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1S-3S cw spectroscopy of hydrogen/deuterium atom
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We study the 1S-3S two-photon transition of hydrogen in a thermal atomic beam, using a home-
made cw laser source at 205 nm. The experimental method is described, leading in 2017 to the
measurement of the 1S-3S transition frequency in hydrogen atom with a relative uncertainty of
9 x 10713, This result contributes to the ”proton puzzle” resolution but is in disagreement with the
ones of some others experiments. We have recently improved our set-up with the aim of carrying
out the same measurement in deuterium. With the improved detection system, we have observed
a broadened fluorescence signal, superimposed on the narrow signal studied so far, and due to the
stray accumulation of atoms in the vacuum chamber. The possible resulting systematic effect is

discussed.

PACS numbers:

I. INTRODUCTION

Our group in Paris studies the two-photon 1S-3S tran-
sition of hydrogen in an atomic beam for several decades
now. The main problem for such a study is the gener-
ation of the 205 nm laser radiation needed for the ex-
citation. In a first step, we performed two successive
frequency doublings of a home-made titanium-sapphire
laser at 820 nm [1], with LBO and BBO crystals inside
two enhancement cavities. To avoid rapid deterioration
of the BBO crystal, a modulation of the second cavity
was needed, leading to a quasicontinuous regime where
the UV intensity consists of 3 pus pulses at a frequency of
30 kHz [2]. During the nineties, we performed with this
source the determination of the 1S Lamb shift by com-
parison of the 1S-3S and 2S-6D transitions frequencies
which are in a ratio close to 4:1 [2, 3].

In this experiment, the excitation takes place in an en-
hancement cavity and the two counterpropagating UV
beams are collinear with the effusive thermal atomic
beam, so that the transit time broadening is reduced.
Although the first-order Doppler effect is cancelled, the
second-order Doppler effect is the main systematic effect
since it shifts the signal by about 150 kHz for an atomic
velocity of 3 km/s.

A way to control this effect was proposed by our group
in 1991 [4], and more details about the method will be
presented in Sec. IV. It was successfully implemented
by our group [5], which allowed us to achieve few years
later the first optical frequency measurement of the 1S-
3S transition with a frequency comb [6]. The result ob-
tained, with a relative uncertainty of 4.5 x 10712, made
this frequency the second one accurately known of the
optical frequencies in hydrogen.

The first one is indeed the 1S-2S two-photon transi-
tion frequency, studied for a long time by the Garching
group [7][8]. Due to the metastability of the 2S state,

this transition has an extremely narrow linewidth, and
its frequency is presently known with an accuracy of
4.2 x 10715, Combining this frequency with another op-
tical one allows to determine both the Rydberg constant
and the 1S Lamb shift, taking advantage of the approx-
imate 1/n? scaling law of the Lamb shifts and the fact
that the deviation from this law is precisely calculated
[9].

The main contributions to the Lamb shift are QED
radiative corrections, which are now calculated with a
very high precision. If one assume that their calculation
is correct, one can deduce nuclear size effect from the
measurement of the Lamb shift. Until 2010, the value of
the proton charge radius was deduced either from atomic
hydrogen spectroscopy using this method, or from scat-
tering experiments and its commonly accepted value [10]
was rp, = 0.8775(51) fm. However, the measurement
of the 2S5-2P interval performed in muonic hydrogen by
the CREMA collaboration in the Paul Scherrer Institute
(Switzerland) led to a ten more precise value of this ra-
dius 7, = 0.84087(39) fm [11][12], but in disagreement
by 7 ¢ with the previous one. During the ten past years,
an intense research activity, both theoretical and exper-
imental, has been carried out to solve this discrepancy,
which is now known as the “proton puzzle” [13].

In atomic hydrogen, both one-photon and two-photon
transitions have been recently studied leading to new
frequency measurements: 2S-4P [14] and 1S-3S [15] in
Garching, 2S-2P in York [16], 2S-8D in Boulder [17].
Some of them are in agreement with the measurement
of the r, value deduced from muonic hydrogen spec-
troscopy, but others do not agree.

While the Garching group uses picosecond pulses to
excite the 1S-3S two-photon transition, we have devel-
oped in Paris a continuous laser source at 205 nm [18] to
perform the 1S-3S excitation and carry out a new precise
measurement of the transition frequency [19]. The use of



two different techniques by the Garching and the Paris
groups to study the same transition is interesting since
it could open the way to reveal possible systematic ef-
fects responsible for a shift of the line. The experimental
device we used for our measurement and recent improve-
ments of our experimental set-up are described in the
following.

II. EXPERIMENTAL SET-UP AND RESULT
OBTAINED IN HYDROGEN

In Fig. 1 is shown a simplified schematic of the ex-
perimental apparatus used until measurement campaign
of 2020. The hydrogen atomic beam is generated by a
MHz dissociator applied on Hs gas that generates about
10'® atoms/s, injected into the vacuum chamber. A set
of irises ensures the collimation of the atomic beam. The
two-photon 1S-3S laser excitation is realised thanks to
a build-up in-vacuum 205 nm Fabry Perot (FP) cavity.
The excitation probability is the highest at the focal point
of the FP cavity, on top of which are installed the collec-
tive optics and PhotoMultiplier (PM) which record the
fluorescence red photons emitted by the decay of the 3S
— 2P states. A more detailed schematic of the experi-
mental chamber is displayed in Fig. 3 a).
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FIG. 1: Simplified schematic of the experimental setup.

To generate the 205 nm cw laser, we use a frequency
sum inside S-barium borate (BBO) crystal, that adds up
the radiations of the fourth harmonic of the Nd-YAG at
266 nm, (resulting from the frequency doubling of the 532
nm Verdi V6 Coherent laser ) and the home-made tun-
able titanium:sapphire (Ti:Sa) laser at 894 nm [18]. Typ-
ically 12mW of 205 nm can be injected into the Fabry-
Perot cavity. The frequency stability of the lasers used
to be ensured via several Fabry-Perot cavities, all refer-
enced to the radiation of a laser diode at 778 nm locked
on a two-photon hyperfine transition of ®Rb [20, 21] .
Recent improvements on the locking system of the laser
system have been realised during the PhD thesis of S.
Thomas [22], which have led to the possibility of scan-
ning the laser frequency in a wider range and will be dis-
cussed in the following section III. In order to measure
the different laser frequencies, we use a Menlo Systems
femtosecond (fs) frequency comb, whose 780 nm output is

spectrally broadened in a photonic crystal fiber (PCF), to
beat each of our lasers with one of the teeth of the combs
and counts the resulting RF signal. Despite the PCF, the
broadening of the fs-comb signal is quite limited around
532 nm, making the beatnote between the VERDI and
the fs-comb too weak to reliably extract its frequency.
Thus, since 2016, we use an intermediate Nd-YAG laser
(Prometheus, Innolight), providing both 1064 nm and
532 nm outputs. The 532 nm beam is beaten with the
VERDI laser, whereas the 1064 nm output is compared
to the fs-comb [23]. Finally, the frequency comb is refer-
enced to the LNE-SYRTE Cs fountain primary frequency
standards via fiber link [20].

III. RECENT IMPROVEMENTS

Two main improvements have been implemented in our
experimental setup, over the past years. First, to improve
the statistics, we worked on reducing the background sig-
nal and on improving the general stability of the 205 nm
Fabry-Perot locking system.
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FIG. 2: typical 1S-3S fluorescence signals during hydrogen
a.) and b). and deuterium c.) and d). campaigns. Several
technical improvements led to the background reduction and
to a wider scanning laser frequency range obtained in d). a)
Data taken during S. Galtier PhD thesis [24], b) Data taken
during H. Fleurbaey PhD thesis [23], ¢) and d) Data taken
during S. Thomas PhD thesis [22]

Typical signals during the three last measurements
campaigns on the 15-3S transition in hydrogen and deu-
terium, are shown in Fig.2. In a), we can see that the
background signal was about 4300 counts/s. The count-
ing photon electronic module has been changed, and in
parallel, we pursued a better calibration for the trigger-
ing threshold to counts the photons. We performed also
a better isolation of the parasitic photons : in addition to
the interferential filter that lets only red photons passing
through the PMT, we recently added a dichroic mirror
right before the collective optics to block any UV pho-



tons to penetrate (shown in Fig.3 a) and b)). Indeed,
we observed that the UV at 205 nm tends to induce a
red fluorescence into glass, as shown in Fig.3 c¢). These
changes in our detection set-up led to a drastic reduction
of the background counts signals, to about 200 counts/s,
as we can see in Fig.2 b), ¢) and d).
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FIG. 3: a) An overview of the experimental set-up. A dichroic
mirror has been recently added to block red fluorescence pho-
tons from UV fluorescence into glass ; drastically reducing
the background signals. b) The dichroic mirror blocking
UV 205 nm photons and allowing visible photons from the
n = 3 — n = 2 de-excitations to be transmitted toward the
PMT. c) A typical fluorescence signal coming from UV pho-
tons (266 nm beam) fluorescing into glass.

The second main improvement concerns the laser sys-
tem. We worked to increase the frequency stability and
tunability of the 205 nm laser. Before 2018, the usual
laser frequency scan was about of £ 1.5 MHz around
the resonance frequency (meaning a total width scan of
the atomic transition of = 3 MHz, since the excitation
is done via 2-photon absorption). This corresponds to a
tunability range of about 5 times the natural linewidth of
the transition. It takes about 6 min to acquire a full run,
composed of 10 scans of the transition. Each scan is made
of 31 data points. It was possible to extend the range to
a scan width of £ 5 MHz corresponding to about 10 nat-
ural linewidths, and this took about 11 min for 10 scans
of 51 points each [23]. The new locking system of the
lasers allows a wider scan up to + 30 MHz, correspond-
ing to about 60 natural linewidths, and it takes 20 min
to record 10 scans. Technical details are available in [22].

Quickly, this wider scanning frequency range has been
made possible thanks to the design of a new locking
scheme mechanism for the lasers. In the past, we used
to shift the frequency of the 205 nm beam, playing on
the 984 nm frequency using a double-pass AOM to add
the desired shift, and keeping constant the frequency of
the 266 nm beam. The limitation of this scheme comes
from the AOM efficiency that drops quickly when it is
tuned out of its resonance circuit. This limits the range
of scanning of about + 4-5 MHz max. The new lock-
ing scheme opts for rather tuning the 532 nm laser, that
generates the 266 nm radiation by frequency-doubling.
This allows to double the effective scanning range of the
205 nm beam, compared to the one of the 532 nm laser.
The green laser used to generated the 266 nm is a VERDI

V-6 Coherent, that has the capability of being easily tun-
able over a wide range with not significant drops in in-
tensity. In order to stabilise its frequency, it is locked
via a Pound-Drever-Hall locking scheme [25] to an auxil-
iary Fabry-Perot (FPA) cavity. We apply an error signal
to move the length of the FPA cavity, which changes
its Free Spectral Range (FSR) and then moves the reso-
nance peak on which the VERDI laser is locked to. As
a consequence, the frequency of 532 nm laser follows the
resonance peak and is shifted accordingly. This allows
a wider scanning range up to =+ 30 MHz on the 205 nm
beam with no significant drops nor instabilities in inten-
sity observed. This led to a new systematic effect that
we further discuss in the following section.

IV. ANALYSIS OF A POTENTIAL NEWLY
OBSERVED SYSTEMATIC EFFECT

We present here data taken during the deuterium 1S-
3S campaign of October-December 2020, recorded during
the PhD thesis of S. Thomas [22].

A. DMain systematic effect: the Second Order
Doppler effect

The main systematic effects affecting our data are fully
characterized and detailed in [19]. It is beyond this ar-
ticle to review them all here. In this section, we aim to
present the preliminary results in the investigation of a
new systematic effect we have recently discovered thanks
to the experimental improvements in both signal detec-
tion and laser stabilities and wider tunability. We only
give here a short overview of the theoretical modelling of
the transition line and the atomic velocity beam distribu-
tion, crucial to estimate systematic effects. Indeed, the
main systematic effect in our experiment is the second-
order Doppler (SOD) effect, which is on the order of 60
kHz for Deuterium atoms, and depends on the velocity
distribution of our room-temperature atomic beam. In
order to determine this distribution, we follow a method
detailed in [4]. It consists in applying a transverse mag-
netic field in the interaction region, so that an atom mov-
ing with velocity ¢ experiences a motional electric field
E = 7 x B. The resulting motional Stark shift experi-
enced by the atoms is proportional to the square of their
velocity, like the SOD shift. For a particular choice of
the field intensity, in the neighbouring of a level cross-
ing, it can compensate the second-order Doppler effect
for all atomic velocities in the beam. Actually, taking
into account the motional Stark and Zeeman effects, the
shift of the SOD effect on the transition is only partially
reduced, because only some hyperfine mp sublevels are
involved. Therefore, this method is a mean to study the
atomic velocity distribution in the beam, by fitting the
data with theoretical profiles depending on the applied
magnetic field and having as the fit parameters our ve-



locity profile variables. To extract the best parameters
of the velocity distribution, we record the transition sig-
nal for no applied magnetic field (residual field of 0.04
mT) and for different values of the magnetic field. To
avoid bias due to a possible stray electric field, we also
reverse the magnetic field direction. More details about
the procedure can be found in [19].

Our velocity distribution model :

f(v,0v0) ~v3exp(—;7)P(g) exp(—%o) (1)

is based on the Maxwellian-type distribution of an effu-

sive beam (o = kﬁT, T temperature, M atomic mass)

[19] and includes the correction P(%) which describes
a depletion of slow atoms due to interactions within the
nozzle [26]. It is multiplied by an exponential decay term
to model a possible additional depletion of the slow atoms
in the effusive beam. This atomic velocity distribution
can be fully modelled by the two parameters ¢ and vy
[21]. The data analysis relies on a theoretical line pro-
file described in [6] which includes the SOD and motional
Stark and Zeeman shifts. Thus, we can generate fully de-
rived theoretical line profile, which depends on the veloc-
ity distribution parameter o and vg, allowing to extract
these parameters with a x? minimization analysis. We
finally take into account broadening effects, mainly due
to transit time and pressure broadening by convoluting
the theoretical line with a Lorentzian function, with its
width I' being a free parameter of the numerical fit.

This computed theoretical line profile can applied to fit
the data and extract the resonance frequency at zero
magnetic field vg, as illustrated in Fig.4 a). The derived
theoretical line profile ;;*°, computed for an atomic ve-
locity distribution with parameters (o,vg) is broaden by
convolution with a Lorentzian (Lor) curve of Full Width
at Half Maximum (FWHM) T', such that the fit model is

Fae (0, 1) = F " (vo) @ Lor(T) (2)

It is worth noticing that this computed line profile is
asymmetric mainly because of the 2" Doppler order ef-
fect, so that the determination of the velocity distribution
of the beam is crucial for the proper analysis of our data.

B. A newly spotted contribution to the
fluorescence signal

Thanks to the recent improvement on laser stability
and tunability explained in Sec. III, we were able to
record a couple runs of data over an extended frequency
range, for different magnetic field values. Each run is
composed of 10 scans of 72 data points recorded at dif-
ferent laser frequencies. One run takes about 20 min
acquisition time. To extract the resonance frequency vy,

we then proceed to a python fit, using Fgr 1. A typi-
cal spectrum recorded for B = 0.46 G (residual Earth
magnetic field), with a scanning laser frequency range of
[-12.5, +12.5] MHz, is shown in Fig.4. In a), we ap-
plied the fit model Eq.(2) only to the centre data, re-
stricting the fitted data to [—5, +5] MHz, to compare to
the usual scanning ranges used in the past measurement
campaigns. The fit appears to be in good agreement, as
the correlation coefficient of the fit compared to the data
is R? = 0.96, and the fitted uncertainty obtained for a
single run is about 10 kHz. This uncertainty is averaging
down to a couple of kHz after 1 day of measurements. In
Fig.4 b), we present the result of the fit performed over
the whole data, still using the same theoretical line of
Eq.(2). In this case, it appears that the theoretical line
profile fails to follow the "tail” of the data: the fluores-
cence signal from the hydrogen beam sits on a ”pedestal”
fluorescence signal that this first model doesn’t take into
account.

We investigated the origin of this pedestal signal, vary-
ing the laser intensity injected into the Fabry-Perot cav-
ity as well as the pressure inside the vacuum chamber,
varying the flux of hydrogen in the atomic beam. It ap-
pears that this signal varies as the square of the laser
intensity and decreases when the atomic pressure de-
creases. We attribute this pedestal signal to a fluores-
cence 1S-3S signal of the rest-gas hydrogen atoms, that
accumulate in the vacuum chamber because of the diffi-
culty of pumping out the hydrogen atoms. The H atoms
in the vacuum chamber can cross the laser beam in any
direction, interacting with the laser for a shorter period
compared to the hydrogen of the atomic beam that leads
to a broadening of the transition line compared to the
fluorescence of the H beam ones, due to finite transit
time (see [22, 23] for more details on the finite transi-
tion time broadening). In order to take into account the
contribution of the rest gas H atoms to the total fluo-
rescence signal, we modified our fitting model, adding to
the previous Fgy,1 an extra Lorentzian curve to model
the pedestal signal, with the centre (v,) and the FWHM
(T'p) as free fit parameters as well:

Fiit,o = Fp° (vo) @ Lor(T) + Lor (v, Tp) (3)

Results of the new fit model Fg¢ o are displayed in
Fig.5, where the two contributions to the total fit (pur-
ple curve), the one coming from the pedestal fluorescence
signal (orange dashed curve) and the one from the deu-
terium atomic beam (pink dashed curve), are displayed.
The agreement of this model to the data is better for
the tails, as it can be observed on the plotted residuals,
and the uncertainty on the centre frequency vy slightly
decreases.

We also tried to model the pedestal signal with a
broaden theoretical curve ;""" (1,) ® Lor(T), leading
to a third fit model Fgq 3 :

Fiits = F " (vo) @ Lor (D) + F "% (vp) @ Lor(Ty) (4)
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FIG. 4: A typical fluorescence 1S-3S signal of deuterium atoms, recorded at B = 0.46 G. a) The averaged counts/s (over 1 run
= 10 scans) and the best fit results (green curve) obtained with the fit model of Eq.2, applied on the centre data [—5,+5] MHz
range. b) Same data, plotted over the whole [—12.5,+12.5] MHz range, and the best fit results (red curve) with the fit model
of Eq.2, to fit he whole data range. The according residuals of the best fit to the data are plotted in the bottom of the figures.
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FIG. 5: Same fluorescence 15-3S data of deuterium atoms, as Fig. 4 recorded at B = 0.46 G. a) The averaged counts/s (over
1 run = 10 scans) and the best fit results (purple line) obtained with the fit model of Eq.(3), applied on the whole data
[-12.5,+12.5] MHz range. The fitted pedestal signal contribution is plotted in orange dashed curve, whereas the pink dashed
line is the fluorescence signal contribution for the atomic beam. b) Zoom over the [—5,+5] MHz of the fit result of a). The
tails appear to be better fitted than in the case of the model of Eq.(2). The according residuals of the best fit to the data are
plotted in the bottom of the figures.

The results with the fit Fg 3 give similar parameters compared to the ones obtained with Fg¢ 2. This result



was expected, since the natural linewidth of the transi-
tion (modelled by Fi) is 1 MHz and the pedestal sig-
nal is about 8-10 MHz wide. The convolution between
the two curves results mostly on a broaden Lorenztian
curve. The asymmetry of the fluorescence signal seems
to be flatten out by the short transit-time broadening,
and within the uncertainty of the fits, we cannot distin-
guish the two models.

C. A significant new systematic effect 7

Once the pedestal signal was revealed, the stringent
question was to estimate what could be the maximal
contribution of this parasitic signal to the fitted vy cen-
tre frequency of the 1S-3S transition. Indeed, the veloc-
ity distribution of the hydrogen atoms in the rest gas is
most likely different from the one of the effusive atomic
beam, since it can be modelled in first approximation as
a thermal gas. Within this thermal rest gas, the atoms
trajectories are constrained by the geometry of the cham-
ber, with the collimation irises and the collective optics
in the way. Overall, the velocity distribution of atoms
contributing to this pedestal fluorescence has no reason
to be similar to the one of the effusive, collimated, atomic
beam, leading to a different 2"¢ order Doppler effect, and
thus, to a different asymmetry of the line profile. As a
consequence, this effect could potentially shift the appar-
ent centre frequency v, as the signal of interest sits on a
wider asymmetrical curve. As a matter of fact, this effect
is quite limited in our data: the fitted vy values of the cen-
tre of 1S-3S transition at zero field, extracted with differ-
ent fit models and applied either on the centre data (Fig.4
a) ) or on the whole data range (Fig.4 b) and Fig.5), all
agree to each other within our current uncertainty. In-
deed, the fluorescence signal from the rest gas H atoms is
so broaden that it appears flat at the position of the flu-
orescence peak from the excited atoms from the atomic
beam, within the uncertainty of our data. The fluctua-
tions of the intensity signal at constant laser frequency
are mainly due to fast instabilities on the enhancement
Fabry-Perot cavity lock and the injected 205 nm laser
beam intensity. During the 2020 measurement campaign
on deuterium, we recorded only a couple of exploiting
runs with extended frequency scanning range for each
magnetic field value. In order to conclude on the quanti-
tative effect of this pedestal fluorescence signal, we need
to accumulate more runs at wider laser frequency ranges.
This preliminary study can only state that if any system-
atic effect exists, it is currently not detectable within our
current uncertainty. In plus of accumulating statistics,
the intensity fluctuations of the data needs to be reduced,
in both short and long timescales.

V. CONCLUSION AND PERSPECTIVES

In this paper, we first discussed the recent improve-
ments realised on our apparatus to perform the in-beam
two-photon 1S-3S cw spectroscopy of hydrogen and deu-
terium atoms. Thanks to these upgrades, we then pre-
sented a potential new systematic effect that was re-
cently spotted: the presence of a pedestal fluorescence
signal that sits below the fluorescence peak coming from
the excited atoms in the hydrogen beam. The prelim-
inary studies, performed on deuterium during the 2020
measurement campaign, tend to confirm our hypothesis
from the origin of this pedestal signal, that comes from
the rest gas of deuterium atoms, that are not pumped
fast enough and then accumulated; they can get ex-
cited by the 205 nm laser beam during a short inter-
action time while crossing the light. This short excita-
tion period leads to the broadening of the 1S-3S line and
the aspect of this broaden pedestal signal of typically
8-10 MHz linewidth. The updated theoretical models
(Egs.(3) and (4)) allow to extract the centre frequency
vy with a slightly better uncertainty on all the fit pa-
rameters than the one obtained with the single theoret-
ical line (Eq.(2)) model. But the results of the different
fit models are the same within the uncertainties. Thus,
even if a more systematic study on this effect needs to be
carefully performed and is planned for the next measure-
ment campaign, we can currently state that this effect
is not major and most likely cannot explain the discrep-
ancy observed between the measured values of the 1S-3S
frequency [19][15]. We are currently finishing some ma-
jor upgrades on the apparatus, mainly focusing on two
points: the laser system and the vacuum chamber. Con-
cerning the lasers, we decided to change one of our pump
laser to generate the 266 nm (VERDI Coherent laser)
to a new Y10 Azurlight fiber-amplified 532 nm continu-
ous laser with a claimed bandwidth of about 1 kHz. We
have worked on the laser locking system [22] to be able
to lock all our lasers on the frequency comb, which is
itselft stabilised on the reference signal of the 10 MHz
from the LNE-SYRTE laboratory [20]. This should have
an important impact on the reducing the broadening of
the line due to the laser bandwidth. Concerning the vac-
uum chamber, we opted to change the old oil-pump based
vacuum system, to an entirely new H beam and vacuum
chamber, pumped with turbo and scroll pumps. We per-
formed mechanical studies to design the chamber such
that the vibrations from the pumps would be minimised
on the UV mirrors for the enhancement Fabry-Perot cav-
ity (reducing fast fluctuations on the UV beam, 10 ms-1s
timescale). We will also implement differential pumping
stages to try to improve the durability of the UV 205 nm
mirror, by injecting a small flux of di-oxygen to refurbish
the coating surface, as performed in [27] and references
therein. This would help also for the enhancement cavity
long-term stabilisation (about 30 min-1h timescale). All
in all, these improvements will allow us to perform soon
a new measurement of the 1S-3S transition frequency in



hydrogen and deuterium, with careful systematic effects
checks and studies; it will bring us to our next goal, the
15-4S laser spectroscopy at 194 nm, never observed so far
and that we can easily address with our laser system with
minor upgrades. This work is performed under the fol-
lowing financial assistance award 60NANB18D281 from
the US-Department of Commerce, National Institute of
Standards and Technology (NIST).

VI. AUTHOR CONTRIBUTION STATEMENT

All authors contributed equally to the paper.

VII. DATA AVAILABILITY STATEMENT

The datasets analysed during the current study are not
publicly available since they are part of the whole data
campaign of 2020 that is still under analysis, but are
available from the corresponding author on reasonable
request.

VIII. REFERENCES

[1] S. Bourzeix, M.D. Plimmer, F. Nez, L. Julien and
F. Biraben, Optics Comm. 99, 89 (1993).

[2] S. Bourzeix, B. de Beauvoir, F. Nez, M.D. Plimmer, F. de
Tomasi, L. Julien, F. Biraben and D.N. Stacey, Phys.
Rev. Lett. 76, 384 (1996).

[3] S. Bourzeix, B. de Beauvoir, F. Nez, F. de Tomasi, L.
Julien et F. Biraben, Optics Comm. 133, 239 (1997).

[4] F. Biraben, L. Julien, J. Plon and F. Nez, Europhys.
Lett. 15, 831 (1991).

[5] G. Hagel, R. Battesti, F. Nez, L. Julien and F. Biraben,
Phys. Rev. Lett. 89, 203001 (2002).

[6] O. Arnoult, F. Nez, L. Julien and F. Biraben, Eur. Phys.
J.D p. 243 (2010).

[7] M. Fischer, N. Kolachevsky, M. Zimmermann,
R. Holzwarth, Th. Udem, T.W. Hansch, M. Ab-
grall, J. Griinert, I. Maksimovic, S. Bize, H. Marion,
F. Pereira Dos Santos, P. Lemonde, G. Santarelli, P. Lau-
rent, A. Clairon, C. Salomon, M. Haas, U.D. Jentschura
and C.H. Keitel, Phys. Rev. Lett. 92, 230802 (2004).

[8] C.G. Parthey, A. Matveev, J. Alnis, B. Bernhardt,
A. Beyer, R. Holzwarth, A. Maistrou, R. Pohl, K. Pre-
dehl, Th. Udem, T. Wilken, N. Kolachevsky, M. Abgrall,
D. Rovera, C. Salomon, P. Laurent and T.W. Hansch,
Phys. Rev. Lett. 107, 203001 (2011).

[9] A. Czarnecki, U. D. Jentschura, and K. Pachucki, Phys.
Rev. Lett. 95, 180404 (2005).

[10] P.J. Mohr, B.N. Taylor and D.B. Newell, Rev. Mod.
Phys. 84, 1527 (2012).

[11] R. Pohl et al., Nature 466, 213 (2010).

[12] A. Antognini et al., Science 339, 417 (2013).

[13] J.-Ph. Karr and D. Marchand, Nature 575 (7781), 61
(2019).

[14] A. Beyer, L. Maisenbacher, A. Matveev, R. Pohl,
K. Khabarova, A. Grinin, T. Lamour, D.C. Yost,
T.W. Hénsch, N. Kolachevsky and Th. Udem , Science
358 (6359), 79 (2017).

[15] A. Grinin, A. Matveev, D.C. Yost, L. Maisenbacher,
V. Wirthl, R. Pohl, T.W. Héansch and Th. Udem, Sci-
ence 370 (6520), 1061 (2020).

[16] N. Bezginov, T. Valdez, M. Horbatsch, A. Marsman,
A.C. Vutha, and E.A. Hessels, Science 365, 1007 (2019).

[17] A.D. Brandt, S.F. Cooper, C. Rasor, Z. Burkley,
A. Matveev, and D.C. Yost, Phys. Rev. Lett. 128, 023001
(2022).

[18] S. Galtier, F. Nez, L. Julien, and F. Biraben, Optics

Communications 324 (2014).

[19] H. Fleurbaey, S. Galtier, S. Thomas, M. Bonnaud,
L. Julien, F. Biraben, F. Nez, M. Abgrall, and J. Guéna,
Phys. Rev. Lett. 120 (2018).

[20] D. Touahri, O. Acef, A. Clairon, J.-J. Zondy, R. Felder,
L. Hilico, B. de Beauvoir, F. Biraben, and F. Nez, Optics
Communications 133 (1997), URL https://doi.org/
10.1016/S0030-4018(96)00471-3.

[21] S. Galtier, H. Fleurbaey, S. Thomas, L. Julien,
F. Biraben, and F. Nez, Journal of Physical
and Chemical Reference Data 44, 031201 (2015),
https://doi.org/10.1063/1.4922255, URL https://doi.
org/10.1063/1.4922255.

[22] S. Thomas, Ph.D. thesis, Sorbonne Université
(Paris) (2021), URL https://theses.hal.science/
tel-03828489.

[23] H. Fleurbaey,
(Paris) (2017),
tel-01633631.

[24] S. Galtier, Ph.D. thesis, Sorbonne Université (Paris)
(2014), URL https://hal.archives-ouvertes.fr/
tel-01080669.

[25] R. W. P. Drever, J. L. Hall, F. V. Kowalski, J. Hough,
G. M. Ford, A. J. Munley, and H. Ward, Appl. Phys. B
31(2) (1983).

[26] D. R. Olander, R. H. Jones, andW. J. Siekhaus, J. Appl.
Phys 41 (4388) (1970).

[27] Z. Burkley, L. de Sousa Borges, B. Ohayon, A. Golovizin,
J. Zhang, and P. Crivelli, Opt. Express 29, 27450 (2021),
URL https://opg.optica.org/oe/abstract.cfm?URI=
0e-29-17-27450.

Ph.D. thesis, Sorbonne Université
URL https://theses.hal.science/



