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ABSTRACT
Precision spectroscopy of simple, calculable molecules has become an important tool to compare
experiments with theory in an effort to test our understanding of the fundamental laws of physics.
For this purpose, we have measured the EF 1�+g (v′ = 0,N′ = 0)← X 1�+g (v′′ = 0,N′′ = 0) transi-
tion frequency of molecular deuterium (D2) with unprecedented accuracy. We use Ramsey-Comb
spectroscopy at deep-ultraviolet wavelengths (201 nm) with a two-photon, Doppler-free interroga-
tion scheme. The resulting transition frequency is f = 2, 981, 779, 227, 578(19) kHz. The 1-σ uncer-
tainty of 19 kHz represents an improvement ofmore than two orders of magnitude compared to the
best previous measurement. In this paper, we give an extensive description of our methods and the
experimental apparatus that we employed. Particular attention is given to aspects that we recently
improved, such as the frequency comb laser system, the method of signal recording, and the cryo-
genic D2 molecular beam apparatus. In combination with future measurements of the ionisation
energyof the EF state, ourmeasurement paves theway for an improveddeterminationof theground
state ionisation and dissociation energy of molecular deuterium.
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1. Introduction

Comparing experimentallymeasured transition frequen-
cies in atoms and molecules with those obtained from
theory calculations is a powerful method to test our
understanding of the fundamental laws of physics. How-
ever, calculations of the energy levels does require accu-
rate values of the fundamental constants. By measuring
different transitions within one system, and by mea-
suring in different systems, it is possible to disentan-
gle the laws of physics from the constants and deter-
mine both. For many decades, atomic hydrogen has
been a cornerstone for such spectroscopic tests [1,2],
and it enables a very accurate determination of the Ryd-
berg constant and the proton charge radius. Surpris-
ingly, spectroscopic measurements in muonic hydrogen
(with a bound muon instead of an electron) led to a
substantially different proton radius and Rydberg con-
stant [3,4]. New measurements in normal (electronic)
hydrogen now tend to confirm the smaller proton radius
from the muonic results [5,6], but not all of them [7,8].
Moreover, a significant 7σ discrepancy still exists for
the deuteron charge radius (although no new measure-
ments have been published) [9]. This history has made
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clear that measurements need to be done in different
systems. Molecules are very interesting in that respect
because they have extra degrees of freedom (vibration
and rotation) that enable tests of a different nature and
of different fundamental constants. An example is the
recent determination of the proton to electron mass ratio
from spectroscopy of HD+ ions [10,11].

Another interesting system is the simplest neutral
molecule, H2. With two interacting electrons, the calcu-
lations for H2 are much harder than for HD+ or H. For
more than a 100 years, the dissociation energy of molec-
ular hydrogen, D0(H2), has stood as a benchmark value
for a comparison between theory and experiment, as it
can be calculated best. In the past 10 years great progress
has been made, both experimentally (see e.g. [12,13])
and theoretically [14,15]. At present there is an agree-
ment between experiment and theory within 1MHz on
the value of D0(H2), and on its counterpart in molecu-
lar deuterium, D0(D2) [12,16,17]. Interestingly, rovibra-
tional transition energies measured in the ground state of
HD systematically deviate from theory by 1.9MHz [18].
These spectroscopic measurements currently test the
accuracy of molecular quantummechanical calculations.
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Figure 1. The dissociation energy of D2 can be determined with high accuracy by combining the ionisation energy of D2 and D with
the dissociation energy of D+2 (see Equations (1) and 2). The ionisation energy of D2 is currently the source of the highest uncertainty in
the evaluation of its dissociation energy.What ismeasured in this study is the EF 1�+g (v′ = 0,N′ = 0)← X 1�+g (v′′ = 0,N′′ = 0) tran-
sition, indicated with Q0. The D2 ionisation energy for ortho-D2 with N"= 0 (or para-D2 with N′′ = 1) is obtained by combining several
experimentally-determined transition energies starting from the electronic and vibrational ground state, as shown on the right.

In principle, values of fundamental constants can also
be investigated. The proton charge radius, in particu-
lar, is an important parameter for the calculation of the
dissociation energy of molecular hydrogen and can be
probed by comparing theory and experiments. How-
ever, current experimental and theoretical results are not
yet sufficiently accurate to test its influence in H2; an
accuracy better than 10 kHz on the value of D0(H2) is
required to measure the charge radius of the proton at
the 1% level. The situation is better in molecular deu-
terium as the nuclear size effect is 7 times bigger than in
H2, which amounts to a contribution of about 6.1MHz to
the total value of the dissociation energy D0(D2). With
recent measurements via the GK state, the experimen-
tal determination of D0(D2) has been improved con-
siderably, reaching an accuracy of 780 kHz [13,19]. The
obtainedD0(D2) value agrees very well with its most pre-
cise theoretical determination [16], also with an accuracy
of 780 kHz.

The subject of this paper is a new measurement of
the EF 1�+g (v′ = 0,N′ = 0)← X 1�+g (v′′ = 0,N′′ = 0)
transition1 in D2. This will enable an improved determi-
nation of D0(D2) via the EF state, once also the accuracy
of the ionzation energy of the EF state is improved. It
will then allow for a new generation of tests of molecular
structure calculations and enable a meaningful test of the
deuteron finite nuclear-size effect in a neutral molecule.

The most accurate method to determine D0(D2)

is through the successful approach established for H2
[19,20], by combining three different energy intervals as
shown in Figure 1. The so-called thermodynamic cycle
can be written as:

D0(D2) = EI(D2)+ D0(D+2 )− EI(D), (1)

where EI(D2) is the ionisation energy of molecular deu-
terium, D0(D+2 ) is the dissociation energy of the molec-
ular deuterium ion, and EI(D) is the ionisation energy
of the deuterium atom. Because D0(D+2 )+ EI(D) =
EI(D+2 ), we can write:

D0(D2) = EI(D2)+ EI(D+2 )− 2EI(D), (2)

As is the case in H2, the determination of the ionisation
energy EI(D2) is currently more than one order of mag-
nitude less accurate than the two other terms–see Table 1.
Therefore the experimental uncertainty of EI(D2) needs
to be improved to obtain a more accurate determina-
tion of the dissociation energy D0(D2). Experimentally,
EI(D2) is determined in two major parts [13,19–21].
First by measuring the two-photon transition from the
electronic ground state of molecular deuterium to the
electronically-excited EF orGK state (performed inAms-
terdam). This is then combined with the second part,
consisting of a determination of the ionisation energy
of the EF or GK electronic state (in Zürich) by laser
excitation to a Rydberg state, followed by millimetre-
wave (mmW) spectroscopy and multi-channel quantum
defect (MQDT) theory to extrapolate to the ionisation
threshold–see Figure 1 for the scheme via the EF state.

In this work, we improve the previous most accu-
rate determination of the EF 1�+g (v′ = 0,N′ = 0)←
X 1�+g (v′′ = 0,N′′ = 0) transition frequency of D2 [24]
bymore than two orders of magnitude, reaching an accu-
racy of 19 kHz. This is made possible by the roughly 4
times longer lifetime of the EF state compared to the GK,
and the use of the Ramsey-comb spectroscopy method.
In combination with the upcoming measurements of
the EF state ionisation energy by the group at the ETH
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Table 1. Overview of the best previously determined dissociation energy (experiment and theory)
and ionisation energy of D2, measured via the GK state, with the energy intervals required for the
determination.

Energy level interval Value (cm−1)
Uncertainty

(kHz) Reference

(1) EN=0I (D2)a = (4)− (5)+
(6)

124,745.393739(26) 780 [13]

(2) DN=00 (D2)a through GK 36,748.362282(26) 780 [13]
(3) DN=00 (D2)b 36,748.362342(26) 780 [16]
(4) GK(v′ = 1,N′ = 2)←

X(v′′ = 0,N′′ = 0) (D2)a
112,099.087712(15) 450 [13]

(5) GK(v′ = 1,N′ = 2)←
GK(v′′ = 0,N′′ = 2) (D2)a

333.038775(7) 210 [13]

(6) X+(v+= 0,N+= 0)←
GK(v′′ = 0,N′′ = 2) (D2)a

12,979.344802(20) 600 [13]

(7) EN=0I (D)b 109,708.61455294(17) 5 [22]
(8) EN=0I (D+2 )

b 131,420.1976492(8) 24 [23]
(9) DN=10 (H2)a through EF 35,999.582834(11) 340 [12]
(10) DN=10 (H2)b 35,999.582820(26) 780 [14]
(11) DN=00 (H2)c through GK 36,118.069605(31) 940 [17]
(12) DN=00 (H2)b 36,118.069632(26) 780 [14]

Notes: In this table N indicates the rotational quantum number. The last part of the table also lists the most recent deter-
minations of the dissociation energy for ortho- (N = 1) and para-H2 (N = 0), measured through the EF and GK state
respectively.

a experiment
b theory
c combination of theory and experiment

Zürich, this will allow for a much-improved determina-
tion of the EI(D2) ionisation energy via the EF state.

In the following sections, we give a detailed descrip-
tion of the experimental setup and measurement meth-
ods we used. The paper is organised as follows: in
Section 2, we describe the Ramsey-comb spectroscopy
technique that was developed in our lab to perform
high-precision spectroscopy of atomic and molecular
systems [25,26]. In Section 3, we describe the Ramsey-
comb laser system that produces high-energy and phase-
coherent NIR laser pulses at a central wavelength of
804.32 nm, followed by a description of the upconver-
sion to the deep ultraviolet (DUV) at 201.08 nm. We
also describe the production of a cold and slow beam of
D2 molecules and discuss the two-photon, Doppler-free
laser excitation at 201.08 nm, and the detection scheme
that we implemented. In Section 4 we present the data-
taking and data-analysis methods that we used to extract
the transition frequency, including a thorough evaluation
of the systematic effects contributing to the error budget.

2. The Ramsey-comb spectroscopy principle

Ramsey-comb spectroscopy is a technique invented in
our group for precision spectroscopy of atomic and
molecular systems, based on two intense, phase-coherent
ultrashort laser pulses. The principle has a resemblance to
Ramsey spectroscopy [27,28], but instead of RF pulses,
2 amplified pulses from a frequency comb laser are
used [25,26]. The frequency comb laser is used as a source

of well-controlled and phase-coherent pulses. The ampli-
fication of only 2 pulses from the full pulse train of the
comb enables pulse energies of several mJ, which greatly
simplifies nonlinear upconversion to shorter wavelengths
for spectroscopy in the DUV [21,29], as required in
the current study, or shorter wavelengths through high-
harmonic generation (HHG) [30,31].

In the following, we assume (realistically) that the
excitation probability of D2 per DUV pulse at 201.08 nm
remains low so the effects of Rabi oscillation can be
ignored. This enables us to describe the excitation pro-
cess as an interference effect. A full description of the
excitation process, which is also valid in the strong inter-
action limit, leads to a very similar outcome due to
the differential nature of the Ramsey-comb spectroscopy
method [26].

Ramsey-comb spectroscopy of the D2 molecule starts
with selectively amplifying two laser pulses from our
NIR frequency comb and upconversion of the amplified
pulses to the DUV–see Section 3. The first DUV pulse is
then used to excite D2 in the form of a quantum super-
position of the X 1�+g ground state (which is the initial
state of the D2 molecules), and a small amount of ampli-
tude in the electronically-excited EF 1�+g state. The phase
of this superposition state evolves according to 2π ftr�t
based on the transition frequency ftr for a duration �t =
N × Trep, where Trep = 1/frep is set by repetition rate
frep of the frequency comb laser, and N is an integer
denoting which pair of pulses we amplify from the full
pulse train of the frequency comb: N = 1 for adjacent
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Figure 2. Ramsey-comb spectroscopy principle. The laser exci-
tation is based on a pair of pulses that are separated in time
by a macro-delay equal to an integer number N of the repe-
tition period Trep. For each macro-delay N× Trep, a scan of a
micro-delay δt is implemented by adjusting the repetition rate
of the frequency comb laser at the ppb-level. The transition fre-
quency can be extracted by a collective fit of the relative phase
of all recorded Ramsey fringes. A longer maximal interpulse delay
�tmax = NmaxTrep results in a higher accuracy of the measured
transition frequency and is ultimately limited by decoherence as
shown in Figure 3.

pulses with inter-pulse delay �t = Trep, N = 2 for next-
to-adjacent pulses with interpulse delay �t = 2× Trep,
. . . etc. – see Figure 2. The second excitation pulse then
also creates a superposition of ground and excited state,
with a phase that depends on the optical phase of the
laser pulse. This leads to an interference effect between
the contributions of both excitation pulses, so that the
probability |ce(t)|2 to find the molecule in the excited
state becomes dependent on the difference between the
phase evolution of the superposition state and the phase
evolution of the laser pulses (which is set by the fre-
quency comb laser). The excitation probability then
oscillates as a function of the transition frequency ftr [26]
according to:

|ce(t)|2 ∝ 1+ cos(2π ftr�t −�φ), (3)

where the interpulse delay�t = N × Trep is controlled at
the attosecond level via the repetition rate frep = 1/Trep
of the frequency comb, and �φ denotes the phase evolu-
tion of the excitation pulses due to the carrier-envelope
phase shift of the frequency comb laser (equal to N ×
φceo). Moreover, this phase term also includes any addi-
tional phase shifts due to e.g. the amplification of the
pulses, or the effect of the excitation pulses on the phase
evolution of the molecule (this is the equivalent of the
ac-Stark effect).

To measure the transition frequency ftr, we record
several so-called ‘Ramsey fringes’: i.e. we measure the

Figure 3. Exampleof a typical Ramsey-combmeasurement inD2,
for the extraction of the EF(v′ = 0,N′ = 0)← X(v′′ = 0,N′′ =
0) transition frequency. Three fringes: N = 3, 24 and 45 are
recorded. The Ramsey fringe number N and interpulse delay
Trep = 1/frep, set by the repetition rate frep of the frequency
comb, are scanned in a random order (top panel), and the data
is then rearranged for further data analysis (bottom panel). The
contrast and signal strength are high for short interpulse delays
(87% at N = 3), and decrease for longer interpulse delays (43%
at N = 45) due to the finite excited-state lifetime, the finite tran-
sit time of the molecules through the interaction zone and other
sources of decoherence such as laser phase noise.

excitation probability of the D2 molecules as a function
of small changes of Trep (which changes �t) and repeat
this for several different pulse pair combinations (differ-
ent N), as shown in Figure 3. The transition frequency is
then extracted by a single fit of the relative phase of all
recorded Ramsey fringes.

An important aspect of Ramsey-comb spectroscopy is
that spurious phase shifts in �φ that are common to all
Ramsey fringes drop out of the analysis, and thus do not
affect the determination of the transition frequency ftr as
long as they remain common-mode. This is in particu-
lar the case for differential ac-Stark shifts induced by the
Ramsey-comb laser light, whichwediscuss in Section 3.1.
The interested reader is referred to [25,26] for a more
detailed description of the Ramsey-comb method and of
the data analysis used to extract ftr from the recording of
Ramsey fringes.

3. Experimental setup description

In Figure 4 a schematic overview is given of the experi-
mental system. The system starts with the Ramsey-comb
laser, followed by the upconversion to the DUV of the
amplified pulses, and finishes with the vacuum setup in
which D2 is excited and detected.
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Figure 4. Schematic overview of the entire experimental setup. Two laser pulses from a NIR frequency comb are selectively amplified
using a noncollinear optical parametric chirped-pulse amplifier (NOPCPA). The NOPCPA is driven by a pulsed pump laser, of which the
repetition rate is synchronised to that of the NIR frequency comb. The pump laser produces high-intensity pulse pairs at 532 nm that are
spatially and temporally overlappedwith the two comb laser pulses in the beta bariumborate (BBO) crystals of theNOPCPA. The resulting
optical parametric amplification process leads to two NIR pulses of about 2.5mJ (each) at the desired interpulse delay. These are then
frequency-upconverted to perform the Ramsey-comb measurement in the vacuum setup on D2. Also shown is a phase measurement
setup that monitors the phase influence of the NOPCPA, by combining light of the same frequency comb pulse before and after the
NOPCPA.

In Section 3.1, we describe the newly implemented
low-phase-noise NIR frequency comb setup and lock-
ing design, followed by a brief description of the non-
collinear optical parametric chirped pulse amplifier
(NOPCPA, including some aspects of the pump laser for
it) that produced the two amplified frequency comb laser
pulses. The section concludes with a description of the
phase measurement setup we implemented to monitor
NOPCPA-induced (differential) phase shifts between the
two amplified pulses.

In Section 3.2, we describe the upconversion of
the amplified frequency comb pulses from NIR to
DUV wavelengths, our new cryogenic D2 molecular
beam setup, and the laser excitation and detection
of the Ramsey fringes based on EF(v′ = 0,N′ = 0)←
X(v′′ = 0,N′′ = 0) two-photon transition of D2.

Additional technical information regarding the exper-
imental setup is given in the Appendices section.

3.1. The near-infrared (NIR) Ramsey-comb laser
system

The core principle of our NIR Ramsey-comb laser,
depicted in Figure 4, is the same as in our previous
work inH2 [21]: two NIR pulses from a frequency comb
laser are selected by the nonlinear amplification pro-
cess in a NOPCPA to obtain phase-coherent pulses with
high peak intensity. The optical parametric amplification
(OPA) process results in differential phase shifts between
the two amplified pulses, which must be quantified and
minimised. For this purpose, the phase of the amplified

pulses is measured relative to the pulses entering the
NOPCPA.

3.1.1. The frequency comb laser and the NIR
wavelength and bandwidth selection
The frequency comb laser source is a low phase-noise
FC-1500-ULN from Menlo Systems, which replaces the
home-built Ti-sapphire laser frequency comb that we
used in our previous work onH2 [21]. The new fre-
quency comb laser is optically locked in the NIR, which
changed the electronic locking of the rest of the system
considerably. In Figure 5 an overview is given of the new
configuration.

The frequency comb has a central wavelength of
1550 nm, an offset frequency fceo of 50MHz and a repe-
tition rate frep of 250MHz. The offset frequency is locked
to the output of a Direct Digital Synthesizer (DDS) that is
referenced to a Cs atomic clock. The repetition rate is set
indirectly as the frequency comb laser is optically locked
near 1542 nm, to a sub-2Hz-linewidth cw reference laser
at the same wavelength (ORS1500, Menlo Systems). This
lock, with one of the comb teeth near 1542 nm, is main-
tained at an offset produced by a DDS (also referenced to
the caesium atomic clock). The resulting repetition rate
of the comb is measured with a photodiode and counted
relative to theCs clock. Adjustments to theDDS aremade
to achieve the targeted frep for scanning of the Ramsey
fringes. This method enables us to combine the stability
of optically locking a frequency comb with the require-
ment of scanning the repetition rate to record Ramsey
fringes.
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Figure 5. NIR frequency comb and pump synchronisation setup. The NIR frequency comb is optically locked to a narrow-linewidth
cw laser referenced to an ultrastable optical reference cavity. The carrier-envelope offset frequency of the comb, fceo, is locked to the
50MHz output of a Direct Digital Synthesizer (DDS) referenced to a caesium atomic clock. The repetition rate of the pump laser oscillator
(125MHz) is locked to half the repetition rate of the frequency comb (250MHz) to ensure timing overlap of the pulses from the systems
in theNOPCPA,where the frequency combpulses are amplified. Both frep and fceo are recorded during the Ramsey-combmeasurements.
The fundamental wavelength of the comb is shifted from 1550 nm to 1600 nm with a Raman-shifting fibre, after which the entire spec-
trum is frequency doubled to 804.32 nm, required for further upconversion to 201.08 nm for D2 spectroscopy. A 4f-grating stretcher with
spectral filtering selects the central wavelength and bandwidth, and sets a frequency comb pulse duration of 7 ps, which is optimal for
NOPCPA amplification with 48 ps pump pulses. Half-wave plates (HWP) enable optimisation of the polarisation for the gratings and for
the single-mode polarisation maintaining fibre going to the NOPCPA.

Figure 6. Phase measurement setup for the monitoring of NOPCPA-induced differential amplification phase shifts. The phase measure-
ment is based on spectral interferometry. Part of the amplified frequency comb pulses are combined with their corresponding reference
frequency comb pulses in a single-mode fibre to ensure perfect spatial overlap. Two Pockels cells (PC1 and PC2), in combination with
polarisation beam splitters, suppress the non-amplified background pulses. A third Pockels cell (PC3) selects one of the amplified/non-
amplified pulse combinations and displaces it vertically compared to the other pulse combination. The pulses are then sent onto a gold
diffractiongrating andare imagedonto an image intensifier (’Cricket’ fromPhotonis) andCMOScamera (MantaG-235B fromAlliedVision)
to detect the interference pattern associated with each pulse.

The central wavelength of the frequency comb
laser output needs to be adjusted for the D2 exper-
iment. It is red-shifted from 1550 nm to 1600 nm
using a Raman-shifting fibre, and then frequency-
doubled in a periodically-poled lithium niobate fanout
crystal to achieve maximum power spectral density
at 804.32 nm. This is required to perform D2 spec-
troscopy at 201.08 nm after frequency-upconversion to

the DUV–see Section 3.2.1. For optimal OPA ampli-
fication and selection of the proper wavelength, the
240 fsNIR pulses from the frequency comb laser are sent
into a 4-f, double-grating stretcher (see Figure 5). There
they are chirped and filtered spectrally (with a slit in
the Fourier plane) to a bandwidth of 0.2 nm at a cen-
tral wavelength of 804.32 nm, to make sure that only the
EF(v′ = 0,N′ = 0)← X(v′′ = 0,N′′ = 0) two-photon
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transition at 201.08 nm (Q0 transition) is excited and not
e.g. the Q1 transition at 201.14 nm–see Figure 1. A 10m
long polarisation-maintaining single-mode fibre is used
to transport the NIR pulses to the amplification opti-
cal table, and together with the group delay dispersion
(GDD) of about 106 fs2 from the stretcher, this results in
7 ps pulse length and 1 pJ pulse energy before amplifica-
tion in the NOPCPA.

3.1.2. The two-pulse parametric amplifier system
(NOPCPA)
The noncollinear optical parametric chirped-pulse
amplifier system follows the design presented in [31], in
which two NIR frequency comb pulses and two 532 nm
pump laser pulses are combined in BBO crystals in a
noncollinear fashion. This results in optical parametric
amplification of the frequency comb pulses, which draw
energy from the pump laser pulses. The (stretched) fre-
quency comb and pumppulse durations of 7 ps and 48 ps,
respectively, are chosen to ensure a good balance between
amplification efficiency and stability. What follows is a
brief description of the NOPCPA, while details of the
pump laser can be found in the Appendix 1.

Two successive amplification stages can be distin-
guished in the NOPCPA. The first amplification stage
consists of two BBO crystals, pumped with low-power
532 nmpump pulse pairs of about 1mJ per pulse. A small
beam size (<1mm diameter) is used to ensure a suffi-
ciently high pump intensity of about 3GWcm−2 in the
crystals, for optimal energy transfer. Due to walk-off in
the BBO crystals, an intensity-dependent wavefront tilt
is induced on the amplified pulses which is detrimen-
tal to high-precision spectroscopy. This is compensated
for by rotating the optical axis of the second crystal with
respect to the first one, as explained in [31]. The sec-
ond amplification stage consists of a single BBO crystal,
pumped with high-power 532 nm pulse pairs of about
20mJ/pulse and a larger pump beam diameter (4–5mm)
tominimisewavefront and beamprofile inhomogeneities
during the OPA amplification process.2 Each of the two
amplified frequency comb pulses reaches an energy of
about 2.5mJ at the output of the second stage of the
NOPCPA. At this point the amplified beam resembles
the top-hat intensity profile of the pump beam. There-
fore an in-vacuum 300-micron spatial filter is used to
convert the beam to a Gaussian intensity profile again,
leaving 1.5mJ per pulse for frequency upconversion and
spectroscopy.

The long-term intensity stability of the amplified NIR
pulses is about 5% over a day, with short-term rms fluc-
tuations of the pulse ratio of 1–1.5%. Averaged over a
Ramsey fringe, the NOPCPA output energy is typically
constant to 0.1%. This is achieved by stabilisation of the

energy of the pump pulses (see A.1). It is important to
keep the averaged pulse energy over the Ramsey fringe
constant to minimise variations of the ac-Stark phase
shifts between Ramsey fringe recordings.

3.1.3. Measurement of the NOPCPA-induced
amplification phase shifts
The OPA amplification process described in the previ-
ous section can lead to a temporal phase shift φamp of the
amplified pulses relative to the original frequency comb
laser pulses. It is important to realise that only the dif-
ference in phase shift between the two pulses matters. So
if the differential amplification phase shift φamp,pulse2 −
φamp,pulse1 experienced by the pair of Ramsey comb exci-
tation pulses is constant for all Ramsey fringes (all N),
then it has no influence as it will show up in the signal
as a common phase shift. But if there is an N depen-
dence, it will lead to an effective delay-dependent phase
shift and thus to an error in the determination of the
transition frequency–see Section 2. For this reason, the
differential phase shift as a function of N needs to be
determined.

We use an interferometric phase measurement setup
to measure and account for the NOPCPA-induced differ-
ential amplification phase shifts for all Ramsey fringes. It
is depicted in Figure 6. The principle is based on spec-
tral interferometry. Before the NOPCPA, a little bit of
power of the original frequency comb pulses is split-off
and later recombined with the amplified pulses. Trans-
mission through a single-mode fibre is used to ensure
perfect spatial overlap. A small delay of about 1 ps is
applied between the amplified and the original pulses
and this produces a spectral interference pattern in the
frequency domain. A diffraction grating and optics are
then used as a high-resolution spectrometer to monitor
this pattern. Two interference patterns are produced, one
for each of the two Ramsey-comb pulses. With a Pockels
cell and polarisation optics we project them onto a cam-
era above each other–see the camera picture in Figure 6.
The phase of the patterns depends on the time delay and
phase difference of the two interfering pulses. A compar-
ison of the two interference patterns yields the phase shift
�φ = N × φceo + φamp,pulse2 − φamp,pulse1 between the
two amplified pulses and thus to the differential amplifi-
cation phase shift,3 equal to φamp,pulse2 − φamp,pulse1. The
measured phase difference between the two patterns is in
part due to the geometry and alignment of the two inter-
ference patterns. By exchanging the projection of both
pulses (using Pockels cell PC3 in Figure 6), this geometri-
cal phase shift can be eliminated and the pure differential
phase shift of the amplified pulses relative to the original
frequency comb pulses can be obtained. The outcome of



8 C. ROTH ET AL.

Figure 7. Typical differential phase measurement of the amplified frequency comb pulses, at a pulse bandwidth of 4.5 nm. A linear fit
is performed to extract the phase shift with respect to the interpulse delay. This example measurement shows a time delay-dependent
slope in relative phase shift of 0.103(0.071) mrad per 8 ns (�N = 1), which results in a frequency shift of 16.4(11.3) kHz on the observed
transition frequency in the DUV.

a typical phase measurement is shown in Figure 7. For
more details of the procedure, see the Appendix 2.

The measured differential amplification phase shifts
at 808 nm are typically on the order of −50 to 50mrad,
depending on the daily NOPCPA alignment. The phase
noise is usually between 20 to 80mrad.

3.2. Deep-UV laser excitation in a beamofD2
molecules

The two-photon EF(v′ = 0,N′ = 0)← X(v′′ = 0,N′′ =
0) laser excitation is performed in a cold and
slow beam of D2 molecules, using counter-propagating
DUV laser beams to reduce the first-order Doppler
shift–see Figure 8. The most important aspects of DUV
production, excitation geometry and excited state detec-
tion are explained below.

3.2.1. DUV generation and the laser excitation
geometry
The twoNOPCPA-amplifiedNIR frequency comb pulses
for the Ramsey-comb measurement (see Section 3.1) are
upconverted to the DUV in three stages using type-I
phase matching in three BBO crystals. In the first BBO
crystal, part of the power of the original fundamentalNIR
pulses at 804.32 nm is frequency doubled to 402.16 nm.
The second crystal then combines the 402.16 nm with
some of the remaining 804.32 nm to produce the third
harmonic, and in the third BBO crystal this is mixed
again with the fundamental to produce 201.08 nm. Spe-
cial half-wave plates fromB.Halle are used to rotate selec-
tively the polarisation of the light at the newly-created
wavelengths (402.16 and 268.11 nm) in between each
crystal while keeping the polarisation of the NIR fun-
damental light the same, so as to enable type-I phase
matching throughout.

Because of the two-photon nature of the EF(v′ = 0,
N′ = 0)← X(v′′ = 0,N′′ = 0) transition, it is possible
to suppress the first-order Doppler effect with counter-
propagating laser beams. For this purpose, the DUV
beam is split in equal parts by a metallic beam split-
ter. The finite bandwidth of the excitation pulses does
limit the Doppler-cancellation effect, and therefore spe-
cial care was taken to align both beams such that they
propagate as much as possible perpendicularly to the D2
molecular beam. The two beams then meet spatially and
temporally at the location of theD2 molecules.4 This con-
figuration reduces the first-order Doppler shift by about
3 orders of magnitude compared to a collinear geome-
try. A quarter-wave plate in each excitation path changes
the polarisation of the DUV light from linear to circular,
which suppresses one-sided collinear absorption by a fac-
tor of 10. After the excitation zone, both beams continue
and arrive again at the beam splitter. The exit port of this
beam splitter acts as a Sagnac interferometer, which can
be used to align the excitation beams [32]. With perfect
counter-propagating DUV beams, all output at the beam
splitter is suppressed (a dark fringe). This effect is used to
align the excitation beams counter-propagating with an
accuracy of 70μrad.

The DUV single-pulse energy is set to 54μJ (with
an estimated day-to-day reproducibility of 5% and an
absolute accuracy of 10%) to perform the D2 Ramsey-
comb measurements. The stability of the averaged DUV
pulse energy over a full Ramsey fringe, as function of the
macro-delay N, determines how much residual ac Stark
shift is observed. We therefore tried to make it as stable
as possible, but it was difficult to determine the actual
stability because the DUV light caused damage to the
photodiodes. To still get an estimate, we take the aver-
aged NOPCPA output (NIR) stability per Ramsey fringe
of 0.1% (see A.1), and assume that the DUV is varying
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Figure 8. Deep-UV laser excitation and detection setup for Doppler-free Ramsey-comb spectroscopy. The NOPCPA-amplified NIR fre-
quency comb pulses are frequency-upconverted from 804.32 to 201.08 nm in three BBO crystals. The DUV pulses are then split in two
different paths by a metallic beam splitter (BS) and recombined onto a cold and slow D2 molecular beam in a Doppler-free counter-
propagating excitation geometry (both paths towards themolecular beam are in reality equal in length). A 355 nm laser pulse selectively
ionises those molecules that have been excited successfully to the EF state, 5 ns after the second Ramsey-comb excitation pulse. The
resulting ions are then sent through a time-of-flight mass spectrometer (with a pulsed field that is switched on just after the ionisation
pulse to minimise dc-Stark effects) and then detected with an electron multiplier (EM). The beam splitter also forms the exit port of a
Sagnac interferometer (SI), which is used tomonitor the relative alignment of the two counterpropagating beams. Sk1 is a skimmer with
3mm opening, and Sk2 has an opening of 8mm.

roughly 4 times more (linear regime of upconversion).
This leads to an estimated average pulse-energy stability
over a full Ramsey fringe of 1.2% in the DUV. How-
ever, this number does not affect any of the results, as
the differential ac-Stark shift has been measured directly
(Section 4.2.2).

Weuse aDUVpulse duration of 7 ps (see Section 3.1.1)
and a FWHM (Gaussian) beam diameter of 1mm at
the interaction zone, which gives a single-pulse DUV
intensity of about 2.4× 108 Wcm−2 for each of the two
Ramsey-comb excitation pulses.

3.2.2. Production of a cold and slow beamofD2
molecules
Excitation takes place in a supersonic beam of cold D2
molecules, as depicted on the right side of Figure 8.
The molecular beam apparatus has been improved since
the last Ramsey-comb measurements in H2 [21], lead-
ing to a higher molecular density and a reduction of the
beamdivergence (for extra information seeA.3). This has
improved both the signal strength and the Ramsey-fringe
contrast.

The most important change compared to our previ-
ous work is the use of a new pulsed molecular valve,
developed in the group of Prof. Dr. F. Merkt at the ETH
Zürich. This valve can produce very short, high-density
pulses of 29μs duration, 10 times shorter than with the
valve we used before. It is cooled with a liquid nitrogen

reservoir to about 110K by thermal contact, slowing
down the D2 molecules from 1940m/s at room tem-
perature to 999(29)m/s when cooled down.5 To further
decrease the velocity of the molecules, we use a mixture
of 2 parts of D2 mixed with 3 parts Ne (see Appendix 3).
The collisions of the D2 molecules with the neon atoms
slow down the D2 molecules by another factor of two, to
571(13)m/s.

Decreasing the velocity of the D2 molecules improves
the contrast of the Ramsey fringes for larger interpulse
delays (higher N, see Figure 3) and thus enables a better
experimental accuracy in general. The reason is that at
lower velocities, the molecules remain within the exci-
tation beams even for long interpulse delays, so that
the phase evolution of the excited superposition state
can be measured more accurately. Moreover, the less the
molecules move, the less sensitive the excitation process
is to laser wavefront imperfections, like non-ideal DUV
beam collimation. With the new valve installed, we can
perform Ramsey-comb measurements with interpulse
delays extending up to N = 45 (�t = 360 ns) for both
pure D2 and the 2D2:3Ne mixture, limited mostly by the
200 ns excited-state lifetime of the EF(v′ = 0,N′ = 0)←
X(v′′ = 0,N′′ = 0) transition. The longest pulse delay
is significantly shorter than the molecular transit time
in the interaction zone–it takes respectively 1.0μs and
1.8μs for the D2 molecules to go through the 1mm
beam diameter of the DUV excitation beams at 999 m /s
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and 571m/s –, therefore we conclude that transit-time
limitations are now virtually absent from our D2 mea-
surements.

3.2.3. Detection of the EF(v′ = 0,N′ = 0)←
X(v′′ = 0,N′′ = 0) two-photon excitation
Detection of molecules excited to the EF state is done
using state-selective ionisation and time-of-flight ion
extraction, as shown in Figure 8. The D2 molecules
that have been successfully excited to the EF state after
the Ramsey-comb sequence are ionised by a 355 nm
laser pulse of 48 ps duration and 0.6mJ pulse energy.
The 355 nm ionisation pulse is derived from the left-
over non-frequency-doubled 1064 nm light generated by
the pump laser of the NOPCPA. Only the second of
the two 1064 nm pump pulses is selected with a Pock-
els cell and polarising optics. The selected pulse is then
upconverted to the third harmonic using two nonlinear
crystals (Quanta-Ray Harmonic Generator, model Hg-
2). The length of the beam path is adjusted such that
the ionisation pulse arrives 5 ns after the second excita-
tion pulse in the interaction zone, to avoid any light shift
induced by the ionisation beam. The ions are extracted in
a time-of-flight mass spectrometer with a voltage differ-
ence of 50V applied on two plates (separated by 17mm)
around the interaction zone. This electric field is applied
5 ns after the second excitation pulse to avoid dc-Stark
shifts during laser excitation, and it is kept on for a dura-
tion of 1μs. The ions are then pulled in a field-free drift
tube which has an electron multiplier at the end to detect
the ions. The signal from this detector is proportional
to the population of the excited EF state of D2, |ce(t)|2
(see Equation (3)), which is recorded for further data
analysis.

4. The D2 spectroscopy results

With the setup described in the previous section, we have
determined a new value for the EF(v′ = 0,N′ = 0)←
X(v′′ = 0,N′′ = 0) transition frequency, equal to ftr =
2, 981, 779, 227, 578 kHz with an accuracy of 19 kHz. The
determination of the transition is performed in several
steps.

In Section 4.1, we describe the experimental method
and the data analysis procedure that we use to first deter-
mine a transition frequency corrected for only the first-
order Doppler effect and for residual NOPCPA-induced
amplification phase shifts. In Section 4.2, we discuss the
additional systematic effects that contribute to the error
budget and the corrections associated with it: the system-
atic offset of the phase measurement setup, the second-
order Doppler effect, the differential ac-Stark shifts (light
shifts) induced on the D2 transition by the Ramsey-comb

Table 2. Determination of the EF(v′ = 0,N′ = 0)←
X(v′′ = 0,N′′ = 0) transition frequency in molecular deuterium,
including all corrections and uncertainties.

Value or correction
(kHz)

Uncertainty
(kHz)

First-order Doppler-
free and

amplifier-phase-shift
corrected frequency

2,981,779,227,585 13

Corrections
Second-order Doppler −9 2
ac-Stark shift 9 14
Phase measurement
setup offset

−6 2

Zeeman shift 0 1
Cs clock −1 0.15
dc-Stark shift 0 1
Total 2,981,779,227,578 19

laser pulses, the dc-Stark shift induced by a residual volt-
age on the ion-extraction plates, the Zeeman effect, and
the offset of the atomic clock reference. The contribution
of each of these effects is summarised in Table 2. Other
systematic effects, such as the ac-Stark shift induced on
the transition by ambient black-body radiation or the
hyperfine structure of D2 (see Section 4.2.6 below), are
not significant at our measurement accuracy. Additional
information regarding the data taking and data process-
ing is given in Appendix 4.

4.1. Determination of the Doppler-free transition
frequency

4.1.1. Experimental procedure
We determine the first-order Doppler-free EF(v′ = 0,
N′ = 0)← X(v′′ = 0,N′′ = 0) transition frequency by
combiningRamsey-combmeasurements performedwith
pure D2 gas at a mean velocity of 999(29)m/s, with
those based on a 2D2:3Ne mixture with a mean veloc-
ity 571(13)m/s (see Section 3.2.2). Both measurements
are performed with the D2 valve cooled down to 110K
by thermal contact with liquid nitrogen. Previously, we
changed the velocity by changing the temperature of the
valve [21], but this took 30 minutes. Instead, because
we now only switch between pure D2 and the mix-
ture of D2 with neon, we can change the speed of the
D2 beam in about 5 minutes. This makes the mea-
surements less susceptible to drift effects and improves
the determination of the residual first-order Doppler
shifts.

Each Ramsey-comb measurement consists of three
recorded Ramsey fringes, at N = 3, 24 and 45, corre-
sponding to a given pulse pair combination and an inter-
pulse delay (macro-delay) �t = N × Trep, as shown in
Figures 2 and 3. For each N, a micro-delay δt is scanned
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Figure 9. Example of an extrapolation to zero velocity of the
first-order residual Doppler shift on the EF(v′ = 0,N′ = 0)←
X(v′′ = 0,N′′ = 0) Q0 transition in D2. The extrapolation is based
on two sets of 3 measurements, one set performed with pure D2
gas with a mean velocity of 999(29)m/s, and the other with a
2D2:3 Ne mixture that has a mean D2 velocity of 571(13)m/s.

in 8 points over 500 attoseconds (as) to record a Ram-
sey fringe by changing the repetition rate frep = 1/Trep of
the frequency comb at a level of 20.8 ppb for N = 3, and
only 1.36 ppb for N = 45. Both N and frep are scanned
in a random order, and three Ramsey-comb measure-
ments are performed for each of the two D2 veloci-
ties. The average of the three extracted frequencies is
then used to extract the first-order Doppler-free tran-
sition frequency by linear extrapolation to zero veloc-
ity. An example is shown in Figure 9. We performed in
total 25 of suchDoppler-free extrapolations, correspond-
ing to 150 Ramsey-comb measurements over the course
of 5 days.

We correct each Doppler-free frequency determina-
tion for the NOPCPA-induced differential amplification
phase shifts using the method described in Section 4.2.1.
The amplifier phase shift is measured daily, before and
after the Ramsey-comb Doppler-free measurements.6
We do this for each value of N and Trep that we use
for the actual Ramsey-comb measurements, also in ran-
dom order and for a total number of phase measure-
ments which is half that of the number of Ramsey-
comb measurements of a given day. We then perform
a linear fit of the phase shifts with respect to the inter-
pulse delay �t = �N × Trep, and extract the effective
interpulse-delay dependent phase shift �φamp/(�N ×
Trep) from the slope of the fit. An example is shown
in Figure 10, where measurements before (on the left
of the vertical line) and after (on the right of the ver-
tical line) the Ramsey-comb measurements of a given
day are presented. The average phase slope (equivalent
to the frequency shift) is then used to determine the

effective frequency shift with which the corresponding
daily averaged Doppler-minimised measurements must
be corrected using Equation (A1) (see Appendix 2). The
result is shown in Figure 11 for the five measurements
days.

After correcting allDoppler-free extrapolations for the
NOPCPA phase shift in this fashion, the values are aver-
aged to obtain the first-order Doppler-free and amplifier
phase-shift corrected value listed in Table 2. The second-
order Doppler effect is discussed in the next section, and
further corrections are discussed in Section 4.2.

4.1.2. The second-order Doppler effect
In the correction procedure for the first-order Doppler
effect, the second-order Doppler effect due to the abso-
lute velocity was not taken into account. We compensate
for this afterwards. As the second-order Doppler effect
is equal to �ftr, 2nd−order Doppler = − v2

2c2 f0, the observed
transition frequency is shifted down 16.75 kHz for pure
D2 gas at a velocity of 999m/s, and 5.41 kHz down for
the 2D2:3Ne mixture at 571m/s. In the linear extrap-
olation to zero velocity of the first-order shift, this
leads to a upward shift of 9 kHz compared to the
true transition frequency. Therefore a −9(2) kHz cor-
rection to the frequency obtained from the first-order
Doppler-free extrapolations is applied, listed as Second-
order Doppler in Table 2, to obtain the true transition
frequency.

4.1.3. Lifting the ambiguity on the determination of
the transition frequency
It should be noted that Equation (3) is periodic, which
results in the extraction of a series of possible transition
frequencies. The frequency periodicity (ambiguity) is
frep/�N, where �N corresponds to the interpulse delay
jumps between theRamsey-fringes. For the correct deter-
mination, we therefore performed Ramsey-comb spec-
troscopy also with a smaller macro-delay jump (between
�N = 1 and �N = 3 instead of �N = 21) as a means
of reducing the set of possible transition frequencies.
A Ramsey-comb measurement with �N = 3 is shown
in Figure 12(a) with its Fourier transform in part (b).
The Fourier transform of the fringes clearly shows the
possible frequencies where the transition could be. The
real one can be identified by comparing it with a previ-
ous measurement. For this purpose the value from [24]
is indicated by the vertical lines in Figure 12(b) with an
uncertainty of 3.3MHz (shown by the dashed vertical
lines). The distance of the possible transition frequen-
cies to the previously determined transition frequencies
shows that we can attribute the signal clearly to the Q0
transition.
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Figure 10. Example of NOPCPA-induced amplification phase shift measurements as measured before (left of the vertical line) and after
(right of the vertical line) the Ramsey-comb measurements used for the determination of the first-order Doppler-free transition fre-
quency. For the phase measurement, the samemicro-delays and inter-pulse delays were used as during the spectroscopy. The averaged
frequency shift of −29.7(15.3) kHz, calculated from these measurements, is used to correct the first-order Doppler-free transition fre-
quency obtained on that day. The error bar from the fit of the individual phase shift measurements is not plotted because the observed
variations are several times larger due to external influences. Therefore the uncertainty on the calculated averaged frequency shift
correction is directly derived from the variation of the phase measurements with equal weight for all data points.

Figure 11. First-order Doppler-free transition frequency determination for each measurement day of the EF(v′ = 0,N′ = 0)←
X(v′′ = 0,N′′ = 0) Q0 transition in D2. The frequency is given relative to an offset frequency of−2MHz with respect to the previously
determined value [24]. The first-order Doppler-free frequency is corrected for the amplifier phase shift and averaged over 5 days to reach
a statistical accuracy of 13 kHz (shown by the pink band as the weighted standard error). The dotted line shows the weighted standard
deviation at 30 kHz. During the measurement campaign, the nonlinear crystals for DUV generation deteriorated, resulting in reduced
measurement statistics and making it progressively harder to continue the experiment. In particular, during the last measurement day,
the signal strength and contrast were much lower.

4.2. Additional systematic effects

4.2.1. Phasemeasurement setup offset
The phasemeasurement setup (see Section 4.2.1) tomon-
itor NOPCPA-induced phase shifts can have a system-
atic offset. The origin is the small pulse delay (1 ps)

between the original and amplified pulses, required to
generate a spectral interference pattern, in combination
with the finite switching speed of a few ns of the Pockels
cells. We determine this potential offset by performing
a self-reference measurement where the reference pulses
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Figure 12. (a) Identification of the D2 transition by an overview scan of Ramsey fringes obtained for different pulse pair combinations
N, associated with the macro-delay�t = N× Trep. The maximum interpulse delay recorded is �t = 360 ns, corresponding to N = 45.
The measurement data are shown in blue. The red fit is performed on each Ramsey fringe while the green fit uses all fringes with an
exponentially decaying amplitude to account for the contrast loss at higher N. (b) The Fourier transformation of 35 Ramsey-fringes. An
interpulse delay spacing of �N = 3 between the Ramsey-fringes is used to discriminate between all possible values of the transition
frequencies modulo frep/�N (41.7MHz in this case). The blue curve corresponds to the Fourier transform of the data while the red one
corresponds to the Fourier transform of the fit. The difference is shown by the violet curve. The vertical lines represent the values of the
corresponding transition frequency determined in [24]. The corresponding uncertainties (1σ ) are shown by the dashed lines. The Fourier
peak coincides with the previous Q0.

interfere with themselves. In this case, the stretched fre-
quency comb pulses are split into two almost identical
beam paths before they are recombined in the single-
mode fibre that forms the entrance to the phase mea-
surement. Anymeasured interpulse-delay dependent rel-
ative phase shift then arises from the phase measurement
setup itself, and not from the amplification of the fre-
quency comb pulses. In Figure 13 the self-referenced
phase measurements are presented. There is a small but
persistent delay-dependent phase shift present in allmea-
surements, and a correctionmust be applied for it. In total
80 self-reference phase measurements were performed

over 4 days. After averaging these measurements, this
leads to a correction of −6(2) kHz on the transition fre-
quency, as listed under Phase measurement setup offset
in Table 2.

4.2.2. The ac-Stark shift by the DUV excitation beam
The D2 molecules experience a very strong ac-Stark
shift (light shift) on the EF(v′ = 0,N′ = 0)← X(v′′ = 0,
N′′ = 0) transition during the brief moment that the two
high-intensity DUV excitation pulses interact with the
molecules.7 However, as long as the differential ac-Stark
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Figure 13. Self-reference phase measurements, used to quantify
the systematic error induced by the phase measurement setup
itself. The effective frequency shift due to the offset from zero is
equivalent to 6(2) kHz in the DUV, and must be subtracted from
the determined transition frequency.

shift φac−Stark2 − φac−Stark1 between the two Ramsey-
comb excitation pulses is constant for all Ramsey fringes
(allN), its effect drops out as a common-mode phase shift
to which Ramsey-comb spectroscopy is insensitive–see
Section 2. This is largely the case for our D2 spectroscopy
since we stabilise the intensity ratio and the total energy
of the pulses as described in Section A.1. Even so, resid-
ual N-dependent deviations of the pulse energy can still
translate into a frequency shift of themeasured transition
frequency. Moreover, the molecules move to a different
position in the DUV beam between the two excitation
pulses, so that they could experience a different inten-
sity. Most of this effect will average away over the total
ensemble of molecules, but a residual shift could still
remain.

We quantify experimentally the residual ac-Stark
shifts by performing Ramsey-comb spectroscopy for two
DUV excitation energies: 63μJ and 23μJ per pulse, both
with a relative accuracy of 5%. One Doppler-free fre-
quency determination is performed for each of the two
excitation energies, as described in Section 4.1, and a
linear fit between these two points gives an estimate of
the residual (linear) ac-Stark shift�fac−Stark(E) = α × E,
where α is the slope obtained from the fit and E is the sin-
gle pulse energy.8 The frequency shift is then evaluated
at a pulse energy of 54μJ for each data set, which corre-
sponds to the pulse energy we used in the Ramsey-comb
measurements to determine the first-order Doppler-
free transition frequency (see Section 3.2). The average
shift is −9(14) kHz, based on a total of 20 Ramsey-
comb measurements, as shown in Figure 14. The dis-
played uncertainty corresponds to the weighted standard
error.

Figure 14. Determination of the ac-Stark shift on the transition
frequency by evaluating the shift of the transition frequency at
54(3)μJ /pulse (at which the first-order Doppler-free measure-
ments were performed) based on a linear interpolation of tran-
sition frequencies at 23(1)μJ/pulse and 63(3)μJ /pulse. These
measurements were performed over 4 days, where each point in
thegraph is basedonat least three sets of ac-Starkmeasurements,
that in turn are each based on 3 Ramsey-comb measurements
at both low and high pulse energy. The weighted average over
all measurements results in an ac-Stark shift of −9(14) kHz from
the 201 nm excitation pulses, with the standard error shown by
the pink band. The pink dotted line shows the weighted standard
deviation of 59 kHz, and the different colours of the data points
represent different days.

4.2.3. The dc-Stark shift
The D2 molecule does not have a permanent dipole
moment, due to its homonuclear nature, and is therefore
not sensitive to the linear dc-Stark effect. We neverthe-
less evaluated a possible higher-order shift by comparing
Ramsey-comb measurements performed in a high static
electric field of 29.4V/cm in the interaction zone (by
putting a constant voltage on the ion extraction plates),
with measurements at near-zero electric field (based on
the pulsed extraction field as we do for regular Ramsey-
comb measurements, see Section 3.2.3). In the case of
the pulsed extraction field, there was only a small resid-
ual field in the interaction zone during excitation of
−1.2V/cm. Based on the transition frequencies mea-
sured at these low and high electric fields, we infer a
dc-Stark shift of 0(1) kHz for the regular measurements,
consistent with zero, as shown in Figure 15.

4.2.4. Zeeman effect
To first approximation, one expects the rotational ground
state of the X and EF electronic levels to show the same
Zeeman effect. Assuming an equal population of all Zee-
man components in the experiment, no (first-order) Zee-
man shift is then expected for the EF(v′ = 0,N′ = 0)←
X(v′′ = 0,N′′ = 0) transition. To verify this assump-
tion, we compared the transition frequency measured in
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Figure 15. The dc Stark effect on the EF(v′ = 0,N′ = 0)←
X(v′′ = 0,N′′ = 0) Q0 transition in D2 due to a residual electric
field of -1.2 V/cm in the interaction zone. This is determined based
on a comparison with measurements at high electric field (29.4
V/cm), and it is consistent with zero. The violet band represents
the weighted standard error equal to 1 kHz while the dashed line
shows the weighted standard deviation of 2 kHz.

a lowmagnetic field situation, where we compensated the
Earth’s magnetic field in the interaction zone, to the fre-
quency obtainedwhenwe apply an external field of either
4G and 6G parallel or perpendicularly, respectively, to
the polarisation axis of the DUV excitation beams. In
Figure 16, themeasurements for a perpendicular field are
shown. Each data point is the result of 3 Ramsey-comb
measurements at either low (0G) or high (6G) field, and
a linear regression was performed for each of the four
data sets (shown in different colours), with a common
slope (shown in black). The uncertainty on the global lin-
ear fit is shown by the dashed lines. An evaluation of all
magnetic field measurements leads to a possible resid-
ual shift of 2.1(2.3) kHz/G. Effectively, no magnetic field
dependence is found within the measurement accuracy.
Since the magnetic field was compensated with an uncer-
tainty of 0.4G for all Ramsey-comb spectroscopy mea-
surements, and no magnetic field shift is expected, we
take the Zeeman shift equal to zero with an uncertainty
of 1 kHz (see Table 2).

4.2.5. Atomic clock reference
The measured transition frequency must be corrected
for any offset of our laboratory reference, the caesium
clock. We calibrated the offset by comparing the one-
pulse-per-second output of the clock over severalmonths
with that of a GPS receiver, taking into account the doc-
umented deviation of the GPS as monitored by NIST
against their caesium standards. During the Ramsey-
comb measurement campaign, the fractional frequency
offset of our caesium clock was −3.1(5)× 10−13. The
measured transition frequency was therefore corrected

Figure 16. Experimental evaluation of the Zeeman effect on the
EF(v′ = 0,N′ = 0)← X(v′′ = 0,N′′ = 0) Q0 transition in D2,
performed by varying themagnetic field (applied perpendicularly
to the polarisation axis of the DUV beams) between 0 and 6 G.
A shift of 2.1(2.3) kHz/G was measured. This results in an effec-
tive shift of 0(1) kHz, consistent with zero, for our Ramsey-comb
measurements during which the magnetic field is compensated
to within 0.4 G at the interaction zone.

for this clock offset, corresponding to a correction of
−924(149)Hz.

4.2.6. Hyperfine structure
With a nuclear spin of iD = 1 the deuterons have to
obey Bose statistics, so that only the symmetric nuclear-
spin wave functions with I = 0, 2 are allowed for 1�+g
states and N′′ = 0 and N′ = 0. Compared to H2, both
ortho- (I = 0, 2) and para-D2 (I = 1) have a hyperfine
structure, caused by the nuclear-spin-rotation, magnetic
dipole and quadrupole interactions [33]. However, for
N′′ = 0 andN′ = 0 all these interactions vanish to zeroth
order, as can be seen from the Wigner-Eckart theorem
and taking into account that the dipole and quadrupole
interaction correspond to rank-2 tensors. Higher-order
corrections involving the interaction with the N′′ = 2
and N′ = 2 states are strongly suppressed given the large
rotational constant.With an estimated line splitting at the
Hz level, the effect of the hyperfine structure can there-
fore be neglected at the current experimental accuracy
when evaluating the transition frequency.

5. Discussion and conclusions

We measured the EF 1�+g (v′ = 0,N′ = 0)← X 1�+g
(v′′ = 0,N′′ = 0) transition frequency of D2 with an
accuracy of 19 kHz, which is more than 150 times better
than the previous determination [24]. This has become
possible through the use of the Ramsey-comb spec-
troscopy method, and improvements we made to the
laser system compared to [21]. Moreover, the molecular
beam apparatus was improved so that all measurements
could be performed at LN2 cryogenic temperatures on
a well-collimated molecular beam. In addition, the D2
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velocity could be changed quickly on a time scale of 5
minutes by switching between pure D2 and a Ne:D2 mix-
ture, which improved the assessment of residualDoppler-
shift effects.

Our result paves the way for a new determination of
the dissociation energy of D2 with a possible improve-
ment of an order of magnitude with respect to the most
recent value [13]. What is needed, is also an improved
ionisation energy of the EF state, which is normally
includes MQDT-assisted Rydberg state extrapolation.
However, the accuracy of the quantum defects is a key
factor that limits the determination of this interval, lead-
ing in the case of H2 to uncertainties of approximately
150 kHz [12] and 600 kHz [13] for p and f Rydberg
states, respectively. Recently, a novel approach based on
Stark map measurements has been developed, enabling
a direct connection between the binding energies of
low-l Rydberg states and the zero-quantum-defect posi-
tion [34]. This eliminates uncertainties associated with
the MQDT treatment and facilitates the determination
of Rydberg binding energies with an accuracy at the
level of 50 kHz. For D2 the accuracy might be worse
at about 100 kHz because of the hyperfine structure
present in ortho-D2, which was resolved in the field-
free measurements in [13], but could potentially com-
plicate the Stark map measurements. Nevertheless, an
accuracy at that level will make D2 spectroscopy inter-
esting for a test of the charge radius of the deuteron
in view of the existing discrepancy (approximately 0.8%
of the charge radius) between measurements in atomic
deuterium and muonic deuterium [9]. Due to the rela-
tively big charge radius (rd = 2.127 99(74) fm [35]) of the
deuteron, the finite-nuclear-size effect on the dissociation
energy D0 is 6.1MHz in D2. With our measurement of
the EF 1�+g (v′ = 0,N′ = 0)← X 1�+g (v′′ = 0,N′′ = 0)
transition at 19 kHz accuracy, the accuracy of D0 will
be dominated by the uncertainty in the ionisation
energy of the EF state, which in turn will be domi-
nated by the uncertainty of the Rydberg binding energies.
Assuming 100 kHz for that quantity as discussed before,
and progress on the theory side to the same level, we
expect that it will become possible to determine the
deuteron charge radius at a level of 1% accuracy in the
near future based on D2 spectroscopy.

Notes

1. Note that initial state quantum numbers are indicated with
a double prime, and the final state with a single prime, also
to distinguish the rotational quantum number N as much
as possible from the index N as used later in this article to
indicate the pulse delay in Ramsey-comb spectroscopy.

2. The temporal phase imprinted onto the amplified fre-
quency comb pulses by the pump laser depends on the

intensity of the pump beam, therefore a homogeneous
pump beam profile is important.

3. The carrier-envelope phase shift φceo between two (non-
amplified) adjacent frequency comb pulses is set by the
carrier-envelope frequency fceo of the frequency comb,
which we know very precisely since we monitor it and lock
it to the 50MHz output of a Direct Digital Synthesizer–see
Section 3.1.1

4. Precise temporal overlap of the two beams is achieved
using a precision translation stage in the optical path of one
of the two excitation beams.

5. The mean velocity of the molecules is determined exper-
imentally by observing the excited molecules as a func-
tion of the timing of the opening of the valve and the
arrival time of the DUV pulses in the interaction zone, as
measured on a fast photodiode.

6. Note that to increase the accuracy of the phase measure-
ments, the pulse bandwidth is increased to 4.5 nm com-
pared to the pulse bandwidth of the actual Ramsey-comb
measurements of 0.2 nm, see Section 3.1.1. We checked
that the phase shift values obtained from the phase mea-
surement are not sensitive to the pulse bandwidth by
comparing phasemeasurements with different pulse band-
widths (2.5, 3.5 and 4.5 nm), which always yields the same
outcome. For more information see A.2

7. The ionisation pulse is 48 ps long and arrives 5 ns after
the secondRamsey-comb excitation pulse, therefore it does
not produce any light shifts

8. Note that for Ramsey-comb spectroscopy, the ac-Stark
effect appears in the form of an accumulated phase shift
that is linearly dependent on intensity. Therefore, the total
accumulated phase shift during an excitation pulse scales
with the integrated pulse intensity, which is equal to the
pulse energy.

9. Note that the detection of the excitation pulse pairs is not
performed in the DUV, since high-intensity pulses in the
DUV damage photodiodes over time and tend to saturate
them quickly.
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Appendices

Appendix 1: Generation of the pump pulse pairs
and their stabilization for the NOPCPA

The two 532 nm pump pulses of the NOPCPA are produced
by frequency doubling two amplified 1064 nm laser pulses that
originate from the full pulse train of a home-built Nd:YVO4
mode-locked laser (the ”pump laser oscillator”). The pulse
selection and amplification process in two stages is explained
below.

The pump laser oscillator emits 1064nm pulses that are
about 10 ps-long. We spectrally filter the pulses to obtain
a pump pulse duration of 48 ps, which is optimal for our
NOPCPA.The laser is operating at a repetition rate of 125MHz,
and it is synchronized with the NIR frequency comb laser by
locking the repetition rate to half that of the frequency comb
(frep = 250MHz). This is required to overlap temporally each
pulse of a given NIR frequency comb pulse pair with a cor-
responding pump pulse in the NOPCPA. To find the initial
pump/comb temporal overlap, we lock the repetition rate of the
pump laser oscillator using a phase-locked loop (PLL) loop that
compares the 2nd harmonic of its repetition rate with the rep-
etition rate of the comb (”Coarse” locking, see Figure 5). Once
amplification is obtained, we switch to another PLL loop that
compares the 34th harmonic of the repetition rate of the pump
laser oscillator to the 78th harmonic of the repetition rate of the
comb (”Fine” locking). Using higher harmonics of the repeti-
tion rates for the PLL minimizes the timing jitter of the comb
and pump pulses with respect to one another, resulting in a
more stable NOPCPA output.

We select two 1064 nm pulses from the full pulse train of the
pump laser oscillator, using a combination of a fibre-coupled
acousto-optic (AOM) and electro-optical (EOM) modulator.
The two selected pulses have low energy, about 28 nJ/pulse,
therefore they undergo two consecutive amplification stages
prior to frequency doubling andNOPCPA pumping. First, they
go through a bounce amplifier, consisting of two Nd:YVO4
crystals pumped by pulsed laser diodes [36], where the ampli-
fied pulses reach an energy of about 0.5mJ/pulse. Subsequently,
these pre-amplified pulses go through a ”post-amplifier” mod-
ule (Northrop-Grumman), consisting of a 6.35 mm diameter
Nd:YAG rod pumped from all sides by a set of 120 pulsed pump
diodes. After this amplifier, the pulses reach an energy about
of 28mJ/pulse. These amplified pulses are then split into two
different paths, where they are frequency-doubled in 5mm-
thick BBO nonlinear crystals to produce 532 nm pulse pairs
with an energy of 1mJ/pulse for the first to NOPCPA stages,
and 20mJ/pulse in the final amplifier of the NOPCPA.

Feedback is applied on the energy of the pump laser pulses
tomaintain a stable NOPCPA output during the Ramsey-comb
measurements. Two Pockels cells between the bounce and post
amplifier are used to reduce fluorescence between the amplifi-
cation stages, but also to control the relative and absolute pump
pulse energy. In the NOPCPA the energy of the amplified NIR
pulses is monitored on a fast photodiode at the output9, and
feedback is applied to the current (slow feedback) and pulse
duration (fast feedback) of the pump diodes of the pump-laser
post-amplifier to maintain a stable pump-pulse energy, and
thus a stable NOPCPA output. In this manner we maintain
a stable ratio of the first to second Ramsey-comb laser pulse
energy within 1-1.5%, and the variation of the total energy
of the two pulses combined is kept within 1%. Even more

important is that the averaged pulse energy over a full Ram-
sey fringe is stable to 0.1%. This ensures that the differential
ac-Stark shifts induced by the excitation laser light remain as
much as possible common-mode, to minimize the effect on the
determination of the transition frequency (see Section 2).

Appendix 2: Phasemeasurements: the effect on
the transition frequency, and the influence of
the pulse bandwidth

In [37], an extensive description is given of the phase measure-
ment method. Here we discuss the influence of the measured
phase shifts on the determined transition and the influence of
the spectral bandwidth of the pulses.

As discussed in 4.2.1, themeasured relative phase difference
between the two amplified pulses ϕ is typically between -50 to
50mrad, depending on the daily OPA alignment. The phase
noise ranges between 20 and 80mrad.

Because the phase measurement is performed with the NIR
pulses, the effective frequency shift �f of the measured transi-
tion due to the NOPCPA-induced phase shifts, is equal to:

�f = (8�φ)/(2π�NTrep). (A1)

Herewe assume as a first-order approximation that themea-
sured phase shift �ϕ at 804.3 nm is linearly dependent with
the difference in delay �NTrep. The factor 8 comes in from the
upconversion to the fourth harmonic at 201 nm and the two-
photon transition. To calculate the frequency shift, we obtain
�ϕ/�N by fitting a linear regression of the measured relative
phase shifts between the pulse pairs as shown in Figure 7.

The phase measurements were carried out with a different
(broader) pulse bandwidth than the Ramsey-comb measure-
ments. The reason is the lower spectral power of the fibre-based
frequency comb we now employ. This in turn required the
use of an image intensifier (the ’Cricket’ by Photonis), which
reduced the resolution of our spectrometer. As a result, the
same amount of spectral fringes has to be generated over a
broader wavelength range. Most phase measurements were
therefore donewith a bandwidth of 4 nm (compared to 0.18 nm
during the Ramsey-comb measurements), by opening the slit
in the stretcher. The power of the 4 nm bandwidth beam,
used as seed for the OPA during the phase measurements,
was decreased to fit the power spectral density used for the
RC measurements at 0.18 nm bandwidth. This was done in
order to reproduce similar conditions in the OPA as during
the RC measurements. In [38], it was shown that the mea-
sured phase shift with respect to the interpulse delay does
not vary for different bandwidths (spanning 0.4 nm to 3 nm)
with an accuracy of 9mrad. In Figure A1, a comparison for
the present system is shown of the detected linear phase shift
slope at different bandwidths. At the transition frequency, this
leads to a frequency correction according to Equation 4 that is
20(17) kHz for 4.5 nm bandwidth, 11(21) kHz for 3.5 nm, and
14(30) kHz for 2.5 nm. The uncertainty of the measured fre-
quency shift increases for smaller bandwidths. The reason is
that for a smaller bandwidth, a higher resolution is required
to observe a similar amount of interference fringes for an
accurate determination. However, the optics and the Cricket
image intensifier limit the resolution in this case. A phase shift
between the pulses arises mostly from the interplay between a
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Figure A1. Comparison of the linear relative phase shifts for different bandwidths of the amplified FC laser. The average of all measure-
ments is shown as the horizontal black line and its standard deviation by the grey band. The individual averages and standard deviations
for each probed bandwidth are shown in the respective colour. No significant difference in the spread of slopes could be observed for
bandwidths ranging between 2.5 and 4.5 nm.

residual phasemismatch in the OPA and the amplification con-
ditions [37]. It is important to realize that we are only sensitive
to a change in phase shift between the two pulses. Although
this shift depends strongly on alignment, there is very little
dependence on wavelength, especially because the bandwidth
we use is much smaller than the phase-matching bandwidth
of the OPA crystals. The simulations performed in [37] show
that theoretically no significant dependence of the measured
phase shift on bandwidth is expected. This is confirmed by
our measurements at 2.5 nm and 4.5 nm. Therefore we take the
phase shift measurements performed at these bandwidths to be
representative too for a bandwidth of 0.2 nm.

Appendix 3: Improvements to the D2 molecular
beam apparatus

Themolecular beamapparatus has been improved since the last
Ramsey-comb measurements in H2 [21], leading to a higher
molecular density for a liquid-nitrogen-cooled beam, and a
reduction of the beam divergence. The most important change
has been the use of a pulsed valve developed in the group of
F. Merkt at the ETH Zürich, as described in the main text. We
describe below the other improvements we have made to the
molecular beam apparatus.

The molecular beam path has been extended to reduce
skimmer clogging and to optimize the density and collima-
tion of the D2 molecules in the interaction zone, as shown in
Figure 8. A first skimmer (Sk1) of 8mm diameter is placed
31 cm after the valve nozzle, while a second skimmer (Sk2)
with a diameter of 3mm is placed 82 cm after the nozzle. Both
the source chamber with Sk1 and the intermediate chamber
with Sk2 are independently pumped by a 500 l/s turbo-drag
pump. The interaction zone is defined by the geometry of those
skimmers, at 1.04m from the valve nozzle, leading to amolecu-
lar beam diameter of about 3.8mmwhere the excitation pulses

meet. The valve is operated with a backing pressure of 1 bar
of D2 gas. Due to the finite bandwidth of the excitation laser
in combination with a possible small misalignment of the two
counterpropagating beams, the RCmeasurements are not com-
pletely first-order Doppler-free. To determine the first-order
Doppler-free transition frequency, we vary the D2 velocity by
using either pure D2 (at 999m/s) or a mixture of 2 parts of
D2 mixed with 3 parts Ne. In the mixture collisions between
D2 and Ne slows down the D2 molecules by a factor of 2 (571
m/s), but at the cost of a lower D2 density. Moreover, the D2
molecules are pushed out of the centre by the collisions with
the heavier Ne atoms, resulting in an 80% loss of signal strength
(when compared to pure D2).

Appendix 4: Data taking procedure

Each Ramsey-comb measurement consists of three Ramsey
fringes, at an interpulse delay corresponding to N = 3, 24 and
45. Every Ramsey fringe is obtained by scanning the pulse delay
over 500 as in 8 steps (micro-delay steps). The micro-delay δt
and interpulse delay N were scanned randomly to collect 400
points for the measurement of three Ramsey fringes, result-
ing in a measurement time of 5 minutes and 43 seconds. In
the analysis, the first 40 points, corresponding to 1.4 s, are dis-
carded. This is done to take into account the settling time
of the laser (especially the pulse energy) to the new settings
of N and the repetition rate of the FC laser for each data
point. Random scanning is made possible by pre-calibrating
the feedback on the ratio and amplitude of the pulses. This
is especially important for the large interpulse delay jumps
used in the RC measurements as the final Nd:YAG amplifier
of the pump laser system has a decreased gain for longer inter-
pulse delays. The random scanning and short measuring time
reduce the effect of drift effects on the extracted transition
frequency.
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