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Abstract. In this work, we overview some progresses of theztian scientific program for
time and frequency metrology. The results invohe development of an atomic fountain of Cs
133, a compact frequency standard with cold atamsha&o new timescales contributing to TAI
and UTC. These are different running experimentsvimlocations in Brazil and consists on a
joint effort to develop infrastructure in the area.

1. Introduction

The Brazilian NMI, INMETRO (Instituto Nacional de éffologia e Qualidade Industrial), and the
University of Sdo Paulo, through the S&o Carlogitlite of Physics and the S&o Carlos School of
Engineering (USP-SC) develop a joint program ore&dic Time and Frequency Metrology. In their
laboratories several metrological systems are baé@vgloped. They are an atomic cesium fountain and
a compact standard with cold Cs 133 atoms. We hbeeimplemented a timescale in both locations
(distant by 480 km), in order to contribute with Mternational Atomic Time) formation, so sen& a
traceable frequency and time sources for seveiattific or technological users [1][2][3].

2. Primary Systems under development

2.1. Atomic Fountain

The first atomic fountain experiment was carried with systematic characterizations, regarding
magnetic field and temperature stability in ordeevaluate for Zeeman and blackbody radiation &ffec
Despite all this, the vacuum chamber and its agdobptics showed to be compromising for the
operational use of the fountain apparatus in la@mgnt Considering its intended use as a national
frequency standard, the group decided to devekgrand generation system. It deals now with a trap
vacuum chamber built with borosilicate glass. Thst fresults for the cooling of atoms using Cs
dispensers as the source of atoms [4] are shoWwigure 1. Here, we did several loading essays, with
different current values for the dispensers.
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Figure 1. Trap loading curves for different dispensers ausr@ising the repumping light (right) or the
MOT coils current (left) to start the loading prese

2.2. Compact Systemwith Cold Atoms
Another system in our laboratories is a frequerteypdard that uses cold atoms in a more compact
enclosure. We have been devoted to the developpheobsystems that should lead to a reliable setup,
providing the reduction of volume and mass of tifient components and parts [2].

One of the most important parts are the lgghirces. We have been developed new extended-cavity
diode lasers and reached a very lightweight lasar We built it with additive manufacturing (3D
printing) and the actual design can be seen inr€igu

Figure 2. Renderized image of the lightweight laser prgtetyo be used in the compact clock.

The estimated thermal expansion coefficienABS plastic (11910°) is about 4 times that for
aluminum (2410°). This could compromise the stability of the systdue to changes in cavity length
with temperature. On the other hand, due to thestdivermal conductivity of ABS (0.2 W/m-K), the
overall effect showed to be reduced, and a sinpEformance is observed between two material
versions of the system. The general control topologl electronic drivers for the compact standaed a
still evolving [2], with the test of different criédard sized computers. We are also dedicatimytsffo
reduce the optomechanical package for the expetimen
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3. Timescales

To provide time links with TAI and UTC, our groupstablished two timescales: The first, named
UTC(INXE), operates since 2012, contributing redyldo BIPM and reported in Circular T. It is
located in the Brazilian NMI Campus at Xerém-RJ pralides traceability for different metrological
laboratories involved in several technology areas.

The second timescale is located on the Campusedfittiversity of S&o Paulo in Sdo Carlos. This
timescale contributes formally to TAI and UTC sindecember 2018 and received the name of
UTC(LRTE). It is intended to provide traceabilitgrfscientific experiments being realized in the
Campus. Furthermore, it is intended to be abledteive contributions from several primary frequency
standards, like the cesium atomic fountain undeeld@ment, as well as the compact system operating
with a cloud of cooled atoms.

For this work, we show the data for the comparistfidTC(INXE) and UTC(LRTE) with respect
to UTC, using a remote comparison procedure usthgdees of the individual RINEX files [3].

3.1. Performance indicators for timescales comparison

We used some performance indicators to compareetiadility of three timescales, INXE, LRTE and
GPS with respect to UTC. The selected indicatonevewailability, accuracy, and stability and they
were defined as the accessibility or dependahifityre timescale system, confidence level or degfee
equivalence of the timescale results and the fregustability of the timescale operation by usiraA
variance, respectively.

3.2. Availability of timescale system
The availability was evaluated by computing théorbetween the actual operation time and the total
time of evaluation, for instance, the GPS systeminduthese 140 days of operation was accessible
during all 140 days and the availability is 100%t the timescale at Inmetro campus, local coordihat
universal time UTC(INXE) was available for 135 dagad this indicator should be 96.4% due to an
energy failure during February 140 16". This indicator is also 96.4% for timescale at USPpus,
UTC(LRTE) due to an energy failure during Apri' 40 6". In Figure 3 the energy failures were
highlighted with square boxes, red for LRTE andydoz INXE.

The operation of the two timescales as a consortiwwuld avoid this kind of event, and both
timescales operating concurrently would give a 1@%vailability because the probability for energy
failure at the same period in both campuses ismahi

3.3. Accuracy of timescale results

In order to ensure the validity of the results lué timescales, the P3 technique was employedsn thi
work to compare the accuracy of three timescalsEl LRTE and GPS. These timescales collect data
every 30 s and send these data to BIPM every daytimescales comparison is performed at BIPM by
using satellite constellations, for instance, theSCGconstellation. The communication between the
satellite transponder and receiver antenna usesradio frequencies L1 {f= 1575.42 MHz) and

L2 (f, = 1227.60 MHz) and the difference of phase betwheniming signal for satellite clock and
ground station clock is measured by P1 and P2 pseanpe values. The technique used by BIPM
performs a combination of P1 and P2 to reducedhesipheric delay by creating ionosphere free P3
code as shown in Equation 1.

i’ PL— f,° P,

P; = ———=— 1
3 2 = @)

With the P3 technique, BIPM computes the refereradee for the key comparison and it is named
UTC- Coordinated universal time by using all cdmiting clocks around the world to perform an
average of them. All three timescales in this waak be compared to this reference value and inr&igu
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3 this reference value corresponds to zero in timate axis. The abscissa is ordered by takinglay5
average for every data collected.

During this evaluation, the uncertainties for etintescale are computed and for instance, the GPS
system connected to USNO time scale has a typeca@rtainty due to statistical dispersion of 0.3 ns
and a type B uncertainty due to the satellite-radink calibration of 1.5 ns. The combined unagty
is expanded to level of confidence 95% by usingwerage factor of 2 and the expanded uncertainty is
3 ns. For INXE and LRTE systems the values aren8.4nd 20 ns because both receivers were not
calibrated yet, giving an expanded uncertaintytiese measurements of 40 ns.
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Figure 3. Comparison between UTC and the three timesc&PBS(INXE, LRTE).

In Figure 3, one can see that the GPS values ardme=UTC for every point of comparison and has
the best accuracy in 3ns uncertainty range. Bothdcales are steered when they are near the dfmits
-40ns or +40 ns, to avoid reaching these limitaubing a frequency offset correction that should be
evaluated from the satellite results. For thisé@yparison, in the uncertainty range of 40 nsrékalts
for INXE and LRTE are similar except in three ewerthat can be better visualized by using the
normalized error predictor as shown in Figure 4bing the Equation 2.

_ Viab —Vgps
bn =T — @
Uiap + Uéps

Where \jp is the time difference between UTC and UTC(INXEXI C(LRTE), Veesis the time
difference between UTC and UTC(GPS) and, @nd Wps are the expanded uncertainties for
UTC(INXE), UTC(LRTE) and UTC(GPS).
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Figure 4. Normalized error for the three scales comparisdBPS time.

One can observe in Figure 4 that during 15 day$NXé& timescale had a normalized error greater
than 1, this was due to a mistakenly proposed &eqy offset correction with wrong sign and instead
of avoiding the limit of -40 ns, it accentuated thifference. After 5 days the proposed correctidtm w
the right sign was enough to keep the differeneadst but not bringing it to the right range andeavn
correction was inserted to bring the scale to itjfet range between -40ns and +40ns.

3.4. Sability evaluation by using Allan variance analysis

When performing the Allan variance statistical tneant for the three timescale results we can obtain
histograms for all the measurement data. In Figumee can measure that the collection time and
frequency measurements have a relative uncertafrty10°+ 4.6<10*°for GPS system and for the
laboratories we have G0+ 2.810" for INXE and 0.%104+ 2.0«<10* for LRTE results.
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Figure 5e. Histogram for GPS  Figure 5b. Histogram for Figure 5c¢. Histogram for
time difference INXE time difference LRTE time difference

Usually Allan variance results are plotted as di-fpaphs, as can be seen in Figures 6 and 7.
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Figure 6. Frequency stability for GPS results and white edientification.

The GPS results demonstrate that satellites tineebea an Allan deviation of 4. B0 for 5-days
averaging time and 1.910%° for 30-days averaging time and the charactengtise is 2.4510%2 t*2,
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Figure 7a. Frequency stability for INXE Figure 7b. Frequency stability for LRTE
results and white noise identification. results and white noise identification.

The results for the labs demonstrate that they bargatible Allan deviations for 30-days averaging
time. For INXE the Allan deviation is 2.580* for 5-days averaging time and 1x38* for 30-days
averaging time, while for LRTE it is 1.60.0%* for 5-days averaging time and 1x20'* for 30-days
averaging time.

For INXE and LRTE time scales the characteristise® are 1.980! t¥2 and 1.3310"* t2
respectively. These preliminary results demonstraiethe LRTE timescale is slightly more stablenth
the INXE timescale, although the Allan deviation ERTE results demonstrate that the white noise is
a good fit for INXE results but the LRTE results fonger averaging times ( > 15-days) seems teptes
a floor region or beginning to enter a region areasing divergence. This result also can inditae
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longer experience of the INXE team in time scaleeshg [5] compared to the much newer
implementation of LRTE time scale.

4. Conclusions

This work reports different systems our groupsvaweking on, in order to provide the state of thieimr

our laboratories, related to scientific time areffrency metrology. We decided recently about a new
strategy for the atomic fountain system and paréiallts were shown. The compact system with cold
atoms has seen further development and a new &stem was developed and is under tests.
Concerning time scales, we implemented UTC(INXH]) BT C(LRTE), to provide references for both
campi, INMETRO and USP-SC. The evaluation of ttpedformance indicators demonstrate that the
timescales are equivalent and can be used ingoseparate operation with a good degree of confiele
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