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The second laser cooling cesium fountain clock NIM5 at the National Institute of Metrology (NIM)

China adopts the (1,1,1) direct optical molasses ( OM) configuration. NIM5 has been running with a

stability of 3×10−15/d and an operation ratio of 99% since 2007. Preliminary evaluations of NIM5 in

2008 showed a typical combined uncertainty of 3×10−15. The NIM5 clock is operating in parallel with

NIM’s first fountain clock NIM4. NIM4 and NIM5 are used to steer the frequency of the calculated

NIM atomic time TA-c(NIM) and the first set of results are promising. We are now at the stage of

comparing the frequency of NIM5 with UTC to support the independent frequency shift evaluations of

NIM5 and contribute to the international atomic time in the near future.
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1 Introduction

The first laser cooling cesium (Cs) fountain frequency
standard NIM4 at the National Institute of Metrol-
ogy (NIM) China has been running since 2005 with an
operation ratio (life time) of 98% (provides 98-day valid
data in 100 days) and a typical evaluation uncertainty of
5×10−15 [1, 2].

From 2004, we started to build the second Cs foun-
tain clock NIM5 based on experiences learned from the
NIM4 and references to the latest developments of foun-
tain clocks worldwide.

NIM5 is designed and constructed to work accurately,

reliably, and subcontinuously and to be transportable.
It can operate in either magneto optical trap (MOT)
or direct optical molasses (OM) mode to prepare the
cold atoms. Unless otherwise specified, the experiments
presented in this paper were performed in direct OM.

The paper describes the design, construction, and per-
formance of NIM5, especially those different from NIM4.
This is because the design of NIM4 follows essentially
the CsF1 clock of BNM–SYRTE France, and the latter
was presented in many papers, such as Refs. [3, 4].

2 Design and construction of NIM5

The overall assembly of NIM5 consists of a 0.6 m×
0.8 m×1.8 m physical package, the laser optics system
on a 1.2 m×0.9 m bench and electromicrowave system in
two racks of 0.6 m×0.6 m×1.8 m.

2.1 The physical package

Figure 1 shows the schematic drawing of the physical
package of NIM5 clock.

An oxygen-free copper (OFC) fountain tube and an
OFC cylindrical TE011 Ramsey microwave cavity with
Q = 18 000 in the tube are surrounded with a four-layer
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μ-metal magnetic shield system. Another OFC selective
cavity (also TE011) is inserted into the top part of the
MOT body just underneath the detection zone. The os-
cillation frequency of the Ramsey cavity was adjusted by
controlling its temperature to around 50◦C. Three ther-
mometers are put on the outer surface of the fountain
tube to measure the temperature with uncertainty of 0.4
K for the correction of black body radiation frequency
shift.

Fig. 1 Schematic drawing of NIM5 physical package. 1: Top ion
pump (bottom pomp not showed); 2: Fountain tube; 3: Magnetic
shield; 4: C-field coil; 5: Ramsey cavity; 6: Upper selection cavity;
7: Detection part; 8: Bottom selection cavity; 9: MOT/OM.

The detection assembly is located between the foun-
tain tube on top and the MOT/OM body below.

The MOT/OM body was machined from an alu-
minum alloy block. The angles of surfaces, on which the
MOT/OM beam collimators (described later) are fixed,
on the MOT/OM body were measured and corrected by
means of manually polishing.

In NIM4, two ion pumps are connected to the MOT
chamber. That leaves a dead space at the top part of
the fountain tube, this situation is not preferred for good
vacuum. Whereas in NIM5, one pump is connected to
the MOT/OM and another one to the top of the fountain
tube to realize a better vacuum (better than 7×10−8 Pa)
there so as to reduce the collision of the cold Cs atoms
with background gases because the atoms spend more
time in their ballistic movement on the upper part of the
fountain tube.

2.2 The laser and optics system

An external cavity diode laser (ECDL) is frequency
shifted and locked to the F = 4 to F ′ = 4 and F ′ =
5 crossover transition of the Cs D2 line as the master
laser [5]. One F–P slave diode laser working with 140
mW output, one single-pass AOM, and one 1×3 single

mode (SM) polarization maintenance (PM) fiber cou-
pler constitute either channel of the up or down (1,1,1)
MOT/OM optics. More than 11 mW optical power is
available from each of the six outlets of the two 1×3
couplers. Each light is collimated to a beam with diam-
eter of 26 mm as one of the six MOT/OM beams by an
individual collimator assembly.

The fiber couplers were custom made. Their polariza-
tion extinction ratio was tested to be better than 1000
and the change of their optical splitting ratio with time
less than 0.2% over 3 months. The fiber couplers are
compact and robust and meet the requirements of the
design.

The atom clouds are launched in an upward moving-
wave OM, which is realized by reverse frequency detun-
ing of the three downward and another three upward OM
lights. When a single-pass AOM performs the detun-
ing, it introduces an angle deviation on the outlet light.
Fortunately, the angle deviation does not change the op-
tical spot position on the fiber inlet face through the
collimating-focusing optics (Fig. 2). Experiment showed
that the practical fiber coupling efficiency of the light
into the fiber changes is less than 2% before and after
detuning with the single-pass AOM optics.

Lens AOM PC/FC fiber jumper

Fig. 2 The AOM collimating and the fiber couple-focusing op-
tics.

A 5-mW light from the master laser is collimated and
cleaved into two beams with rectangle section of 2×20
mm2 as the detections.

The detection beam in horizontal is also used to push
the |F=4, m �=0〉 atoms away while leaving the upgoing
|F=3, m=0〉 atoms unaffected after the selection of the
atom states is performed just underneath the detection
zone.

2.3 The electro-microwave system

Two dedicated Cs frequency synthesizers, synchronized
to the master H-maser of the NIM timekeeping clock as-
sembly, generates the microwave for atom state selection
and for atom interrogation. The homemade interroga-
tion synthesizer, based on the scheme of reference [6],
produces an extra stability in phase, super pure in spec-
trum, and highly tunable in extremely fine step probing
microwave. To eliminate the microwave power-related
frequency shifts, it is preferable to switch off the mi-
crowave before the atom cloud enters and after it leaves
the Ramsey cavity (π/2 microwave field) in a fountain
circle. In another hand, the atoms in their up and down
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movement interact with two π/2 microwave fields in a
Ramsey circle. To escape from the frequency shift in-
duced by microwave phase difference, these two π/2 mi-
crowave have to be strictly phase continuous. An inter-
ference microwave switch [7] has been built on the out-
put port of the interrogation synthesizer to produce the
pulsed resonance microwave for the Ramsey interactions,
with the phase of the pulsed microwave remaining undis-
turbed. Another method based on the similar idea but
realized through direct detuning, the output frequency
of the direct digital synthesizer (DDS) in the interro-
gation synthesizer is also under consideration. The key
technique for the DDS method is also to realize the fre-
quency flip–flop while remaining in the phase continuity
among the pulsed interrogation microwaves.

The 9.19-GHz reference frequency is square-wave
modulated with the DDS in the synthesizer under control
of a PC to conduct the comparison between the reference
frequency and the clock transition frequency. In NIM5,
the comparison is performed with alternative order of the
transition probabilities: R1–B1, R2–B1, R2–B2, R3–B2,
R3–B3, and so on (Ri represents the red tuning transi-
tion probability and Bi the blue tuning; the transition
probability η = N4 / (N4 + N3) and N4, N3 is the num-
ber of atoms in F = 4 and F = 3, respectively). The
servo period is reduced to one fountain circle, so the dead
time in servo process is reduced in favor of improving the
locking stability (reduces Dick effect) [8].

3 Experiments and the preliminary evalua-
tions

NIM5 loads about 7×107 atoms in 0.6 s by a direct (1,1,1)
OM, the atoms are further postcooled to about 1.5 µK
and launched up to 81 cm high from the center of the OM
(30 cm above the center of the Ramsey cavity). Atoms
loaded by direct MO on NIM5 are 6 to 8 times less than
those by MOT, but fortunately with this reduced num-
ber of atoms, a good enough stability of the frequency
locking is still reached. OM fountain circle on NIM5 is
1.6 s,reduced by half compared with 3 s of MOT NIM4.

It is noted that the launching frequency detuning
Δν and – Δν must be phase-locked to form the sta-
ble moving-wave OM, but the average frequency of the
two launching frequencies, (νL + Δν) + (νL −Δν) = νL,
needs not equal to the OM loading/cooling frequency νP .
Instead, it is better to have νP − νL = 1 MHz in NIM5.

The typical OM Ramsey pattern with frequency scan-
ning step of 0.1 Hz without average is shown in Fig. 3. A
full width half magnitude (FWHM) linewidth of around
1 Hz with signal to noise ratio (S/N) of 400 is realized,
and more than 67 fringes can be clearly recognized.

The saturation optical power density for Cs cooling
transition of F = 4 to F ′ = 5 is 1.1 mW/cm2. Using
the laser optics mentioned above, an OM with 6×11-

mW optical power and 26-mm beam diameter is ap-
plied to capture more atoms for better S/N. In this op-
eration with saturated optical power density, the num-
ber of OM atoms is less sensitive to laser power fluc-
tuations. Higher optical power density may heat the
Doppler cooled atoms, so the atom temperature after
Doppler cooling can be above the 124 µK of Doppler
cooling temperature limit. However, the atoms are fur-
ther cooled by the postpolarization gradient cooling, and
experiment depicts a final temperature of 1.5 µK. In the
end, the number of atoms captured is increased and more
stable at no sacrifice of atom cooling temperature.

Fig. 3 Typical MOT (a) and OM (b) Ramsey pattern with
FWHM of around 1 Hz (frequency scanning step of 0.1 Hz without
average).

The day-to-day subcontinuous frequency locking with
operation ratio of 99% and a stability of 5×10−14 in 10
s (fountain circle of 1.6 s), 3×10−15 in 1 d (including the
stability of H-maser) is approached in direct OM with-
out using the extra low velocity atom source suggested
by, for example, Ref. [9].

For evaluating the frequency shift introduced by atom
collisions, the atom density is changed by 3 to 4 times
with direct OM by means of controlling the selection RF
power. The low-density OM is chosen as the normal op-
eration mode, and only for the collision evaluation, the
high-density mode is used.

The latest frequency shift evaluations on NIM5, fol-
lowing the commonly accepted evaluation process [10],
is listed in Table 1, and we quote the final combined
evaluation uncertainty for NIM5 as 3×10−15.
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The C-field was mapped by the magneto-sensitive
Rabi transition. The homogeneity of the C-field is less
than 1 nT in the height range of 56−82 cm above the
OM center.

The atomic density is switched alternatively and
quickly between high and low density for atom collision
shift evaluations. The zero density frequency is extrap-
olated according to the least-square fit to the data ob-
tained. The microwave power-related shift is deduced in
the similar way but with alternative interrogation mi-
crowave powers.

The dominative uncertainty source in Table 1 is the
microwave spectrum purity and leakage frequency shift.
Figure 4 shows the frequency shifts on NIM5 operating
with interrogation microwave power 1, 9, 25, 49, and 81
times to the π/2 pulse and the curve fitted to these data.
We expect that this shift could be eliminated and the re-
lated uncertainty reduced when the interference switch or
DDS frequency tuning technique mentioned above func-
tions properly before too long.

Table 1 NIM5 accuracy budget (October, 2008).

Physical

effect

Shift

(10−15)

Uncertainty

(10−15)

1 2nd Zeeman 76.2 0.4 HC=128.0 nT

2 Cold collision −1.1 0.8

3 Microwave sractrum 2.1 2.0

purity and leacage

4 Blackbody −23.2 0.9 Temperature:

51±3 ◦C

5 Gravitation 3.8 0.1 Above sea:

34.5 m

6 Majorana 0.0 0.1

7 Light shift 0.0 0.1

8 Cavity pulling 0.0 0.1

9 Cavity phase 0.0 0.1 Phase

difference difference:

4 µ radian

Combined 57.8 2.4

9.00E−14

7.00E−14

5.00E−14

3.00E−14

1.00E−14

−1.00E−14

−3.00E−14
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Fig. 4 Evaluation of the microwave purity and leakage frequency
shift.

4 Discussion and future work

The NIM5 is expected to resume operation with minor

adjustments after its relocation to NIM’s new Changping
campus, which is 40 km away from the present Hepingli
campus.

The NIM5 and NIM4 are going to run in parallel and
compare with each other to form the primary frequency
standard in China. Since the beginning of 2008, the
NIM4 and NIM5 data are used to steer the frequency of
H-maser through a phase microstepper to generate the
calculated atomic time TA-c (NIM), and the preliminary
experiment results demonstrates significantly better sta-
bility than that obtained by the traditional Cs clock and
H-maser assembly [11].

An experimental frequency transfer fiber system has
been set up at NIM. A 1560-nm laser is phase modulated
with 5 GHz, and the 10 GHz beat frequency between the
two modulation sidebands, traveling through the fiber, is
taken as the transferred reference frequency. A stability
of 3×10−15/1000 s is observed with active compensation
of the fiber-induced disturbances [12]. A 60-km fiber
transfer linking the NIM Hepingli and Changping cam-
pus is under construction.

NIM has built a femtosecond optical comb based on
Ti:Saphire laser [13] and acquired another fiber opti-
cal comb to establish the bridge between microwave fre-
quency and optical frequency.

NIM started also the construction of an optical fre-
quency standard based on laser cooling strontium (Sr)
lattice, and the Sr blue MOT atom clouds were observed
in July 2008.

Acknowledgements This work was supported by the Ministry
of Science & Technology China (Grant No. 2005CB724504). The
authors would like to specially thank Prof. Yi-qiu Wang of Peking
University of China for help over the years.

References

1. T. C. Li, M. S. Li, P. W. Lin, and B. Y. Huang, Acta.

Metrologica Sinica, 2004, 25: 193

2. T. C. Li, M. S. Li, P. W. Lin et al., Chin. Phys. Lett., 2007,

24: 1177

3. A. Clairon, C. Salomon, and W. Phillips, Europhys. Lett.,

1991, 16: 165

4. A. Clairon, P. Laurent, G. Santarelli, S. Ghezali, S. N. Lea,

and M. Bahoura, IEEE Trans. Instrum. Meas., 1995, IM-

44: 128

5. Y. Lin, T. Li, and W. Chen, Conference on Precision Elec-

tromagnetic Measurements (CPEM), 2006: 592

6. T. P. Heavner, S. R. Jefferts, and T. E. Parker, IEEE IFCS

(Vancouver), 2005: 308

7. G. Santarelli1, G. Governatori, and A. Clairon, Proceedings

of 2006 EFTF Meeting, Germany: Braunschweig, 2006: 166

8. J. Dick, Precise Time and Time Interval, CA: Redondo

Beach, 1987: 133

9. E. Donley, T. Heavner, and S. R. Jefferts, IEEE IFCS (Mon-



Tian-chu LI, et al., Front. Phys. China, 2009, 4(2) 159

treal), 2004: 82

10. S. R. Jefferts, D. M. Meekhof, T. P. Heavner, and T. E.

Parker, Metrologia, 2002, 39: 321

11. Y. Gao, X. Gao, A. Zhang, et al., V International Time

scale Algorithm symposium (V ITSA), Cádiz: San Fer-

nando, 2008

12. W. Chen, T. Li, and Y. Lin, Precision Electromagnetic Mea-

surements (CPEM), USA: Boulder, 2008: 614

13. Z. Fang, Q. Wang, and T. Li, Acta Physica Sinica, 2007,

56: 5684



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


