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Abstract—The temperature dependence of the Cs clock

transition frequency in a vapor cell filled with Ne buffer gas
has been measured. The experimental setup is based the
coherent population trapping (CPT) technique and aémporal
Ramsey interrogation allowing a high resolution. Aquadratic
dependence of the frequency shift is shown. The tempture of
the shift cancellation is evaluated. The actual Neressure in
the cell is determined from the frequency shift ofthe 895nm
optical transition. We can then determine the Cs-Neollisional
temperature coefficients of the clock frequency. Thee results
can be useful for vapor cell clocks and especiallfor future
micro-clocks.

Index Terms— Atomic clock, buffer gas, coherent
population trapping, Cs, gas cell, Ne, pressure hi

I. INTRODUCTION

Using a mixture of gases having temperature caeffts
with opposite signs, one can cancel the temperature
dependence at the working temperature. Anotherilgtiss
to cancel the temperature dependence using onhpoffer
gas is to work near the inversion temperature [foffer
gases exhibiting strong quadratic temperature digrere).
This has already been measured for Rb atoms [Buf7{o
our knowledge not for Cs atoms.

In this paper we report the measurement of the
temperature coefficients of the Cs clock frequel@dyn the
presence of Ne buffer gas. To determine the vafuth®
coefficient we have measured the shift of the clock
frequency against the cell temperature. The cortibimaf
two original techniques [9]: a double-lambda schéonghe
CPT-resonance excitation and a temporal Ramsey
interrogation technique allows to obtain a hightcast and

HE coherent population trapping (CPT) phenomenof@rrow resonances with the width scaling asTH[2where

[1] has been investigated by several laboratoresaf
few years in view of applications to atomic clogRs 3, 4].
The CPT has renewed the interest in the use of¢ksaim
atom in atomic vapour cell clocks, when they wergilu
now based on rubidium. In such clocks a bufferigagided
in the alkali vapor cell in order to increase thésraction
time by reducing the effect of wall collisions aindorder to
reduce the Doppler width by the Dicke effect. Hoarethe
collisions between alkali atoms and the buffer gais shift
the frequency of the resonance by several kHz per, &nd
this shift (known as collisional or pressure shifg
temperature dependent.

Tr is the time separation between the light pulse$ak
been shown in the pulsed (Ramsey) regime that tA& C
linewidth is not limited by the saturation effeatdalight
shift dependence is greatly reduced [10]. This wetth
provides a better frequency uncertainty that preslip
reported ones in Cs (Optical Pumping [11] or CPP][1
methods) and allows to reveal the quadratic shift
dependence.

The inversion temperature does not depend on tke ga
pressure and can be directly obtained from the ¢eatpre
dependence. On the contrary the knowledge of theakc
buffer gas pressure in the cell is necessary tabbsh the

Over a limited range of temperatures it is gengrallvalues of the coefficients. It is the major souroé
possible to represent the temperature dependendheof Uncertainty. We have measured it from the shiftthod

collisional shift4o(T) by a quadratic equation [5]:

A(T) =Py [ B+ &T-T) + y(T-To)%, (6h)

optical transitions (Pline).

In this paper, Section Il is devoted to the meaverg of
the Cs hyperfine frequency shift as a function bé t
temperature of sealed cells filled with Ne. The exkpental

whereP, is the buffer gas pressure in the cell at thersefeSetup is first described. Experimental resultssii@wn, the
ence temperatur, f is the pressure coefficient (Hz-Tdrr- uadratic dependence is clearly visible. The ingae of

), 6 is the linear temperature coefficient (Hz-Tok™), y is
the quadratic temperature coefficient (Hz- Tolr?) andT is
the buffer gas temperature.
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the inversion temperature for Ne buffer gas forliepfions
in chip scale atomic clocks is discussed. In Sactib the
measurement of the buffer gas pressure in thedsealts is
presented. In Section IV, the measurement resilthe
pressure coefficienty (Hz-Torf), linear temperature
coefficient 6 (Hz-Torf-K™) and quadratic temperature
coefficienty (Hz-Torf*-K) for Ne buffer gas are reported.
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Il. MEASUREMENTS OF THETEMPERATURE DEPENDENCE OF nonmagnetic thermistors with a 0.2°C uncertaintgahn be
THE CS CLOCK TRANSITION IN THE PRESENCE ONE BUFFER  changed in the 25°C - 65°C temperature range afuiliged

GAS within the mK level. The temperature can be rispntol
A. Experimental setup 80°C a_nd ;tabili_zed at .the Ieyel of tens o_f mK. t@tis
agnetic field is applied with a solenoid to lifhet
egeneracy of the Zeeman levels. The ensemble is
surrounded by two mu-metal magnetic shields.

For each Cs-buffer-gas cell the resonance frequénc
measured for a series of temperatures. For each
measurement point, the cell temperature is allostddast 2
hours to stabilize. Each measurement is performgd b
X - locking the 9.2 GHz synthesizer frequency on thetreg¢
component of the Cs Dline by a saturated absorptiongamsey fringe. For this purpose the synthesizeuacy is
scheme in an auxiliary pure Cs vapor _ceII. Theeslager is square wave modulated. The absorption signal (PB1)
phased locked to the master laser with a frequaifSet  gigitized, computer-processed and the correctigmasiis
tha_lt is tunable-near 9:192 GHz by comparlson_wnlbva applied to the synthesizer. The mean frequencyésaged
noise synthesized microwave signal [13] driven by §ying a few hours. It is referenced to the hydrogeaser,
hydrogen maser. For this purpose, the two lasambeare \\ose frequency is compared to the Cs clocks of the
superimposed and detected by the fast photodiode PD laboratory.

We use a so-called double-lambda scheme with we@fi  1he measured frequencies are corrected for the @eem
and orthogonally polarized laser beams (lin pem lig aqratic shift and for the light shift. For thiarpose, the
configuration) propagating parallel to the statiagmetic  equency is measured at different laser power foresach

field applied to the cell. The atomic responsedtedted by temperature. The frequency value is then extrapolad the
measuring the optical power of the laser beamsstnited oo power.

through the cell.

The experimental setup used for temperature shi
measurements is shown on Fig. The optical radiations
required to pump the atoms into the CPT state (wisca
superposition state of the clock leviHs3, m=0>and F=4,
m=0>) are generated by two external cavity dioderigs
(ECDL) tuned to the Cs fine at 895 nm. The master laser,
is frequency locked to th& = 4- F = 4 hyperfine

B. Experimental results

Frequency Synthesis [&—— H;:f‘?ser- Thg temperature erendence_ of the collisional faqu
100MHz 9.392GHz 10MHz shift is shown on Fig. 2 and Fig. 3 for the cellaAd B
respectively. The frequency shift is measured uding
Ramsey technique in the 25°C - 65°C temperaturgeran
The frequency is measured with a 0.1 Hz and 0.5 Hx

accuracy in the 25°C - 45°C and 45°C - 65°C tempeza

Saturated ——— PC ranges respectlvely.
Absorption Switch
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Fig. 1. Experimental setup for temperature shiftasuigements.
AOM: acousto-optical modulator, PD1: atomic sigphabtodetector,
PD2: fast silicon photodiode, ECDL: external cawtgde laser. The 57800 90 Torr Ne
inset shows the atomic energy levels involved e dbuble-lambda Cell A
scheme. PLL: phase lock loop. C1: beam splitteecub
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A CPT pulse sequence where each pulse is usedfdoth Cell Temperature (°C)

coherence preparation and atomic signal detecti®n _ S
applied. The light pulse durations £ 2 ms) and the time  Fi9-2 Ce"Al"kampe_tr_at“r_e ?hepe”dence Offthes‘m"a' Sg'lf“:(“f_‘elcs
. microwave ClocK transition In the presence O \l%blgas. ackK Circles.

separation betv_veen the pUISé-ﬁ (: 4,ms) are F:qptrolled_ by measurements with Ramsey method, grey circlesnooos method. The
an acousto-optic modulator. There is a possibitityork in error bars are within the circles. The equatiotneffitted curve is given in
CW operation mode by applying a constant power é&ell the insetT is the cell temperature in °C.
to the acousto-optic modulator.

We use two sealed Cs vapor cells filled with 90rTde The experimental points are fitted with &9 2order

as buffer gas made by two different providers: @eli20 olynomial function as reported in Eq. 1. Then frane
mm long and 20 mm diameteffom Physics Department, fiting coefficients, we find that the Cs clock deency
Fribourg U.nlversny, Switzerland, a}nd the cell BO(Bhm temperature dependence is cancelled in the 75°G°C 8
long and diameter 25 mm) from Triad company, USAe T (emperature range. For cell A, the measuremertieotlock
temperature of the cell is measured by high acquragequency versus temperature was made in the 7B@G
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range in order to confirm the inversion temperatureguadratic temperature dependence of the densify ishi
However, in this temperature range, the increasahef visible on a figure, but no details on the coeéfids or the
optical absorption in the vapor cell and of the bemof inversion temperature are given. We inferred thesiision
alkali-buffer gas and Cs-Cs spin-exchamgdisions causes temperature from the figure published in [15].

a significant reduction of the coherence lifetime afdhe It is important to notice, that the inversion temgiare for
Ramsey fringes amplitude. Then, the Ramsey intatiog Cs in Ne buffer gas is in the working range of Gpcscale
technique becomes difficult to apply. Consequenthe CPT clocks. It means that no mixture of buffer gas
measurements are performed in teis\perature range using required for development of such a clock, simpfifyi
a classical continuous interrogation techniquetéad of the potentially the production process and reducingdbst of

pulsed Ramsey technique) at the expense of a rddudhe device.

accuracy (1-10Hz) (see Fig. 2).
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Fig. 3. Cell B - Temperature dependence of thasiofial shift of the
Cs microwave clock transition in Cs in the preseotle buffer gas.
The error bars are within the circles. The equatibthe fitted curve is

I1l.  MEASUREMENTS OF THE BUFFER GAS PRESSURE FROM

THE SHIFT OF THE OPTICAL TRANSITIONS

A. Experimental setup

The usual technique to cancel (or reduce) the testyre
dependence (at a chosen working temperature) fi the
cell with a mixture of two buffer gases which stife clock
frequency in opposite directions. The inversionpenature
can be chosen by fixing the pressure ratio of W luffer
gases. This needs the precise knowledge of theeteatye
coefficients g, J, andy) of each buffer gas. In order to
measure the coefficients of Ne the actual Ne presisuthe
cell is needed because its value can be alteredgdtie
high temperature sealing process. We measure asspire
by measuring the shift of the absorption spectrdirthe Cs
optical transition (D1 line).

The experimental setup for the measurement of the
optical shift in Cs cells with buffer gas is shoam Fig. 4.

Absorption signal
eé@ Cs + Buffer ga:

given in the insefT is the cell temperature in °C. PD2 N\
The inversion temperature does not depend on the 1 <
pressure of the buffer gas, SO no pressure meaeute?m s| J< shift PDO
needed. The results for the inversion temperatoireCé in HPDl/PDOé@ N
presence of Ne buffer gas are reported in Table I. PD1
The lack of precision on the value of the inversion
temperature is due to the low precision on the high Current
i . ; , —~| DBR
temperature data and lack of data points abovénttezsion modulation
temperature, which reduce the accuracy of the fit
coefficients. We plan to realize higher temperature
measurements W|th Shorter Ce”s to overcome the: Flg 4, Experimental setup for optical shift measoents. DBR -

difficulties. With a conservative point of view wean
determine the inversion temperatires the weighted mean
of our values, and their difference as uncertaiftys yields
toT, = (80 4)°C.

TABLE |

INVERSION TEMPERATURE FOFCS MICROWAVE CLOCK TRANSITION IN
PRESENCE OMNE BUFFER GAS

Cs Cells used| Inversion Uncertainty | Reference
temperature
Ti

(A) 90 Torr Ne 77.7°C 5°C This work

(B) 90 Torr Ne 82.0°C 7°C This work

75 Torr Ne 80°C N.A. [14]

2028 Torr Ne 83°C N.A. 'ErlosT afigure of

Recently [14], the inversion temperature was olexbin
millimeter size Cs cells with a 75 Torr pressureéNef buffer
gas. The results are in agreement with ours. I {h6

Distributed Bragg Reflector laser diode; PDO, PDid aPD2 —
photodetectors.

We use a Distributed Bragg Reflector laser diodBRID
tuned to Cs Bline. A slow current modulation is applied in
order to scan the frequency over 12 GHz. We worth wi
very low intensities (less than 10 pW/Ano avoid optical
pumping effects. The power transmitted throughpttie Cs
cell and the Cs+buffer gas cell is detected by q@ifiodes
PD1 and PD2, respectively. The photodiode PDO ésl ue
register the power changes during the frequencyrsog.
Then the power changes are eliminated from the Bl
PD2 signals by normalization.

The absorption signals from the Cs cell and theb@fer
gas cell are registered simultaneously. As then@sces are
significantly broadened and overlapped (in the aafsthe
Cs+buffer gas cells) the line centers are deterhimg a
numerical fit of the spectrum. We use a sum of Yoig



profiles to fit the absorption spectrum (Fig.5).eThositions when they are available. For the first time the dyatic
of the peaks are extracted from the fit.
To calibrate thex-axis (frequency axis) we correlate thepressure coefficien is in good agreement with previous
difference in the peaks position of the pure Cstheuit
buffer gas) absorption curve with the well-knowrpéasfine
frequency structure of D1 line (see inset in Fig.5)

The mean shift of the peaks position in the Cs#uis However the discrepancy is slightly larger thamdf [17].

cell compared to the pure Cs cell is the opticaift sh There is no possible comparison for the quadratifizient
proportional to the buffer gas pressure.

01 note that the two cells, denoted A and B, are svem
= , two independent manufacturers, each one using\its o
£ 03105+ Ne %~ o process. The good agreement between results othtaime
2 04 r‘ \ the two cells shows that we can be confident inrésailts.
£ 05 Cs . . g i R
& We can estimate that no significant bias shift ttughe cell
E 06 Ay 14 production is present.

o 2.7 Note that the inversion temperature computed from t
g U* coefficients mean value B = (80+ 6)°C. The uncertainty
.‘E 09 is larger than the one given in Section Il becatise
@ A0 uncertainty on the Ne pressure enters in the wiotigs of
g 1 the coefficients.
F a2
13 TABLE Ill
' PRESSURE COEFFICIEN;TLINEAR AND QUADRATIC TEMPERATURE
14 3lp 4-3" COEFFICIENTS FORCS IN PRESENCE OME BUFFER GAS
1.5 e T - -
4000 -2000 O 2000 4000 €000 8000 10000 12000 14000 pressur linear quadratic
Frequency detunin (MHZ) coefficient tempergture tempergture
q Y 9 coefficient coefficient Reference
p 8 Y
(Hz/Torr) | (Hz/Torr K) (Hz/Torr K?)
Fig. 5. Absorption spectra. Dark blue and greers doexperimental " : This work
curves for Cs and Cs+buffer gas cell, respectivielgd and yellow 644.0:32 | 0.253:0.013 | (1.620.09) x 10 (Cell A)
lines — fit with Voigt profile for Cs and Cs+buffegas cells, 672.1+ 38 | 0.256+0.015 | (-1.56 0.09) x 10 This work
respectively. The inset shows the involved eneeggls. (Cell B)
This work
657+25 | 0.254t0.010| (-1.5% 0.06) x 1¢% | (weighted
mean)
B. Buffer g_as pressure results _ 647Ed - 15
To determine the actual buffer gas pressure inceie 652+ 2C 0.12+0.1C [17]

coefficients for Ne buffer gas is determined. Theasured
measurements [15, 17]. The agreement between thesva

of the linear temperature coefficiedtis not so good. Our
value is about twice the value given by Beveshial [17].

y which is measured for the first time. It is worthile to

from the measured values of the shift of the optica
transitions, we use the pressure shift coefficiémtoptical
transitions published by Pitzt al [16]. The optical shift
values for two buffer gas cells (cell A, cell B)dacalculated
values of the buffer gas pressure in the cellpagsented in

V. CONCLUSION

We have measured the dependence of the Cs clock
frequency in two Cs vapor cells filled with abo ®rr of

Table Il.

Ne. The quadratic behavior of the frequency is rbfea
pointed out. The temperature shift vanishes aro80C.
This result is promising for future miniature atenglocks

TABLE II using mm-scale cell. It allows the use of a sirgléfer gas,
OPTICAL SHIFT AND PRESSURE VALUES FORIE BUFFER GAS and the inversion temperature is in their rangevofking
Optical | Pressure shift pressure | Pressure tempera’:jure. el h lisional  shift
Cell shift value |  coefficient value at | value at In _order to calculate the Cs-Ne co isional - shi
at 22°C [16] 22°C 0°C coefficients we have measured the Ne pressureeisdhled
(MHz) (MHz/torr) (Torr) (Torr) cells. For this purpose, the frequency shift of @eD1 line
90 Torr is measured, and then the buffer gas pressuredscdd
Ne -1540+£3) -1.60x£0.01) 96.3+3 89.1%3fom the shift using pressure shift coefficientdished in
(cell A) [17]. We report the values of the collisional cazénts. To
90 Torr our knowledge it is the first measurement of thadyatic
Ne -143.6+3| -1.60+0.01 89.8 3 83.1 43 .
(cell B) temperature term. These coefficients are needddrésee

IV. RESULTS FORPRESSURE AND TEMPERATURE
COEFFICIENTS FORCS CLOCK TRANSITION

Knowing the gas pressure in the cells we can eixtrec
hyperfine transition coefficients values from thitefl
curves in Fig. 2 and Fig. 3. The measured presancke
temperature coefficients for Cs clock transitioa shown in
Table 1l and compared with previously publishedues

the compound of a buffer gases mixture allowing
cancellation of the temperature shift at an arbjtichosen
temperature.
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