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Dick effect in a pulsed atomic clock using coherent population trapping

Jean-Marie Danet, Michel Lours, Stéphane Guéraideéric de Clercq

LNE-SYRTE, Observatoire de Paris, CNRS, UPMC, 6&rue de I'Observatoire, 75014 Paris, France.

Abstract. The Dick effect can be a limitation okthchievable frequency stability of a passive atofrequency
standard when the ancillary frequency source ig patiodically sampled. Here we analyze the Didkeatffor a pulsed
vapor cell clock using coherent population trapp{@T). Due to its specific interrogation processhaut atomic

preparation nor detection outside of the Ramseggsulit exhibits an original shape of the sensjytiftinction to phase
noise of the oscillator. Numerical calculations ngsia three-level atom model are successfully coatpaxith

measurements; an approximate formula of the seitgifunction is given as an easy-to-use tool. Anparison of our
CPT clock sensitivity to phase noise with a cloékhe same duty cycle using a two-level system absva higher
sensitivity in the CPT case. The influence of @&fexolution time variation and of a detection diaraiengthening on
this sensitivity is studied. Finally this study pétted to choose an adapted quartz oscillator dimved an

improvement of the clock fractional frequency sliabat the level of 3.210-13 at 1s.

set-up. Section Il will present the numerical cddtion
I. INTRODUCTION of the sensitivity function. Its comparison withettone

Many passive frequency standards are Operatgalculated for a two-level system equivalent c_:I&Emade
sequentially. Each cycle is typically composed huiee and the consequences of the shape differences are

steps: atomic preparation (e.g. cooling, opticahping, d|scu§sed. Secthn I\./ will firstly deal .W'th the
etc.), clock transition interrogation (interactiaf the experimental confirmation of the mathematical model

atoms with the EM field issued from the local dseir >econdly the possibility of a time sequence opatios

(LO)), and detection of the atomic response. THes tis discussed _through the study of the Dick_ effect
atoms are interrogated only during a finite timedePendence with two parameters, the free evoldtroa
Therefore, the atomic response and the derivecciion and th? detection duratlo_n. Finally, the evaluabbrﬁ)lck
signal applied to the LO are available at the ehdazh effgct In our setup, the.|.mprovement on the micrava
cycle. It has been shown that the lack of inforomaton noise and_ on th_e stability that have followed wiit

the frequency of the LO due to the sampling procass presented in section V and V.

lead to a limitation of the short-term frequencahbidlity of

the atomic standard [1-5]. This effect, known askDi Il RAmMSEY CPTCLOCK

effect, originates from the down-conversion of th® The CPT phenomenon occurs when two phase coherent
intrinsic frequency noise at Fourier frequencieghbr laser beams connect two atomic ground states to a
than the interrogation frequency. common excited state forming a so-callkdscheme [6,

7]. On resonance, when the laser frequency difterda

A great deal of work has been done for investigathre o
Dick effect in standards using a Ramsey interrogati gqual to the ground state splitting, the atomspameped

technique [1-5]. In such a standard, after a tinfe g a frapping state: a coherent state superposiidsoth

preparation, atoms undergo two successive microwa%Ound states which doc_as not absorb the lightedatark
pulses of the same length separated by a free teolu state. The light ab.sorptlon and the fl_uore.scen_c&re.me
time in the dark. The atomic response is then tetelsy or vanish. The ultimate resonance linewidth is dixgy
another interaction. Here we report an investigatio the tmhi?:r(ll\r\(/aa?vmeereg:)ng]r?cegrzggdthitsatse %%Zirr(\e/re]ge\./vitmgtmtlv
limitation of the short term stability by Dick effein a need of a resonant cavity. Atomic clocks can bed

clock using coherent population trapping (CPT) and : ; Y a8
Ramsey interrogation. In a CPT Ramsey clock th PT in alkali-metal atoms [8-11]. The two levelsthé
sequence of one cycle is very different of the “5”§fotchket§?s(l)trlogzaﬁec%nnﬁfg;&%??g%l?%ﬁ:
Ramsey sequence. There is no atomic preparationenei . i Y] que :

detection outside the Ramsey pulses. The first logitse IlneW|dths_ can be. obtamed. by combining CP.T and a
of the Ramsey interrogation pumps the atoms inr& d ramsey interrogation technique [.12’ 13]. In th|s| ca
state. After a free evolution time a second verishulse i!S; Igts:; dpl_ﬁ:tgu:?ﬁ’: g‘ﬁag[or?j Ic:] ;[if::zldalrjl%,s_ . h
produces the Ramsey fringes and is used for detedti y ' 9 P pumpuIging

the same time by monitoring the fluorescence lmhthe ;pzontalneolgks e_mlssg?r} prolces_s. There 'g nol eqkuluzafl_m
transmitted power. pulse like in traditional microwave Cs clockspraic

o _ _ beam or fountains [14, 15]. The second Ramsey pulse
The specificity of CPT Ramsey fringes will be add@d must be very short, otherwise the atoms are puragath
in the next Section, with description of the expemtal in the steady state and the fringes will vanish i 17].
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The same pulse is also used for signal detectipmdans compared in phase to a 9.392 GHz signal issued &tom
of fluorescence or absorption. A cycle of operatidra low noise frequency synthesizer. The resulting Rz
Ramsey CPT clock is then very simple and diffefemin  signal is then used in the phase lock loop (PLL)otk
that of traditional clocks. It consists of a longlge and a the slave laser.

short pulse separated by a delay time, see Fig. 1. The frequency synthesizer [18] is build as followss.

100-MHz local oscillator (LO) is phase locked ore th
100-MHz signal generated by an H maser of the
laboratory. The LO signal is frequency multiplied t
produce a 9 400 MHz signal, which is mixed with .4 7
MHz signal to yield the tunable 9 392 MHz signaheT

iﬁwl? >é < T e : 7.4 MHz signal is produced by a home-made diregitali
N L i R 'qd T i synthesizer (DDS), whose phase and frequency can be
Cled N N controlled by a computer (PC).

| TC Tc Frequency Synthesis

100 MHz 9392 GHz Frequency cotrection

Fig. 1. Time sequence of a CPT Ramsey clock (not to scalé$. the P

length of each laser puls&g is the free evolution time. The signal is > - - I |

detected after a time; at the beginning of each pulse, and average & A— Switch )
. fp=i 2

during a timet,. The length of a cycle & = T—(Tq +Tm)*+Tr +Tq +Tm= PDO
T +Tr. §
L]
In clock operation the Cs vapor is illuminated byaan of PBS
. . . 4] W
laser pulses of length, (typically 2 ms in our set-up), M 71
separated by a Ramsey tirfig (4 ms) during which the - s ool
atoms evolve freely in the dark. At the beginnirfigeach

pulse the signal is detected after a titgg100 ps), and Fig. 3. scheme of the experimental set-up. The master idgris
averaged during a time, (25 us), corresponding to thefrequency locked on Cs resonance by a saturatedrmiumh scheme

end of each cycle. The atoms are then pumped éilgair\(SA)- The slave laser (S) is phase-locked on thetendaser. PBS
polarizing beam splitter, PDO fast photodiode, RlHase-lock loop. The

the dark St_ate' The full Ie_ngth of a CydeTbSZ_ T + Tr laser beams are switched by the acousto-optic ratmu(AOM) driven
The resulting Ramsey fringes are shown in Fig 2, f@y the computer (PC). The transmitted power is mied by the
different Ramsey time, 1, 4 and 8 ms. photodiode PD. The inset shows the involved Csggnlevels.

The two superimposed laser beams are switched dn an
off by an acousto-optic modulator (AOM) before fgin
expanded to a 1.7 cm diameter and travelling acifuess
Cs cell. The beams of 5 pW/mm?2 each are linearly an
orthogonally polarized. The Cs cell, 5 cm long @dm

in diameter, is filled with a buffer gas at the ggere of 21
torr (Ar-N2 mixture at a pressure ratio 0.6 [19pe cell

is temperature controlled around 29°C within the mK
level. It is surrounded by a solenoid applying atist
magnetic field, and two magnetic shields. The tmsitied
power is recorded by a low-noise Si photodiode (Fbg
resulting digitalized signal is processed by a cotep
1.6 = ' ' ' (PC) which drives the 7.4 MHz synthesizer as weltte

' ' ' ' AOM switch.

To lock the synthesizer frequency, the probe fraque
(PF) is held at resonance, and the phase is square
modulated byt 172 during the dark period. The error
signal is computed by the PC which can lock the LO

A schematic view of the pulsed CPT Cs clock devetbp frequency or equivalently the synthesizer frequency
in our laboratory is shown in Fig. 3. The two frequies Usually the LO is phase-locked on the maser and the
are generated by two phase-locked extended caidtied synthesizer frequency is locked on the resonante. |
lasers (ECDL). The master laser is frequency locked frequency is proportional to the frequency differen
the (F = 4 - F' = 4) hyperfine component of theDtsline betyveen .the maser and .the Cs clock and the Allan
by saturated absorption in an auxiliary vapor cElie Variance is computed from its record.

slave laser is phase-locked to the master lasen wit

frequency offset tunable around 9.192 GHz. For this

purpose, the two beams are superimposed and ditecte

the fast photodiode PDO, the 9.192 GHz beat note is

N
~
1

Transmitted signal (a.u)
N
o

5 (kHz)

Fig. 2. Experimental Ramsey fringes for different free-enion times:
1, 4 and 8 ms for dashed, solid and dotted lirespactively.
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I1l.  SENSITIVITY FUNCTION

It has been shown that the lowest limit to the exchble
stability of a sequentially operated frequency déad,
induced by the interrogation frequency noise, i&giby

gtz o

m

T

I

o
2
Jo

(==

T

T M8

2
y
m c

where 0')2/(T) is the fractional Allan variance for an

averaging timer, S; (m/Tc) is the one-sided power

spectral density (PSD) of the
fluctuations of the free running probe frequenciatirier

frequencym/Tc , i.e. the harmonic frequencies of the

clock interrogation frequency fi. The parameters gma
g0 are defined from the sensitivity functigras follows:

)

sin(27m6?/ Tc)
cos(27m9/ Tc)

1T

[

T. 0

jg(@)dé?

A. Sensitivity Function for CPT Systems

The sensitivity function g(t) is the sensitivity die
response of the atomic system to an infinitesintese
step of the interrogation oscillator:

o) = Jim &Bt.8¢)/09, (3)

wheredS(t, Ad) is the change of the signainduced by a
phase ste@\¢ arising at time. The stability limit is then
entirely determined by the harmonic content of Bfe
PSD and of the sensitivity function which charaizies
the atomic response during an interrogation cycle.

In clocks using a transition in a “two-level atom
driven by an electromagnetic (EM) fielf(t, Ad) and the
sensitivity function can be calculated analyticabpr the

CPT phenomenon which involves three atomic levets a

two EM fields, see inset in Fig. 3, there is no Wno
analytical solution available. The sensitivity ftinoa must
be computed numerically from the evolution equatdn
the density matrixp [20, 6]. A complete calculation
should take into account all the
sublevels, however good results are obtained with
simplified three-level system [10]. We consider ti
clock levels of the Cs ground state, and a singtbted
level. The related optical Bloch equations are giiethe
Appendix. In order to computedSt, Ad), (A2) is
numerically integrated over the first pulse dunatithe
free evolution time, and the second pulse duratin.
phase stepd between the phases of the two laser fields
introduced at a variable tinte

The sensitivity function computed with the followin
parameters values: first pulse 2 ms, free evoluiime 4

relative frequenc

involved Zeema

In the case wherety and 1, <<Tgr , g(t) is well
approximated by neglecting the pre-detection bumg a
by approximating the sharp exponential decreas¢ tha
occurs during the detection average by a lineactfon:

DETECTION

PUMPING : FREE EVOLUTION TIME|
o

/

| DETECTION ___

gt

a(t)

o

time(ms)

time(ms)

Fig. 4. Calculated sensitivity function of a pulsed CPTteys g is
normalized to 1 at its maximum. The inset is a zadrthe second pulse
part.

exﬁ{(t— L )(Vc +]/1:P))
1
- t— (‘rL+TR+‘rd)

Tm

Ostsrl_
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wheretp = I'/Q2 is a typical pumping time, with the
relaxation rate of the population of the excitedeleQ?
the quadratic sum of the Rabi frequencies reladebloth
optical transitions, ang is the coherence relaxation rate.
This approximation corresponds to our working
»conditions and allows the estimation of the Allganslard
deviation limited by Dick effect within 1% of theon-
approximated value.

In Fig. 4, it can be observed thg(t) doesn't reach its
maximum value during the pumping process. Thus,
during the comparison of the atomic frequency amal t
LO frequency, this pumping duration is equivalemtat
dead time. Therefore, the LO noise will not be diete by
trpe atoms and thus the LO frequency will not be
corrected. The dead time duration is compared &s@h
a. . . .
noise sensitive duration by calculating the dutyley
TR/T.. In our case its value is 0.66. The Dick effeculdo
vanish for a duty cycle of 1.

B. Comparison Between CPT and a Classical Two-Level
System

A two-level setup similar to our three-level one in
term of duty cycle and performance goal is the guilRb
clock with optical pumping [21], for which the ogail
pumping occurs during 400 us and the interrogating
sequence is composed by two microwaiZpulses of 0.4

ms, second pulse 25 ps after 100 ps delay, is slownms duration each, separated by a 3.3 ms free @wolut

Fig. 4.

time. A detection duration of 150 ps then follows Fig.
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5 we compare the Fourier coefficients of the saisit

function of both clocks, with a third one wheg@) would 1.0 |
be a simple rectangular window function, see imsétig. 05 ;’§ |
5. At low Fourier frequencies, a common -20dB/decac = /i i
. . . S 0.04 H ——
slope is observed. At higher frequencies, the ma c ' ' ! ' ' ' j w
difference is the presence or absence not of a - % 1.04 Lo J
dB/decade slope and its starting Fourier frequeiitye S os- j il
lower it is, the better the weighting of the LO smiwill = S
. . E 004 ‘ |
be. Because of the steep slope@f during the detection 2 ' ' ; ' ' ' g ‘
process in the case of CPT, (see curve (b) inrtbet iof g 10 -
Fig 5), this slope appears atravalue three times higher 0 051 j 3 /|
Y \ : /
than for the two-level system; this leads to a &igh 0,04 —e” .
sensitivity to the LO noise in the CPT case. 0 1 5 3 4 5 5 7
time (ms)
] Fig. 6. Measured (dots) and calculated (solid line) pulsedT
sensitivity function for three different, from top to bottomd =10 ps,
80 ps, 500 pg(t) is normalized to 1 at its maximum value.
N To validate the Dick effect contribution to the abt
S frequency stability of our set-up, the first stemsisted of
> L ) o ; )
= injecting white phase noise in the microwave chiayn
N adding voltage white noise on the DDS signal (see
Section Il) using a summing amplifier. From the new
phase noise spectrums (see Fig. 7 top), we havalatdd
the Dick effect contribution and compared it withet
measured total clock frequency instability. Botle an
m = fff very good agreement as shown in Fig. 7 (bottome Th
threshold point at -102 dBrad2/Hz marks the level a
Fig.5.  Fourier coefficient ofg(t) for differentg(t) shapes: dots: = which the multiplication chain noise starts to doate the

results of the calculations; lines: asymptotic bébar. (a) Square MiCrowave noise budget.

window type (upper curve, black on line), (b) CRpe (middle curve,
red on line), (c) two-level type (lower curve, bloa line). Inset:g(t)
shapes, a, b and c refer to the same case afbothier coefficients.

&
S

IV. SENSITIVITY FUNCTION AND FREQUENCY STABILITY

A. Mathematical Model Validation
Two main experimental tests of the calculationsehay

-100

S¢ (dBrad?*/Hz)

been successfully realized. The first was devatecheck 55-121-00 10' 10 4z 10° 10° 10°
the g(t) shape and the second to test the consister 4E-12 }
between the calculated Dick effect contribution ana & B2 i P
clock frequency instability measurements. The s$ieityi T, 2812 e

. . . o} //' |
functiong(t) has been measured, as in [22], by applying 1E-12 | -8 ;
157 mrad phase step generated at different tingsthe 89— \
computer-controlled DDS(t) is deduced from the signal : - ‘.

115 110 105+ 100  -95 90 -85

difference with and without phase step as a funabitt.
It is noticeable that the CPT pulsed sensitivitydiion

102
Noise floor level (dBrad?Hz)

shows an original shape which does not reach |

maximum value during the Ramsey time, unlike clocksg. 7. (top) Phase PSD of the multiplication chain foffedent
based on a two-level atomic scheme. Indeed, beaafusenjected white phase noise , from top to bottord;, -81, -102, and less
the small delayy between the turning-on of the lasers antpan -111 dBrad?Hz. (bottom) Fractional Allan dsion at 1s: square

the detection start, our setup’s most sensitivdaims
occurs just before detection. By increasiagwe have
been able to confirm such a behavior as showngn@ri

and solid line = calculated values using the nofstease noise PSD; dots
and dashed line = measured values. The solid Gnesa guide to the
eye.

B. Minimizing Dick Effect With a Time Sequence
Optimization

To provide us with a better understanding of Dick
effect in a CPT based system, we have studied Ihew t
phase sensitivity could be decreased by an optrtinee
sequence. Two parameters are investigated, thetidete
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windows and the duty cycle. However, the difficutif/
such tests is to only observe one effect because -
modification of the time sequence can go along with
variation of others clock parameters (signal amgbt
laser intensity noise conversion, etc) which alspact
the short-term stability. To get rid of this profmephase
noise has been injected into the microwave chahis T
ensures that the clock is working in a regime whéee
Dick effect greatly dominates the total noise budge
Because of the criticality of the steep decreasg(tf
in the CPT case presented in Section Il B (Figand 5),
tests of detection lengthening and window shapiageh
been carried out. We first extended the detectimattbn
1, Which mainly results in a reduction of thglt)
detection slope, see curves in Fig 8 (top). Thetista
point of the -40 dB/decade slope of tgét) Fourier
coefficients, seen in Fig. 5, is then shifted taviower F_ig. 9. Sensiti_vity function, zoomed in on thg detectiorngﬁmn, for
frequencies. This leads to a reduction of sengjtief the different -the.oret'cal Sh-apefz dots = hyperbth.g‘m‘; solid line -
q - | ’ Byt ] straight line; dashed line = Blackman function;orstdashed line =
clock to high Fourier frequency noise. Thereforégwers exponential function.
the Dick effect when the detection duration incesasas
shown in Fig. 8 (bottom). Experimental data and The impact of such shapes on the Fourier coeffisien
calculated values are in fairly good agreement. of g(t) is depicted in Fig. 10 and a similar behavior dtir
four shapes is visible below the "stharmonic of the
interrogation frequency. For higher harmonics, the
1.0 . hyperbolic tangent and exponential shapes haveddeda
' value compared to the linear case. However, the
Blackman shape shows a -60 dB/decade slope of great
interest because it would strongly weight high érexcy
a\b ) 9 noise. Thus the weighting of the detected signalccbe
0.0 . w . . — interesting, depending on the noise characteristicthe
' time(ms) ' ' setup. In our case, where the optical PLL bandwidth
. around 3 MHz, it would contribute to decrease thiekD

~o.on
124 - effect.
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Fig. 8. (top) End part of sensitivity function for differerdetection E
durations in CPT case: (&) = 25 ps, (bYm =75 us, (CYm =175 ps and . ©

(d) Tm = 375 ps.(bottom): Fractional Allan deviation atds a function ~c 1884
of the detection length: squares = experimentalesl stars: calculated ‘o
contribution of the Dick effect to the fractionall#n deviation at 1s;

dashed line = guide tothe eye .

1E-10 4

Because the shape of(t) during detection is 50

important, a theoretical study of how it can be rged,
without ty modification, has been undertaken. Variou.
shapes such as an exponential function, BlackmapeshFig. 10. Fourier coefficient ofg(t) for different g(t) shapes during
[23,24] or a hyperbolic tangent behavior (see F)lgcﬁn detection: solid line = (a) exponential, (b) hypsibtangent, (c) straight
b btained b vi iat ighti line, (d) Blackman; dash-dotted line = asymptote lof low frequency

e 0 aine y app ylng an_ apprc_)prlae WeIgNtNGenavior for all shapes at lown; short-dashed line: -60 dB/dec
function on the detected signal time series. asymptote of Blackman shape at high Fourier fregigsndashed line =

-40 dB/dec asymptote of linear shape at high Fofméguencies.

In a second phase, the duty cycle has been chdmged
varying the free evolution tim&s. The frequency stability
at 1 s measured as a functionTgfis shown in Fig. 11 for
two values of the injected white phase noise flo@6
dBrad?/Hz (upper curve, open squares) and -104
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dBrad?/Hz (lower curve, solid squares). For smalues
of Tr the calculated Dick limit of the stability (dots Fig.

11) is in good agreement with the experimental .dale

calculated asymptotic behavior proportional Tg'? is

observed (long dashed lines). For higher free awmiu
time, more than 90% of the atoms have left the GRaTe
due to relaxation processes, and the clock entezgime
where the signal amplitude becomes very small. Ttnes
frequency stability is dominated by the Signal-toi$é

ratio (SNR) here limited by the laser intensitys®iThe
solid line in Fig. 10 shows the SNR- limited stéiil

It is then possible to reduce the Dick limited dtgb

of a CPT clock by optimizing the time sequence Wwhic

modifies the sensitivity function.
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Fig. 11. Frequency stability at 1s as a function of the &eelution
time. Two values of the injected white phase néisa are used:

-76 dBrad?/Hz (upper curves, open square) and dBddd?/Hz (lower
curves, solid square): squares = experimental data;= Dick limit
calculated values; short-dashed curves are trengguong-dashed
lines are a linear fit of the calculated pointsrst= calculated SNR
stability limit; the solid line is the asymptotiehavior.

V. DICK EFFECT NOISE BUDGET

highest of the microwave generation system, evetuat
the 2.%10™ level. This dominance in the noise budget is
well illustrated in Fig. 12, where the measuredroicave
PSD of the whole chain (square) matches the asyiopto
behavior of the OPLL PSD (solid line) for the maiart

of the Fourier frequencies range.

1E-4

—_
N 1E8 ~ o
= 2
w o
1E-12
1E-16

Fig. 12.Left axis: PSD of the relative frequency fluctuagoof the free
running probe frequency at Fourier frequentyT.. Dashed line =
contribution of the previous 100-MHz LO; dotteddir contribution of
new ULN 100-MHz oscillator; short-dashed line =setontribution of
the multiplication chain; solid line = noise cobtrtion of the OPLL;
square = total PSD measured at every harmonic ef tlock
interrogation frequency when the ULN 100-MHz osddk is used.
Right axis, dash-dotted line = Fourier coefficierts g(t). f is the
interrogation frequency.

The different contributions to the total microwave
phase noise are summarized in Table I. The totak Di
limited stability is estimated at the level of 210 12
Further improvement requires first a decrease efribise
of the OPLL.

TABLE I. Dick Effect Contributions.

Another way to decrease the Dick effect contributio (I;{:rﬂ?neagz bseyhaas\%crm;otlﬁe Dick effect
is to reduce the microwave phase noise. To do lsm, Device offect frequency range contribution
noise contribution to the Dick effect of each elemef of column 2
the microwave chain has been evaluated. It turnedhat
the 100-MHz signal phase noise was the highe:]s?()'w_'Z 166Hz 10 1'4X1_3912?;f T 1.2x10"
contributor because of a high noise level at thelck . 600Hz 3x102f 1
most sensitive Fourier frequencies, i.e., the clockchain 600Hzto  3x10%%¥ + 1x10
interrogation frequency, see dash-dotted curveign B2. 30kHz 4x10%% 2
The implementation of a more appropriate 100-MH@PLL ~ 30kHzto  2x10%F°+ 2.1x10"°
quartz oscillator (ULN Rakon, Rackon Ltd., Auckland SMHz 4x10%f 4
New Zealand), allowed its contribution to the AllanTotal 166 HZto  Syioommzt S+  2.7x10%°
standard deviation to be decreased fromx80° 12 to SMHz SYopLL

1.2¢x108 112

To compare our CPT setup with other pulsed micro-

The phase noise added by the multiplication chaigave clocks having a different phase noise seiisitiv

remained unchanged and is characterized by a dpesl Tapje 1| presents the Dick effect calculations thee three
starting at -80 dBrad?/Hz at 1 Hz and a white phasise cases developed in Section Ill. Because the puised
floor at -110 dBrad?/Hz (lowest curve in Fig. 7gp The  |ayel case does not use an OPLL and has a diffelatyt
optical phase locked- loop (OPLL) noise starts ® Reycle than the CPT case, the noise of the LO isidened
dominant around 10 kHz, and its phase noise goe®up i pe S 1oomtz + S xchain At the harmonics of it§, i.e.,
fast, asf*. Its contribution to the Dick effect is now theo15 Hz. The considerable limitation of the Dickeeff in



the g(t) square window shape highlights the criticality oparameters like the signal amplitude and the laser

g(t) slope steepness, wich results in high sensititaty
high-frequency noise. Comparing the pulsed CPTthad
pulsed two-level scheme, one sees clearly thatthim
difference arises from the sensitivity to the nplitiation

chain and OPLL noise. However, Section IV B has
presented different ways for improvement, for eximp
the Blackman shape, which could reduce the impéct

those microwave chain elements on the Dick effseg
column 4 of Table Il.

TABLE |II. Dick Effect Calculation for Someg(t)

Functions.

Device Pulsed
Square  Pulsed Pulsed CPT,
window  two-level CPT Blackman

detection

100MHz 1.67 0.9 1.2 1.2

Xchain 17.5 0.45 1 1.2

OPLL 875 - 2.1 1.1

Total 875 1.0 2.7 2.0

VI. FREQUENCY STABILITY

With the previous quartz oscillator the measurexdticl
frequency stability wasX10™ at 1 s, limited by the Dick
effect estimated to 6<20"%at 1 s, see Fig. 13.

o, (1s) = 3.2 10" |
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Fig. 13.Short-term frequency stability: dots = measured vipres

stability; short-dashed line = computed Dick linait 6.810% 72
squares = measured stability after the 100-MHztquagtillator change;
dashed line = asymptote of measured value witl2a1831t* slope;
short-dashed line: Dick effect contribution 2103 12,

intensity noise conversion is compulsory beforeosing
new working conditions.

VII.

We have presented an investigation of the Dickcéffe
for a pulsed CPT vapor cell clock. An original sbagf
fhe sensitivity function g(t) has been numerically
computed. A simple expressiongit) is given, providing

an easy-to-use tool to estimate the Dick effectotrer
pulsed CPT systems. Because of the specific shag(#®) o
the sensitivity of a pulsed CPT clock to LO noises been
shown to be higher than for a two-level system wvéth
comparable duty cycle. The sensitivity function haen
experimentally measured; and it is in very good
agreement with the computed one. The validity af th
Dick limited frequency stability calculated frogft) has
been verified for different levels of noise floan the
microwave signal. Measured and calculated stadslitire

in very good agreement. Thanks to a time sequence
optimization, in which the detection duration oe tfree
evolution time are changed, the Dick effect can be
reduced. However, in a regime where the Dick effecb
longer the single dominant noise, the impact othsan
optimization on the other clock parameters must be
studied before its implementation. Finally, thisudst
allowed us to choose an adapted quartz oscillatooir
microwave generation system, and it led to a great
improvement of the short term stability at the lewé
3.2x10™ at 1 second. This value is still partially limited
by the Dick effect (2.¥10° at 1s) because of the optical-
phase-locked-loop noise. Next efforts will focus on
understanding the noise-limiting parameters of BLUL.
Another solution could be to replace the phaseddck
lasers by a single modulated laser. In this case th
orthogonally polarized beams can be replaced bysh-p
pull optical pumping scheme [25-27]. State-of-the-a
ultralow-noise quartz oscillators allow a frequency
stability lower than 18* at 1 s averaging time for our
timing sequence. Without degradation by the PLL ted
frequency multiplication chain, this would allow eth
present Signal-to-Noise limit to be obtained befairaing

the shot-noise limit at the Z8level.

CONCLUSION

APPENDIX

We detail here the equations used in the numerical
computation of the sensitivity function. We considiee
two clock levels 1 and 2 of the Cs ground statpassed
by the 9.2 GHz hyperfine splitting, and a singleited

Thanks to the LO crlg;\nge, the measured stability hgsel 3 coupled to 1 and 2 by optical transitiofise Cs
been improved to 3x10™ at 1 second, a little above theatoms are irradiated by a bichromatic laser field o

estimated new Dick effect limitation. The Dick affds

angular frequencieay, w, close to the atomic resonance

still the main limitation of the stability, but thefrequencie&gl W, respectively, with phasds, ¢,. The

contribution of the signal amplitude noise is nader
negligible. The working parameters dig= 4 ms1,, = 25

us, without modification of the detection window.

Because the Dick effect now only partially limitket
clock stability, a full study of the impact of theee

evolution time and the detection window on the pthe !

fast oscillating terms in the Bloch equations amoved
by writing the matrix elements in the rotating freuf20]:

P31 = Py (A9

Pz = /5329_i(w2t+¢2) (A1)


https://www.researchgate.net/publication/235633907_Coherent_Population_Trapping_Resonances_in_Buffer_Gas-filled_Cs_VaporCells_with_Push-Pull_Optical_Pumping?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/237056530_Ramsey_spectroscopy_of_high-contrast_CPT_resonances_with_push-pull_optical_pumping_in_Cs_vapor?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/227031587_Nonabsorption_resonances_by_nonlinear_coherent_effects_in_a_three-level_system?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/8195549_Push-Pull_Optical_Pumping_of_Pure_Superposition_States?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==

Por1 = 521e_i(((’-’1_a’2)t+¢1_¢2) REFERENCES
P31 Py P (Pa1s Paa, Ppy) are the optical and [1] G. J Dick, “Local oscillator induced instabilitigs
hyperfine coherences, respectively, in the laboyato trapped ion frequency standards”, in Proc.” 19
(rotating) frame. The motion equations of the dtgns Precise Time and Time Interval (PTTI) Applications
matrix elements are written in the rotating wave and Planning Meeting, Redondo Beach, CA, USA,
approximation as: pp. 133-147, 1987.
. - [2] G. J. Dick, J. D. Prestage, C. A. Greenhall, and L.
pll=Q31Im(p31)+I'31p33—r(p11—,022)’ Maleki, “Local oscillator induced degradation of
p22=Q32|m(/532)+ I'32,033—r(,022—p11) medium-te,z’rm stability ;n pass_ive a_tomic frequ_ency
) - - ’ standards”, in Proc. 22 Precise Time and Time
p33=lelm(pl3)+§232Im(p23)—l'p33’ (A2) Interval (PTTI) Applications and Planning Meeting,
Vienna, VA, USA, pp. 487-508, 1990.
D1 :i%(p%_pll)_i%ﬁZI"'[iAl_ySl]ﬁSl [3] C. Audoir:, G. Santarelli, Ala’a Makdissi, and André
, Clairon, “Properties of an oscillator slaved to a
periodically interrogated atomic resonator”, IEEE
Trans. Ultrason., Ferroelect., Freq. Contr., vd, 4
. 0 0 ' pp. 877-886, 1998.
Doy = —iiﬁ31+ii523—[i(A2 —A1)+ yc]ﬁ21 [4] G. Sant_arelll, C. Audoin, Al_a’a Makdissi, P. Laur,e_r_1
2 2 . G. J. Dick, and André Clairon, “Frequency stability
degradation of an oscillator slaved to a periodical

- . Q . Qay ~ i ~
P32 =1 %(pas - ,022)"%/012 +[i8; = ]2

,5” :5; . P11, Pa, P33 are the populations of the

) ) interrogated atomic resonator”, |EEE Trans.
levels 1, 2 and 3, respectivel2;,, and Q;are the Rabi Ultrason., Ferroelect., Freg. Contr., vol. 45, ®g7-
frequencies characterizing the coupling of the &hsd 3-2 894, 1998.

levels by the field.[' is the relaxation rate of the[5] C. Greenhall, “A derivation of the long-term
population of the level 37 3; andl 3, are the relaxation degradation of a pulsed atomic frequency standard
rates of 3 towards 1 and 2, respectively, Herel 3+ 3, from a control-loop model”, IEEE Trans. Ultrason.,
and [y; = Mgy 1 is the decay rate of the difference of  Ferroelect., Freq. Contr., vol. 45, pp. 895-8988.9

population between the levels 1 andy@.andys, are the [6] E. Arimondo, “Corlerent Population Trapping in
relaxation rates of the optical coherengag, os,. Ve is Laser Spectroscopy”, Progress in Optics, vol. XXXV,

. . pp. 257-353, 1996.
the relaxation rate of the hyperfine coherepge A; () 7]

R. Wynands, A. Nagel, “Precision spectroscopy with
is the detuning of the laser defined As:= w-uys; (Ar = coherent dark states”, Appl. Phys. B, 68, pp. 1-25,

1999. Erratum, Appl. Phys. B, 70, p. 315, 2000.

N. Cyr, M. Tétu and M. Breton, All optical
microwave frequency standard: a proposal, IEEE
Trans. Instrum. Meas. Vol. 42, pp. 640, 1993.

A. S. Zibrov et al., “Population- and coherence-
induced gain and self-oscillations in alkali vapar?
Proceedings of the fifth Symposium on Frequency

Wy~ 032).

In order to computedS(t, Ad), (A2) is numerically
integrated over the first pulse duration, the feselution

time, and the second pulse duration. A phase Atep 9]

between the phases of the two laser fields is diired at
a variable time, the variablesos,, 0s,, 0, are modified

according to (Al). The detected sigissik the transmitted Standards and Metrology, J. C. Bergquist Ed., World
power though the Cs cell proportional to  Scientific, Singapore, ,1996, pp. 490-492.

- Qg IM(D3;) - Qs Im(55,) . The proportionality [10]J. Vanier, “Atomic clocks based on coherent
coefficient is irrelevant since thgg, values are normalized population trapping: a review", Applied Physics B,

to go see (1). The numerical values of the parameterg us _V0!. 81, pp. 421-442, 2005.

in the computation ar - =[. =T, =[/2 = [11]V. Shah and J. Kitching, “Advances in coherent
15¢10° st p: 0.0 :e\gl :yzszgxlozlrad sz population trapping for atomic clocks”, Adv. At. Mo
' Ye= B a1 82— = o Optic. Physics, 59, pp. 21-74, 2010.

ACKNOWLEDGMENTS

We thank L. Volodimer and J. Pinto for the techhica
assistance and the realization of various eleatroni

devices. We thank U. Eismann for careful readinghef

[12]J. E. Thomas, P. R. Hemmer, S. Ezekiel, C. C. Leiby

R H. Picard, and C. R. Willis, “Observation of
Ramsey fringes using stimulated resonance Raman
transition in a sodium atomic beam”, Phys. Rev.
Lett., vol. 48, pp. 867-870, 1982.

manuscript. We are grateful to F. Pereira and RidBO 1317 zanon., S. Guérandel, E. de Clercg, D. Holleyill

for helpful discussions and suggestions. We alaokiN.

Dimarcq, J. Lodewyck and A. Landragin for valuable

discussions.

N. Dimarcq, and A. Clairon, “High Contrast Ramsey
Fringes with Coherent Population Trapping Pulses in
a Double Lambda Atomic System”, Phys. Rev. Lett.,
vol. 94, 193002, 2005


https://www.researchgate.net/publication/251453846_V_Coherent_Population_Trapping_in_Laser_Spectroscopy?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/251453846_V_Coherent_Population_Trapping_in_Laser_Spectroscopy?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/251453846_V_Coherent_Population_Trapping_in_Laser_Spectroscopy?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/258090411_Observation_of_Ramsey_Fringes_Using_a_Stimulated_Resonance_Raman_Transition_in_a_Sodium_Atomic_Beam?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/258090411_Observation_of_Ramsey_Fringes_Using_a_Stimulated_Resonance_Raman_Transition_in_a_Sodium_Atomic_Beam?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/258090411_Observation_of_Ramsey_Fringes_Using_a_Stimulated_Resonance_Raman_Transition_in_a_Sodium_Atomic_Beam?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/258090411_Observation_of_Ramsey_Fringes_Using_a_Stimulated_Resonance_Raman_Transition_in_a_Sodium_Atomic_Beam?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/258090411_Observation_of_Ramsey_Fringes_Using_a_Stimulated_Resonance_Raman_Transition_in_a_Sodium_Atomic_Beam?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3260431_Frequency_stability_degradation_of_an_oscillator_slaved_to_a_periodically_interrogated_atomic_resonator?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3260431_Frequency_stability_degradation_of_an_oscillator_slaved_to_a_periodically_interrogated_atomic_resonator?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3260431_Frequency_stability_degradation_of_an_oscillator_slaved_to_a_periodically_interrogated_atomic_resonator?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3260431_Frequency_stability_degradation_of_an_oscillator_slaved_to_a_periodically_interrogated_atomic_resonator?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3260431_Frequency_stability_degradation_of_an_oscillator_slaved_to_a_periodically_interrogated_atomic_resonator?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3260431_Frequency_stability_degradation_of_an_oscillator_slaved_to_a_periodically_interrogated_atomic_resonator?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/235200084_Local_Oscillator_Induced_Instabilities_in_Trapped_Ion_Frequency_Standards?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/235200084_Local_Oscillator_Induced_Instabilities_in_Trapped_Ion_Frequency_Standards?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/235200084_Local_Oscillator_Induced_Instabilities_in_Trapped_Ion_Frequency_Standards?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/235200084_Local_Oscillator_Induced_Instabilities_in_Trapped_Ion_Frequency_Standards?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/235200084_Local_Oscillator_Induced_Instabilities_in_Trapped_Ion_Frequency_Standards?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/235200084_Local_Oscillator_Induced_Instabilities_in_Trapped_Ion_Frequency_Standards?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/241069305_Advances_in_Coherent_Population_Trapping_for_Atomic_Clocks?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/241069305_Advances_in_Coherent_Population_Trapping_for_Atomic_Clocks?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/241069305_Advances_in_Coherent_Population_Trapping_for_Atomic_Clocks?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/225960079_Atomic_clocks_based_on_coherent_population_trapping_A_review?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/225960079_Atomic_clocks_based_on_coherent_population_trapping_A_review?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/225960079_Atomic_clocks_based_on_coherent_population_trapping_A_review?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3088196_All-Optical_Microwave_Frequency_Standard_A_Proposal?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3088196_All-Optical_Microwave_Frequency_Standard_A_Proposal?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3088196_All-Optical_Microwave_Frequency_Standard_A_Proposal?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/7670525_High_Contrast_Ramsey_Fringes_with_Coherent-Population-Trapping_Pulses_in_a_Double_Lambda_Atomic_System?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/7670525_High_Contrast_Ramsey_Fringes_with_Coherent-Population-Trapping_Pulses_in_a_Double_Lambda_Atomic_System?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/7670525_High_Contrast_Ramsey_Fringes_with_Coherent-Population-Trapping_Pulses_in_a_Double_Lambda_Atomic_System?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/7670525_High_Contrast_Ramsey_Fringes_with_Coherent-Population-Trapping_Pulses_in_a_Double_Lambda_Atomic_System?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/7670525_High_Contrast_Ramsey_Fringes_with_Coherent-Population-Trapping_Pulses_in_a_Double_Lambda_Atomic_System?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/225495161_Precision_spectroscopy_with_coherent_dark_states?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/225495161_Precision_spectroscopy_with_coherent_dark_states?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/225495161_Precision_spectroscopy_with_coherent_dark_states?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3260433_Properties_of_an_oscillator_slaved_to_a_periodically_interrogated_atomic_resonator?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3260433_Properties_of_an_oscillator_slaved_to_a_periodically_interrogated_atomic_resonator?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3260433_Properties_of_an_oscillator_slaved_to_a_periodically_interrogated_atomic_resonator?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3260433_Properties_of_an_oscillator_slaved_to_a_periodically_interrogated_atomic_resonator?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3260433_Properties_of_an_oscillator_slaved_to_a_periodically_interrogated_atomic_resonator?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/235167340_Local_Oscillator_Induced_Degradation_of_Medium-Term_Stability_in_Passive_Atomic_Frequency_Standards?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/235167340_Local_Oscillator_Induced_Degradation_of_Medium-Term_Stability_in_Passive_Atomic_Frequency_Standards?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/235167340_Local_Oscillator_Induced_Degradation_of_Medium-Term_Stability_in_Passive_Atomic_Frequency_Standards?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/235167340_Local_Oscillator_Induced_Degradation_of_Medium-Term_Stability_in_Passive_Atomic_Frequency_Standards?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/235167340_Local_Oscillator_Induced_Degradation_of_Medium-Term_Stability_in_Passive_Atomic_Frequency_Standards?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/235167340_Local_Oscillator_Induced_Degradation_of_Medium-Term_Stability_in_Passive_Atomic_Frequency_Standards?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/235167340_Local_Oscillator_Induced_Degradation_of_Medium-Term_Stability_in_Passive_Atomic_Frequency_Standards?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/235167340_Local_Oscillator_Induced_Degradation_of_Medium-Term_Stability_in_Passive_Atomic_Frequency_Standards?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==

[14]1J. Vanier and C. Audoin, The quantum physics of
atomic frequency standards, IOP Publishing, Bristol
and Philadelphia, 1989

[15]A. Clairon, P. Laurent, G. Santarelli, S; Ghez8li,

N. Lea, and M. Bahoura, “A cesium fountain
frequency standard: preliminary results”, IEEE ®an
Instr. Meas., vol. 44, pp.128-131, 1995.

[16]S. Guérandel, T. Zanon, N. Castagna, F. Dahes E. d
Clercg, N. Dimarcq, and A. Clairon, “Raman-Ramsey
interaction for coherent population trapping Cs
clock”, IEEE Trans. Instr. Meas., vol. 56, pp.383-
387, 2007

[17]1. Yoshida, N. Hayashi, K. Fujita, S. Taniguchi, Y.
Hoshina, and M. Mitsunaga, “Line-shape comparison
of electromagnetic induced transparency and Raman-
Ramsey fringes in sodium vapor”, Phys. Rev. A, 87,
023836, 2013.

[18]R. Boudot, S. Guérandel, E. de Clercg, “ Simple-
design low-noise NLTL-based frequency synthesizers
for a CPT Cs Clock”, IEEE Trans. Instr. Meas., vol.
58, pp. 3659-3665, 2009.

[19]0O. Kozlova, S. Guérandel, and E. de Clercq,
“Temperature and pressure shift of the Cs clock
transition in the presence of buffer gases: Ne, N2,
Ar’, Phys. Rev. A, 83, 062714, 2013.

[20]G. Orriols, “Nonabsorption resonances by nonlinear
coherent effects in a three-level system”, Il Nuovo
Cimento, 53B, pp. 1-24, 1979.

[21]S. Micalizio, C. E. Calosso, A. Godone and F. Levi,
“Metrological characterization of the pulsed Rbako
with optical detection”, Metrologia, vol. 49, 425,
2012.

[22]P. Cheinet, B. Canuel, F. Pereira Dos Santos, A.
Gauguet, F. Yver-Leduc, and A Landragin,
“Measurement of the sensitivity function in a time
domain atomic interferometer”, IEEE Trans. Instr.
Meas., vol. 578, pp. 1141-1148, 2008.

[23]R. B. Blackman and J. W. Tukey, The Measurement
of Power Spectra from the Point of View of
Communication Engineering, Dover Publications
New York (1959).

[24]J.Reichel, PhD Thesis, Université Pierre et Marie
Curie, Paris (1996)

[25]Y. Y. Jau, E. Miron, A. B. Post, N. N. Kuzma, and
W. Happer, “ Push-Pull optical pumping of pure
superposition state”, Phys. Rev. Lett., vol. 93,
160802, 2004.

[26] X. Liu, J-M. Mérolla, S. Guérandel, C. Gorecki,de
Clercq, and R. Boudot, “Coherent population
trapping resonances in buffer gas filled Cs vapdisc
with push-pull optical pumping”, Phys. Rev. A, vol
87, 013416, 2013.

[27] X. Liu, J-M. Mérolla, S. Guérandel, E. de Clercgda
R. Boudot, “Ramsey spectroscopy of high contrast
Ramsey resonances with push-pull optical pumping
in Cs vapor”, Opt. Expr., vol. 21, pp. 12451-12459,
2013.


https://www.researchgate.net/publication/235633907_Coherent_Population_Trapping_Resonances_in_Buffer_Gas-filled_Cs_VaporCells_with_Push-Pull_Optical_Pumping?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/235633907_Coherent_Population_Trapping_Resonances_in_Buffer_Gas-filled_Cs_VaporCells_with_Push-Pull_Optical_Pumping?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/235633907_Coherent_Population_Trapping_Resonances_in_Buffer_Gas-filled_Cs_VaporCells_with_Push-Pull_Optical_Pumping?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/235633907_Coherent_Population_Trapping_Resonances_in_Buffer_Gas-filled_Cs_VaporCells_with_Push-Pull_Optical_Pumping?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/235633907_Coherent_Population_Trapping_Resonances_in_Buffer_Gas-filled_Cs_VaporCells_with_Push-Pull_Optical_Pumping?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3091708_Raman-Ramsey_Interaction_for_Coherent_Population_Trapping_Cs_Clock?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3091708_Raman-Ramsey_Interaction_for_Coherent_Population_Trapping_Cs_Clock?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3091708_Raman-Ramsey_Interaction_for_Coherent_Population_Trapping_Cs_Clock?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3091708_Raman-Ramsey_Interaction_for_Coherent_Population_Trapping_Cs_Clock?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3091708_Raman-Ramsey_Interaction_for_Coherent_Population_Trapping_Cs_Clock?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/237056530_Ramsey_spectroscopy_of_high-contrast_CPT_resonances_with_push-pull_optical_pumping_in_Cs_vapor?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/237056530_Ramsey_spectroscopy_of_high-contrast_CPT_resonances_with_push-pull_optical_pumping_in_Cs_vapor?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/237056530_Ramsey_spectroscopy_of_high-contrast_CPT_resonances_with_push-pull_optical_pumping_in_Cs_vapor?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/237056530_Ramsey_spectroscopy_of_high-contrast_CPT_resonances_with_push-pull_optical_pumping_in_Cs_vapor?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/237056530_Ramsey_spectroscopy_of_high-contrast_CPT_resonances_with_push-pull_optical_pumping_in_Cs_vapor?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/277699168_The_Measurement_of_Power_Spectra_from_the_Point_of_View_of_Communications_Engineering_-_Part_II?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/277699168_The_Measurement_of_Power_Spectra_from_the_Point_of_View_of_Communications_Engineering_-_Part_II?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/277699168_The_Measurement_of_Power_Spectra_from_the_Point_of_View_of_Communications_Engineering_-_Part_II?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/277699168_The_Measurement_of_Power_Spectra_from_the_Point_of_View_of_Communications_Engineering_-_Part_II?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/258809503_Line-shape_comparison_of_electromagnetically_induced_transparency_and_Raman_Ramsey_fringes_in_sodium_vapor?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/258809503_Line-shape_comparison_of_electromagnetically_induced_transparency_and_Raman_Ramsey_fringes_in_sodium_vapor?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/258809503_Line-shape_comparison_of_electromagnetically_induced_transparency_and_Raman_Ramsey_fringes_in_sodium_vapor?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/258809503_Line-shape_comparison_of_electromagnetically_induced_transparency_and_Raman_Ramsey_fringes_in_sodium_vapor?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/258809503_Line-shape_comparison_of_electromagnetically_induced_transparency_and_Raman_Ramsey_fringes_in_sodium_vapor?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/220408196_Simple-design_low-noise_NLTL-based_frequency_synthesizers_for_a_CPT_Cs_clock?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/220408196_Simple-design_low-noise_NLTL-based_frequency_synthesizers_for_a_CPT_Cs_clock?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/220408196_Simple-design_low-noise_NLTL-based_frequency_synthesizers_for_a_CPT_Cs_clock?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/220408196_Simple-design_low-noise_NLTL-based_frequency_synthesizers_for_a_CPT_Cs_clock?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3094292_Measurement_of_the_Sensitivity_Function_in_a_Time-Domain_Atomic_Interferometer?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3094292_Measurement_of_the_Sensitivity_Function_in_a_Time-Domain_Atomic_Interferometer?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3094292_Measurement_of_the_Sensitivity_Function_in_a_Time-Domain_Atomic_Interferometer?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3094292_Measurement_of_the_Sensitivity_Function_in_a_Time-Domain_Atomic_Interferometer?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3094292_Measurement_of_the_Sensitivity_Function_in_a_Time-Domain_Atomic_Interferometer?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/254995436_Temperature_and_pressure_shift_of_the_Cs_clock_transition_in_the_presence_of_buffer_gases_Ne_N_2_Ar?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/254995436_Temperature_and_pressure_shift_of_the_Cs_clock_transition_in_the_presence_of_buffer_gases_Ne_N_2_Ar?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/254995436_Temperature_and_pressure_shift_of_the_Cs_clock_transition_in_the_presence_of_buffer_gases_Ne_N_2_Ar?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/254995436_Temperature_and_pressure_shift_of_the_Cs_clock_transition_in_the_presence_of_buffer_gases_Ne_N_2_Ar?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/227031587_Nonabsorption_resonances_by_nonlinear_coherent_effects_in_a_three-level_system?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/227031587_Nonabsorption_resonances_by_nonlinear_coherent_effects_in_a_three-level_system?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/227031587_Nonabsorption_resonances_by_nonlinear_coherent_effects_in_a_three-level_system?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3088519_A_Cesium_Fountain_Frequency_Standard_Preliminary_Results?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3088519_A_Cesium_Fountain_Frequency_Standard_Preliminary_Results?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3088519_A_Cesium_Fountain_Frequency_Standard_Preliminary_Results?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/3088519_A_Cesium_Fountain_Frequency_Standard_Preliminary_Results?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/51955948_Metrological_characterization_of_the_pulsed_Rb_clock_with_optical?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/51955948_Metrological_characterization_of_the_pulsed_Rb_clock_with_optical?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/51955948_Metrological_characterization_of_the_pulsed_Rb_clock_with_optical?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/51955948_Metrological_characterization_of_the_pulsed_Rb_clock_with_optical?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/8195549_Push-Pull_Optical_Pumping_of_Pure_Superposition_States?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/8195549_Push-Pull_Optical_Pumping_of_Pure_Superposition_States?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/8195549_Push-Pull_Optical_Pumping_of_Pure_Superposition_States?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/8195549_Push-Pull_Optical_Pumping_of_Pure_Superposition_States?el=1_x_8&enrichId=rgreq-0bbabd3b4458a39761deadf3013411bc-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQyNjk4MDtBUzozMTI2NDU1OTk1OTY1NDVAMTQ1MTU1MTkyNzQ2Nw==
https://www.researchgate.net/publication/263426980

