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Characterization of the Main Frequency Shifts for the Brazilian 133Cs Atomic
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In order to evaluate an atomic clock, it is important to determine the main frequency shifts caused by external
fields, device imperfections, etc. Scanning the frequency of the main oscillator, the Ramsey fringe is obtained
and used to determine the main shifts. The gravitational shift {90 second order Doppler (1.68013),
Black-Body radiation shift (2.910~14), quadratic Zeeman effect ¥8.0-13), Rabi Pulling (1.%1013) and
cavity pulling (1.3<10~13) have been evaluated. The short term stability, {8.&) x 1013, was obtained.

I.  INTRODUCTION II. DESCRIPTION OF THE FREQUENCY STANDARD
DEVICE

The Brazilian33Cs atomic beam frequency standard ha
been well described elsewhere [4]. The vaccum system is €
An atomic frequency standard is a device that generates aflosed in a cylindrical chamber made of stainless steel; it is €
output signal which derives from an inherent property of ancm long and its diameter is 20 cm. The background pressu
atom, like its constant resonant frequency in time. This propin the chamber is lower than 1BPa and it is maintained with
erty confers on the output signal several characteristics such turbo molecular pump. An effusive oven heated to abol
as high accuracy, great stability and reproducibility with time343K produces th&*3Cs atomic beam axial to the system. An
[1,2]. In this approach, the principle of operation of an atomicarray of stainless steel and graphite disks collimates the be:
frequency standard is the frequency stabilization with respeap less than 2 x 10* sr. The produced C-field is perpendicu-
to a local oscillator, operating in a frequency correspondingar to the atomic beam and his magnitude is abour2Be-
to an atomic transition between two well known energy lev-fore getting into the microwave cavity, the atoms are opticall
els. In 1967, the Sl second was defined as "the duratioprepared in the%ﬁ/z(F = 3) ground level with a laser beam
of 9192 631 770 periods of the radiation corresponding tQegonant with the transitionzsl/z (F=4)— 62P3/2(F’= 4).
the transition bet_ween the two hyperfine levels of the_ groun%cter passing through both microwave zones, the fluorescen
state of the caesium 133 atom”. The reference atomic transis the atoms that interact with a laser beam resonant with tt
tion Is, in spectroscopy ”_Otat'oﬁsl_/ﬂ': =3m =0) 7 transition 681/2 (F=4)— 62P3/2(F’: 5) is detected. The
6S/2|F = 4,me =0). This definition refers to a caesium oqical pumping and the detection beams are produced by
atom at rest at a temperature of OK. This transition can b%ingle mode diode laser (SDL 5410C - 852nm), stabilized i
accessed in the following way: the Cs atoms are prepared ify, oytended cavity configuration. The linewidth of the laser i
the state F=3 and interact with two microwave fields spaciallygtimated to be less than 500 kHz. The saturated absorpt

separated by a region free of oscillatory radiatiobhis is spectroscopy technique is used to lock the laser in %E@@

known as the method of successive oscillatory fields, nameg- _ > ,_ . . .
as Ramsey interrogation method [3]. In the optimum conﬂ: = 4)—6%P5 > (7= 5) transition. The optical pumping beam

dition of power and frequency of the microwave field inside !> generated by an acousto-optical modulator operating at 2

the interrogation cavity, the transition probability between theMHZ'

state|F = 3,mg = 0) «—— |F = 4,mg = 0) is maximized. Fi- The microwave cavity has a conventional U shape. It i
nally, the atomic transition rate as a function of frequency ismade of copper and the distance between the interrogati
measured. The resonance peak is observed angy(fdr €), zones is 10 cm. The quality factor (Q) of the cavity is abou

wheree corresponds to the frequency shift due to many exter200. The microwave synthesizer was built by F. Walls an:
nal perturbations. co-workers at NIST (Boulder - USA) and it generates th

9.192631770 GHz from three quartz oscillators at 5 MHz

100 MHz and 10.7 MHz. The modulation of the 9.192 GHz

signal is injected in the 10.7 MHz oscillator by an externa

The aim of this paper is the description and the characterPDS (Stanford DS 345). A LabVIEW computer interface

ization of the atomic standard fully constructed in Brazil [4]. Program implemented by our group performs the control c
We report the major shifts present in our atomic frequencyhe standard. The evaluation of the Caesium beam frequer
standard, like the Quadratic Zeeman, Cavity Pulling and Rabftandard performance has been made by comparison witt
Pulling. The performance of the standard can be summarizégPmmercial standard (Agilent 5071-A).
in a global uncertainty table and the determined short-term Many changes have been performed in the system in ord
stability. to optimize its performance with respect to the previous eva
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uation [4]. The optimum microwave power was determined1901, its value is 980.655 cmijsand c is the light speed
to increase the output signal of the atomic frequency standard299,792,498 km/s, defined in thel&GPM, in 1975). The
assuring that the atoms suffenA2 pulse in each interrogation S&o Carlos altitude where the atomic beam standard is locate
cavity. The static magnetic field inhomogeneity, generated bys h = (8504 50) m. This was measured with a GPS receive
the C-field, has been minimized improving its current supply.(9390 - 6000 Datum). Following, the frequency shift due tc

A new temperature control for the oven was also imple-the gravitational shift iéi)LG —_10x1017.
mented. To heat t, two heatbelt are used, one in the colimation 0
region and other on the Cs resevoir. Doing so, the operation
temperature of the oven and consequently the velocity distri-
bution of the beam could be reduced. The oven temperature B. Second-order Doppler shift
was adjusted so that the signal obtained with the standard is
high enough, without being saturated, and the signal to noise
ratio was preserved.

The Ramsey fringe, which is the characteristic signature
an atomic frequency standard, obtained in this new configur
tion is shown in Fig. 1, where a good symmetry and signal to
noise ratio are observed.

The second-order Doppler shift is related to the tempor:
0fiilatation predicted in special relativity. Each velocity com-
dgonent in the beam adds a shift given by

Avg U2
T T T V() - 2C2

)

wherec is the light speed andis the atomic speed computed
for a time of flightt. We have used the method described ir
[6], which uses a mathematical procedure to extract from tt
Ramsey pattern some characteristic parameters without hs
ing to determine the time of flight distribution of the atoms. In
the limit whereatA < 1 (ais the ratio betweeh, the lenght
between the two interrogation zones of the microwave cavit
andl, the lenght of the interaction regipnthe correction in

L 4 the resonance frequency is given by

o
©
(]

Transition Probability
o
N
T
1

1 . " 1 " 1 ~ n R
-5,0x10 9,0 5,0x10 . ~vol? DT%A(Vm, b,7) f (1) dt
Modulation / (Hz) D= 2c2 " A(Vm, b,'[) f (T) dt

®)

In equation 3, the functioi (v, b,T) and f (1) represent
respectively the unperturbed transition probability, (functior
of the modulation amplitude,, the Rabi frequenck andt)
and the time of flight distribution given by the Maxwell speec

FIG. 1: The clock transition|3,0) < |4,0), measured with the
Brazilian133Csatomic beam standard.

distribution.
ll. FREQUENCY SHIFTS Figure 2 shows the dependence of the second-order Dopp
shift as a function of the modulation amplitude on the mi
A. Gravitacional Frequency Shift crowave signal for normal operation of the standard. Fc

the given oven temperatuf@ = 343), the average atomic

e R . . speed i5200+ 7) m/s. A typical modulation in the Ramsey
This shift is a relativistic correction due to the gravitational fringe is 45 Hz, so that the resulted shifti\i,% — _165x

potential variation of the standard position at a given location.
It is independent of the atomic velocity and just produces
translation at the Ramsey fringe. For standard on the Earth,
or close to its surface, the effect of the gravitational potential
is taken on the geoid surface [5]. The frequency of an atomic
standard is shifted by an amoutw g, when it is fixed in an
altitudeh above the geoid by

C. Black Body radiation shift

The presence of a small perturbation created by a no

resonant oscillatory electrical field, due to black body radi

(1) ation at the cavity temperature T, introduces a shift on th

atomic energy levels [7]. The shift is significant in primary

where g is the gravitational acceleratiofaccording to the Cs atomic beam frequency standards and is calcuated to
3'd Conference @nerale des Poids et Mesures, CGPM, in[8]

Ave g
Vo T2
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wherex ~3.0496B), By is the magnitude of the C-field (RD)

-3,0x10™ |- E

Second order Doppler Shift

-4,0x10™ |- R

1 1
0 8000 16000
Modulation / Hz

Vm = Vo[1+ (M/4) (X) + (1/2) (1—?/16) (?)

where() represents an average over the free of oscillating fiel
region, of lenght L. In practice, we measyr instead of By)

to avoid any uncertainty between the constant that relates t
two variables. The value dk) is obtained from the resonant
frequency ofv; andv_4, resulting in

(X) = (4/vo) [(v1—Vv-1) /2] = 4fz/Vo

andvy is the atomic resonant frequency in the absence of ma
netic field. The average value wfs small for the usual values
2,0x10™ - . of Bp so that it is possible to expand equation 6 in power serie
and the resonant frequency for the transitions in wiigh#0

is given by:

@)

®)

FIG. 2: Dependence of the second-order Doppler shift as a functiogyhere the quantityf, is the Zeeman frequency. Because the
of the modulation amplitude for a temperature oven of 343 K and afjg|d has almost constant amplitude &8long the atoms trajec-

average speed 200 m/s.

tory, we can make the approximati«ém2> = (x)z, so that we
can express the second order Zeeman shift as:

vz = 8f2/vg 9)
Avt T\ T \? In our atomic frequency standard we hdye 92 kHz and the
Vo —K (@) 1+e (@) } (4 second order Zeeman shift is about 7.3 Hz.
= —1.69x10° 14 (T)4 (5) 7450 ;
300

where K' = 1.573(3x 1014 Hz ande =1.4x1072 [9]. The
operational temperature is measured with a calibrated ther-
mistor and for the present repdrt= (343=+2) K, resulting
in a black body radiation shift o™ = — (2.887+0.04) x

10714,

D. Quadratic Zeeman effect

In an atomic frequency standard, which is based on the tran-
sition between two specific hyperfine sublevels, it becomes
important to work with the presence of a dc magnetic field
(C-field). This field lifts the degeneracy of the manyfold lev-
els, and therefore the atomic transition line depends C-field
amplitude.

We have minimized the field inhomogeneity and improved

Zeeman Frequency /mHz

7400

7350

7300

Time / days

10

FIG. 3: Time variation of the quadratic Zeeman shift.

the C-field contrql. After these improvements, the secon.d- A periodic measurement of the ; andv,; Zeeman fre-
order Zeeman shift was evaluated. For this, we have appliegency is necessary to observe its temporal dependence.
the method described by Makdissi et al [6], where a periaye measured it for ten days, five times per day, to stuc
odic measurement of the Zeeman frequency between a pajie way it changes in normal operating condition in the labc

of transitions with the same absolute value of magnetic qua
tum number is performed. We have chosen tFSl@(F =3,

atory. Fig. 3 shows the obtained variations of the quadrat
Zeeman shift. The uncertainty in the measure of the frequen

Me = 1) — 6%Sy5(F = 4,me = 1) and 8S, ,(F=3,me =-1)  transitions,v_; andv_.1, is imposed by the stability of the
H6281/2(F =4,mg =-1) transitions. The transition frequency atomic beam standard. Using the equation 9 it is possible
between these two levels of the ground state Witlg =0is  write

given by:

Vm=Vo1/1+ (M/2)x+ X2 (6)

6Vz Vz 6fz
D e
Vo Vo fo

(10)
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resulting in an uncertainty of 1:510-14 for 5f; = 0.8 Hz.

From Fig. 3, it is possible to see that the daily variation of
vz is of about5 x 10~3Hz. Therefore, the relative uncertainty 4L
in the temporal measurement of the quadratic Zeeman shift is
Av /vy =5.43x 10713,

Magnetic field
Inhomogeneity

Cavity Pulling l /‘f>\

E. Inhomogeneity of the magnetic field along the microwave
cavity

Rabl —
Pullm/g/

Pedestal Shift/ (Hz)

. . N -40 e
The resonant line shape of a thermal beam is a superposi- ; /
tion of a narrow spectral feature (Ramsey fringe) on a broader

resonance (Rabi pedestal). In ideal conditions, the Ramsey . . P R
fringe is centered within the Rabi pedestal. If there is any in- EE I o T 2 3
homogeneity in the magnetic field along the atom trajectory Zeeman line m,

through the microwave cavity, a frequency shift in the reso-

nant line is observed and the Ramsey fringe is not anymore

Cen';]ered in the RfaEI pedi?’tlal [7]. d of th line h FIG. 4: Frequency differendd (m) between the center of the Ram-
The centers of the Rabi line and of the Ramsey line aV%ey fringe and the Rabi pedestal as a function of the Zeeman st

been measured for each of the neighbour transititmg:(=0)  |evels numbemg. The points deviate from the straight line becaus
and for the clock transition. The difference between them wagg the Rabi Pulling effect. The applied C-fieldBg = 20uT.
computed and it can be written as [7]:

D (m) = vR#"(m) VR (m) = vo (m/8) (e1-+¢2)  (11) £ Rabipuling

whereeg; ande, are fluctuations of the mean static field in the
first and second interaction regions respectively. The slope in gegides the clock transition. there are other six trans

the linear curve oD (m) as a function ofm determines the  tions linearly dependent of the static magnetic fig, —

value(ey +€2). . . . +1,Ame = 0, as shown in Fig. 5.
The modulation of the 9.192 GHz signal, introduced in the

10.7 MHz oscillator of the microwave synthesizer, has been

driven by a computer program that makes possible to choose : T T
the modulation amplitude and lock the system to the center
of the Ramsey line or to the center of the Rabi line for each
neighbour transition and for the clock transition. We have

compared the output signal of the 5 MHz oscillator with the

5 MHz output signal from the commercial Cs standard. A

computer program collects these oscillation data during fifty
minutes per line. Fig. 4 shows the measured shifts for all
Amg =0 transitions.

The estimated linear slope from the experimental curve
D(m) x mg is (11.35:0.05) resulting in (g1+¢€2) = 20
—(0.99-£0.05) x 10°8. For the operating condition of the
standard, the frequency error on the clock transition due to P 000 P
the field inhomogeneity ig;=(1.08+0.04) x 10 °Hz T hreduency OfF ’

L. . quency Offset / (Dn)

The other Zeeman transitions are also shifted by the same
effect and it is necessary to count them. As the velocity dis-
tribution is the same for all transitions, we have used the same
procedure to study the effect of the magnetic inhomogeneit¥IG. 5: The Zeeman spectrum of th&Cs atom obtained with the
for themge # Otransition. The Zeeman frequency is shifted by atomic beam frequency standard.
an amountf, = 0.77uHz and this is equivalent to a residual
error Of%Z <83x10°1° Their amplitudes are comparable to the clock transitio

Finally, the total uncertainty is computed considering theand consequently they shift the defined frequency transitio
uncertainty measured due the experimental determination dfhe Rabi Pulling results from the overlapping wings of ad
the Zeeman frequenc% = 5.43x 10713 and the correc- jacent transitions in the Zeeman spectrum. The pedest:

tion due the field inh &z _ 008x 10-22. Th of the transitions (F=4,mg=1) «— (F=3mg=1)
on ue. e e ".1 omogenel% 8 13 © and (F=4,mg =-1) «— (F=3mg =-1) overlap the
quadratic sum of this terms resultséﬁéZ =5.5x10""°, with pedestal of the clock transitionF =4,mg =0) «—

an uncertainty 00.15x 1013, (F =3,mg = 0) so that the resolution between the resonar

22 .

Transition Probability




1014 Brazilian Journal of Physics, vol. 35, no. 4A, December, 200

line is not clear and a frequency shift is added to the detectedependence on the microwave power and on the modulati
atoms which are directly related to the transition. amplitude. Consequently, the Cavity Pulling is larger for the

The clock transition is shifted by the Rabi Pulling only if Rabi pedestal than for the Ramsey fringe.
there is an asymmetry between the transitiogs= 1 and Our procedure to measure the cavity pulling has been sin
me = —1. From Fig. 5, we observe that there is an asymmetryar to that described by Shirley et al [8] and it is again the samr
of 1,3% in the peacks high of these transitions. If we assumesed to measure the magnetic field inhomogeneity. Sin
that 1,3% is the worst asymmetry achieved with this value othe cavity pulling is nearly independent of-nand the Rabi
C-field, it is possible to estimate the fractional Rabi Pulling aspulling for the clock transition is small [8,10], the pedesta
4.4x 10~ The corresponding pulling for the Ramsey fringe shift shown in Fig. 4 corresponds to the cavity pulling. The
is smaller by a quantity o(i) , wherel is the interrogation measured pedestal shift (8.76+ 0.10) Hz for a measure-
cavity length, and its magnitude 1s3 x 1013, As observed, ment time of 1000 s and the induced effect on the Rams
the Rabi pulling for the Rabi pedestal is larger than for thefringe for the cavity detunning is 1.27.0-12,

Ramsey fringe because the pedestal slope is smaller and the
modulation amplitude is larger.

To determine the Rabi Pulling, a similar procedure to ob-
tain the field inhomogeneity was used. The shift between
the pedestal and its corresponding fringe for each transition The accuracy of an atomic frequency standard is define
was measured. The C-field has been adjustedfo= 20  as the capacity of the standard to produce a frequency tt
UT andBy = 30 uT. The results are depicted in Figs. 4 and s in agreement with the definition of the second. It is ex
6. It is possible to observe, for ther = +2 transitions, a

shift between the Rabi pedestal and the Ramsey Fringe _ . .
about 33 Hz and 2.46 Hz fd8 — 20 UT andBo = 30 uT ond definition. Applying the several corrections to our fre:

respectively. They correspond to a Rabi Pulling of aboyduency standard, and their corresponding uncertainty, table
1.67x 1011 and7.13 x 1012 for the Rabi pedestal when Was constructed, with each uncertainty obtained earlier bei

H. Global Accuracy Budget

gtressed like a relative uncertain(yﬁ—;) relative to the sec-

Bo = 20 uT andBo = 30 uT. For the Ramsey fringes the described.
pullings are4.75x 1014 and2.07 x 10~ on the same val- Freq. St [Cor.(<10" %) [Uncer & 10" )
ues ofo. Red Shift 1x10 5x10°5
2" order Dopple -1.65 0.12
wE T T T ] Quadratic Zeeman 55 0.15
Cavity Pulling 1.27 0.09
Rabi Pulling 1.3 0.05
ol ] Black Body Rad| -0.2887 0.004
N
& _— ] TABLE I: Uncertainty table of the atomic beam clock
£ —_d
= 0 _
fm " Finally, the global accuracy of the beam standardds=
Z — 1 6.13x 10713, This value means the precision in which our
E 5L 7 i frequency standard measures the clock transition frequen
around 9.192.631.770 Hz.
-10 ! ! ! ! !
2 -1 0 1 2 I. Stability

Zeeman line mp

The stability of an atomic frequency standard caracterize
the capacity of a standard to reproduce the same average |
FIG. 6: Frequency differend® (m) between the center of the Ram- quency along the time. It is determined by the square root «
sey fringe and the center of the Rabi pedestal as a function of thghe Allan variance
Zeeman sublevels numbe¥, for a higher magnetic field compared
to Fig. 4. The applied C-field iBp = 30uT. The points are much
closer to the straight line because the Rabi Pulling is less important. 1 1

t
o= TQa (S/N) \/;

wheret is the sampling time, g is the quality factor of the
atomic resonance, S/N is the signal to noise ratio for a sar
pling timeT andt is the cycle time.

The cavity pulling arises from the variation of the mi- The short-term stability has been measured using a cor
crowave amplitude with the frequency when the cavity is mis-mercial atomic standard (Agilent - 5071A) and a compute
tunned. It is nearly independent ofembut it has a strong  with a GPIB interface to store the data reading, allowing u

(12)

G. Cavity Pulling
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to perform a constant performance evaluation of the atomic IV. CONCLUSIONS
beam standard. Fig. 7 shows the short-term stability ob-
tained with our!33Cs beam frequency standard versus the
sampling timet. For comparison we have include in Fig. 7
the stability of the same standard in 1998 (the first evalua-
tion), oy (1) = (1.240.7) x 10-%1~0%60.7 This poor stabil- We presented a full evaluation of the operating Braziliat
ity was attributed to several factors, like mechanical and theratomic standard. To evaluate some shifts and the Rabi fr
mal noise in the clock room and a limited signal to noise ra-quency we have used a method well documented in the lite
tio in the atomic detection. Several changes were performedture [7,11]. The evaluation of the frequency shifts is mad
including the construction of a room free of mechanical vi-directly from the experimental data. We analyzed the Ramst
brations and thermally isolated. These changes increasgmittern of the frequency standard to obtain the optimal Ra
the laser stability and, consequently, the signal to noise rarequency and the shift due to second-order Doppler effec
tio. For the present evaluation, the short-term stability isThe biggest source of error in the standard is the quadra
oy (1) = (6,6+0.2) x 10710105001 'showing an improve-  Zeeman effect, influenced by the laboratory surroundings ar
ment of one order of magnitude indicating the necessity of a better magnetic shielding. Th
cavity pulling due to the oscillating field was also evaluate
when the injected power was 2.5dB lower than the optimz
value. The obtained shift wds27 x 1013, The Rabi pulling
was also measured, and the obtained shift wag 10813 Hz.
"3k Bem standard-1998 We have varied the C-field magnitude in order to assure th
some inhomogeneity on the Ramsey fringes were due to the
IE-11 he o T = pullings. We noted that in the normal operation condition:
™ there was a certain asymmetry in the most external fringe

o (Mg = +3 — mg = +3andmg = —3 — mg = —3). We sup-
112 LS pose that it was due to Rabi and Ramsey pulling. The over
Beam stardard evaluation revels a short term stability®k 10-1°t~%/2, one
13 r order better than the beginning of our program.

[ ]

1 10 100 1000 10000

1E-10 . x

Square root of Allan variance
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