we use FP2 also as a trans-
fer cavity as follows. Employing orthogonal polarizations,
we combine (using a polarizing beam splitter cube) the laser
beam from DL2 with a beam picked off the main Ti:S out-
put by a beamsplitter, and subsequently couple both into FP2
while separating the two reflected polarizations for individ-
ual analysis. Both reflections are used for side-of-the-fringe
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locks: the reflection of the Ti:S beam is used to stabilize the
Ti:S wavelength to the length of FP2 (servo 6), whereas the
reflection of DL2 is used to lock the length of FP2 to the
wavelength of DL2 via the piezo-mounted mirror (servo 5).
Servo 5 is relatively slow (∼0.1 s time constant) to prevent
any fast frequency fluctuations of DL1, DL2, or the VCO of
being transferred to the Ti:S frequency. We use a wavelength
meter to find the mode of FP2 closest to the v′ = 8 ← v = 0
line of interest before locking the Ti:S to it. Then, with all
servo loops closed, we can adjust the Ti:S frequency con-
tinuously and reproducibly (with respect to the frequency
of DL1) over several hundreds of MHz simply by varying
ΔVCO. About 400 mW of Ti:S output power is focused to
a 150 µm spot size, and overlapped with the 313 nm laser
beam inside the ion trap (Sect. 3.2).

3.2 Ion trap apparatus and ion detection

We have set up an ion trap apparatus for confinement and
laser cooling of several thousands of Be+ ions. An ultra-
high vacuum chamber (background vapor pressure 1 ×
10−8 Pa) houses a linear radiofrequency (RF) trap consist-
ing of four parallel molybdenum cylindrical rods of 4 mm
radius and 60 mm length. Two diagonally opposing rods
are segmented into 12 mm long parts, and capacitively cou-
pled to RF ground. The other two rods are connected to the
same phase of a high (∼250 V amplitude) voltage source
at 13.3 MHz. The resulting RF field leads to ponderomotive
confinement of ions in the radial direction. In the axial di-
rection, confinement is achieved by a static positive voltage
of 2–4 V applied to two pairs of diagonally opposing seg-
mented electrodes (the endcap electrodes). In between each
pair of endcap electrodes one segment (the center electrode)
is kept at ≈0 V with respect to ground. The electrode cir-
cuitry is arranged such that the DC potentials of all elec-
trodes can be individually adjusted. DC potentials are de-
rived from an analog output board in the computer used to
control the experiment. Home-built computer control soft-
ware allows switching between individual adjustments of
electrode voltages and adjustments of the various multipole
terms of the trap’s DC potential, which facilitates the com-
pensation of electric fields due to charging of parts nearby
the ions (see below). For the above trap parameters, a single-
ion radial secular frequency of about 290 kHz is achieved for
Be+.

Be+ ions are loaded into the trap by in situ electron
impact ionization of neutral Be atoms, produced by an ef-
fusive atom source. Laser cooling of trapped Be+ on the
2P3/2(F = 3) ← 2S1/2(F = 2) transition (natural linewidth
2π × 19.6 MHz) is accomplished using the 313 nm laser
system described in Sect. 3.1.2. The 313 nm laser beam
is directed along the trap’s symmetry axis, parallel to the
quantization axis defined by a 0.3 mT static magnetic field.

As a consequence, the circularly polarized laser induces pri-
marily σ+ transitions so that unwanted optical pumping and
spontaneous emission into 2S1/2(F = 1) are minimized. The
313 nm beam waist is located at the position of the ions
and amounts to 0.15 mm. Fluorescence photons emitted by
Be+ during laser cooling are collected by two independent
sets of imaging optics with optical axes perpendicular to
the trap axis. One optical system focuses the fluorescence
onto a photomultiplier tube (PMT), whereas the second op-
tical system images the laser-cooled ions onto an electron-
multiplying charge-coupled device (EMCCD) camera. Im-
ages by the EMCCD camera reveal the presence and forma-
tion of Coulomb crystals. The resolution of the images is
high enough to determine the spread of the individual ion
images, which is directly related to the temperature of the
secular motion. Comparing EMCCD images with the spread
seen in artificial ion images at known temperature, produced
by home-written molecular dynamics (MD) simulations, al-
lows to determine the temperature of the Be+ ions [27]. By
comparing EMCCD images with MD images, also the ion
number can be determined.

Stray electric fields are present in the trap, and the re-
quired DC compensation voltages range between 0 V and
±0.25 V, strongly depending on the fraction of the 20 µA
filament emission current (used for loading of ions) that is
collected by the electrode in question. Apparently, not all
electrons are dissipated to ground through the DC voltage
sources, and some electrons remain trapped on dielectric
(oxide) layers on the electrode surfaces. Proper compensa-
tion voltages are found as follows. The ponderomotive con-
finement is modulated through the trap RF voltage, which
leads to a synchronous modulation of the radial displace-
ment of the Be+ ions with respect to the 313 nm cool-
ing laser beam if radially directed stray electric fields are
present. By adjustment of electrode compensation voltages
the displacement can be minimized. On time scales varying
from one hour (during an experiment) to days (from exper-
iment to experiment), the required compensation voltages
typically fluctuate by 5%.

In our trap apparatus, we routinely produce Coulomb
crystals containing over 3 × 103 Be+ ions at temperatures
(of secular motion) down to 5 mK. HD+ molecular ions
are loaded by in situ electron-impact ionization of neutral
HD molecules in a background vapor (5 × 10−9 Pa partial
pressure), created by introducing a small amount of HD gas
to the vacuum chamber through a precision leak valve. The
leak valve is motorized and computer controlled to improve
the reproducibility of the loaded number of HD+ ions. Elec-
tron impact ionization renders HD+ ions in excited vibra-
tional and rotational states. However, the molecule’s per-
manent dipole moment facilitates spontaneous relaxation
to v = 0, after which interaction with the ambient room-
temperature blackbody radiation (BBR) field leads to a ther-
mal distribution of population in the J = 0–5 rotational
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states [28]. Using (7), we obtain vibrationally excited state
lifetimes of 12–55 ms, and therefore vibrational relaxation
should take place within less than one second.

The secular motion of the HD+ ions is sympathetically
cooled to a temperature similar to that of the Be+ ions [29].
Because of their larger charge-to-mass ratio, HD+ ions ac-
cumulate near the trap axis, which manifests itself as a dark
core appearing inside the Be+ Coulomb crystal [29]. A mea-
sure of the number of HD+ ions can be obtained by excita-
tion of the HD+ secular motion using an external RF electric
field, resonant with the radial center-of-mass (COM) motion
of the HD+ ions. In our setup, we apply this field by adding
a suited RF voltage to one of the center electrode potentials.
For red detunings much larger than the natural linewidth of
the 313 nm cooling transition, the motionally driven HD+
ions heat the surrounding Be+ ions, leading to increased
interaction with the 313 nm cooling laser and therefore to
increased fluorescence levels [29]. Sweeping the frequency
of the RF driving field across the secular COM-mode fre-
quency results into a resonance visible in the 313 nm flu-
orescence, with a peak height proportional to the number
of trapped ions (see Fig. 5). Furthermore, with this method
of detection by secular excitation, COM mode frequencies
of unknown trapped species can be determined which al-
lows to identify trapped molecular ions by their charge-
to-mass ratio [29]. Besides Be+ (mass 9 amu) and HD+
(mass 3 amu) we have observed trapped and sympathetically
cooled species with mass 2 amu (H+

2 and D+), mass 3 amu
(H+

3 ), mass 4 amu (H2D+), and mass 10 amu (BeH+).

3.3 Laser excitation of the
(v′ = 8, J ′ = 3) ← (v = 0, J = 2) overtone and
detection by secular excitation

We employ the following procedure to observe the (v′ = 8,

J ′ = 3) ← (v = 0, J = 2) overtone in HD+. First, we load
2 × 103 Be+ ions into the trap while laser cooling with
10 mW of 313 nm power in a 0.15 mm spot size and
∼250 MHz red detuning. This relatively large irradiance is
chosen to ensure efficient PD of HD+ in v = 8. Note that at
this stage the 782 nm laser had already been tuned close to
the transition wavelength predicted by Moss [23], and that
the 782 nm beam is still blocked by a mechanical shutter.
Next, 2 × 102 HD+ ions are added to the Be+ sample. Dur-
ing loading of HD+, some of the neutral HD molecules react
with Be+ ions in the 2P3/2 state to produce BeH+ or BeD+.
These ions are expelled from the trap by temporarily apply-
ing a DC quadrupole deformation of the trap potential [30].

During the next 4 s, we sweep the frequency of the RF
field used for secular excitation across the HD+ COM mo-
tional resonance near 830 kHz while recording the PMT flu-
orescence signal. During this period the HD+ internal de-
grees of freedom are supposed to thermalize with the ambi-
ent 300 K BBR field. Next, we set the VCO of the 782 nm

Fig. 5 (a) 313 nm fluorescence traces recorded using the PMT while
sweeping the frequency of an RF electric field used for exciting the
secular motion of the HD+ ions. Sweep direction is towards higher
frequencies. The raw signal data were smoothed using an exponen-
tial moving average to remove high-frequency electronic noise. The
peak height of the resonance in the PMT signal roughly corresponds
to the number of trapped HD+ ions. The upper curve was taken
in the course of 4 s before probing the ions with both the 782 nm
and 313 nm lasers for 10 s; the lower curve was taken in 4 s im-
mediately afterwards. The 782 nm was tuned to resonance with the
(v′ = 8, J ′ = 3) ← (v = 0, J = 2) overtone transition, and the loss
of ∼50% of the initial number of HD+ ions is almost entirely due to
REMPD. (b) Same as in (a), but now with the 782 nm tuned away
from resonance by 100 MHz. The loss of ∼10% of the initial number
of HD+ ions is consistent with the expected losses due to chemical re-
actions of HD+ with background-vapor constituents [18]. See Sect. 4
for details

laser system to the desired frequency and open the 782 nm
shutter for 10 s. To increase the total number of photodis-
sociated HD+ ions (and thus the signal-to-noise ratio) we
Doppler-broaden the line by tuning the 313 nm laser closer
to resonance (∼−50 MHz) just before opening the shutter,
thereby heating both the Be+ and HD+ to 0.1 K (as judged
from the comparison of EMCCD images with MD simu-
lations). At this temperature, the hyperfine structure is no
longer well resolved, and the 782 nm laser will therefore ad-
dress most HD+ ions in the (v = 0, J = 2) state, irrespective
of their hyperfine state. The resulting enhancement of the
signal-to-noise ratio was useful during the initial search for
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the (v′ = 8, J ′ = 3) ← (v = 0, J = 2) transition. After the
10 s period of REMPD we close the 782 nm shutter, tune the
313 nm laser back to 250 MHz red detuning, and consecu-
tively record the 313 nm fluorescence level while applying a
second 4 s secular excitation sweep.

4 Results and discussion

Figure 5 shows traces of the 313 nm fluorescence signal
versus HD+ secular excitation frequency. In Fig. 5(a), the
Ti:S laser frequency was tuned to the center of the (v′ = 8,

J ′ = 3) ← (v = 0, J = 2) line. The transition frequency as
deduced from the wavelength meter agrees with that calcu-
lated by Moss within the 0.2 ppm accuracy achievable at
this preliminary stage of the experiment. From the height
difference between the two resonances we estimate that
about 50% of the HD+ were lost during the 10 s period
of REMPD. Part of this loss may be induced by collisions
of HD+ with neutral HD and H2 molecules in the back-
ground vapor, which lead to the formation of trihydrogen
molecular ions. To distinguish this effect from the losses
due to REMPD, we detuned the Ti:S by 100 MHz and re-
peated the measurement (Fig. 5(b)). In this case, a smaller
HD+ loss of about 10% was observed, which is consistent
with the background losses seen under similar conditions in
other experiments [18]. The same loss was also observed
with the 782 nm tuned away from resonance by much more
than 100 MHz, on either side of the resonance. The results
shown in Fig. 5 are reproducible and evidence excitation of
the (v′ = 8, J ′ = 3) ← (v = 0, J = 2) resonance and subse-
quent PD by 313 nm. Reducing the 313 nm power to 70 µW
greatly reduced the temperature achieved by laser cooling,
but in this case the power was too low to induce observ-
able REMPD losses. Therefore, in the next phase of the ex-
periment we plan on inducing PD by a third laser beam at
532 nm, so that spectra can be taken at low temperatures
and, consequently, with minimum Doppler broadening.

The question arises whether the large irradiance required
for excitation of the v′ = 8 ← v = 0 overtone could possibly
induce appreciable PD or dynamic Stark shifts. We found no
evidence for PD by 782 nm, which was tested by reducing
the 313 nm power to 70 µW as described above. With the
aid of (8) we find that the v = 8 cross-section for PD by
782 nm is about 6 × 10−21 cm2. For the 782 nm irradiance
levels used in our experiment, the PD-limited lifetime of
v = 8 molecules is 35 ms, which is considerably longer
than the 12 ms spontaneous lifetime. This explains why no
(1 + 1) REMPD by 782 nm alone is observed.

The 782 nm laser beam will nevertheless induce a dy-
namic Stark shift of v = 8 due to off-resonant coupling to
the 2pσu dissociation continuum. To estimate the size of this

effect, we use the following expression to obtain the shift (in
Hz) [31]:

ΔvJ (E) = 1

2πE
PV

∫ ∞

0

σvJ (E′)
E − E′ dE′. (10)

Here, PV denotes the Cauchy principal value, and σvJ (E)

is defined by (8). We emphasize that this expression can
only provide an order-of-magnitude estimate of the dynamic
Stark shift since the cross-sections σvJ (E) are averages over
magnetic substates M [19], whereas dynamic Stark shifts
should be evaluated for individual (v, J,M) states. Using
(10), we obtain a negative shift to the v = 8 energy level
of order −10 kHz. Relative to the transition frequency, this
shift contributes at the level of 3 × 10−11, i.e., far below the
target accuracy of the present experiment.

5 Outlook

In the experiment described in [3], the center frequency of
the (v′ = 4, J ′ = 3) ← (v = 0, J = 0) spectrum, which was
Doppler-broadened to a linewidth ∼50 MHz, was deter-
mined with an instrument resolution of 0.45 MHz. The ob-
served Doppler broadening was attributed to the relatively
high (50 mK) temperature of the HD+ ions as well as to
excess micromotion at the trap RF frequency. The present
experiment is designed for lower temperature and reduced
micromotion amplitudes, and we expect that spectroscopy
of v′ = 8 ← v = 0 overtones at 782 nm may be done with
0.2 MHz resolution, or 0.5 ppb. The analysis of systematic
shifts to the (v′ = 4, J ′ = 3) ← (v = 0, J = 2) transition
in [3], as well as recent studies of the Zeeman effect of
HD+ [9, 16] and the blackbody radiation induced ac-Stark
effect [15], furthermore point out that uncertainties associ-
ated with these systematic effects are smaller than 10 kHz.
We believe that this also holds true for the v′ = 8 ← v = 0
overtones, with the largest contribution stemming from the
dynamic Stark shift due to the 782 nm laser.

Hyperfine substructure in the rovibrational lineshape is
another possible source of inaccuracy. Hyperfine level split-
tings may be calculated with less than 50 kHz accuracy [10,
11], and the theoretical hyperfine structure may be included
in the lineshape fit function [3]. From the fit, the center of
gravity of the spectrum can be determined, which corre-
sponds to the deperturbed rovibrational transition frequency.
The uncertainty of such a theoretical lineshape function is
expected to affect the determination of the deperturbed rovi-
brational frequency far below the 50 kHz level, as the differ-
ential nature of measurement of transition frequencies leads
to partial cancelation of systematic errors in the hyperfine
level energies. Furthermore, errors in the position of hyper-
fine subcomponents in the spectrum will affect the accuracy
only at a fraction of their value, as the sum of errors of all
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hyperfine subcomponents does not shift the center of gravity
of the spectrum.

Assuming that the frequency of a single line v′ = 8 ←
v = 0 can be measured with 0.5 ppb accuracy, and that a
comparison can be made with accurate theoretical results
to extract mp/me , we can find the resulting uncertainty
in mp/me as follows. We use (1) with a slightly different
reduced mass μ due to a hypothetical change of the pro-
ton mass to find the corresponding energy level shift (note
that within the Born–Oppenheimer approximation this mass
variation is assumed to have no effect on the 1sσg poten-
tial V1(R)). Expressing energy shifts in terms of frequency
shifts, δν, we thus find dimensionless sensitivity coefficients
for the transition frequencies, η

pe

vv′JJ ′ , defined as

δ(mp/me)

mp/me

= η
pe

vv′JJ ′
δνvv′JJ ′

νvv′JJ ′
. (11)

We obtain η
pe

0823 = 2.665 and η
pe

0423 = 2.282. The latter value
may be compared with the more accurate sensitivity coeffi-
cients available from [32], and agreement to within 10−3 is
found. We can now plot the obtainable relative uncertainty
in mp/me versus the theoretical and experimental fractional
uncertainties (δνtheo/νvv′JJ ′ and δνexp/νvv′JJ ′ , respectively)
by use of the equation

δ(mp/me)

mp/me

= η
pe

vv′JJ ′

√
(δνtheo)2 + (δνexp)2

νvv′JJ ′
. (12)

Such a contour plot for v′ = 8 ← v = 0 is shown in Fig. 6.
In a similar manner, we establish that the deuteron–

proton mass ratio md/mp does not play an important role.
To see this, we again modify (1), this time to find the sensi-
tivity coefficient η

dp

vv′JJ ′ . Combining the result η
dp

0823 = 7.99
with the 0.1 ppb uncertainty of the 2010 CODATA recom-
mended value of md/mp , we find that this translates to an
effect at the level of 5 kHz. The relative insensitivity to
md/mp is not surprising as it has been shown that in the

Born–Oppenheimer approximation η
dp

vv′JJ ′/η
pe

vv′JJ ′ ≈ 3, in-
dependent of the transition that is being considered [32].

With theoretical calculations approaching 0.3 ppb [1],
and assuming 0.5 ppb accuracy for the measurement of a
single overtone, we may determine mp/me with an accu-
racy of 1.6 ppb (Fig. 6). The measurement accuracy is ex-
pected to be limited predominantly by random measurement
noise. However, in Sect. 3.1.1 it was pointed out that eleven
(v′ = 8, J ′) ← (v = 0, J ) overtones are accessible at dif-
ferent wavelengths, which would improve statistics and en-
able the determination of mp/me at the level of 0.9 ppb.
This value would then be largely limited by the theoreti-
cal uncertainty. Moreover, also overtones involving v = 7
and v = 9 are within the range of the Ti:S laser system,
and together with an improvement of the theoretical accu-
racy by a factor of three, a new value mp/me with accuracy

Fig. 6 Contour plot of the accuracy (in ppb) of the value of mp/me

versus the accuracy of the input used for its determination, which in
this case will consist of theoretically and experimentally determined
v′ = 8 ← v = 0 transition frequencies. The bold contour indicates
the accuracy of the 2010 CODATA recommended value. The vertical
dashed line indicates the current state of the art in theoretical calcula-
tions [1], and horizontal lines show the projected accuracy achievable
with the present experimental setup after measurement of a single rovi-
brational line v′ = 8 ← v = 0, 11 different rovibrational lines within
the v′ = 8 ← v = 0 manifold, and 33 different rovibrational lines
within the v′ = 9,8,7 ← v = 0 manifolds, respectively (see Sect. 5
for details)

0.36 ppb would be possible, thereby significantly improv-
ing on the 2010 CODATA recommended value. Finally, we
emphasize that the determination of mp/me through theo-
retical calculations and spectroscopy of HD+ represents a
direct method to retrieve mp/me , in contrast to the 2010
CODATA value of mp/me which is determined largely by
individual mass measurements. Furthermore, both methods
involve high-accuracy QED calculations, but appertain to
vastly different systems (QED of a molecule versus QED
of bound-electron g-factors). Comparison of the value of
mp/me obtained from HD+ with the CODATA value there-
fore constitutes a consistency check of QED in general.
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