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Experiment Study on Optical Lattice Clock of Strontium at NTSC
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Abstract The accuracy and stability of optical clocks has achieved 10~ "®level currently. The progress on the optical
lattice clocks of Strontium (Sr) atoms at National Time Service Center is presented. *Sr, which has the highest
natural abundance in four isotopes of Sr, is cooled on the basis of transitions (5s55)'S,—(5s5p)! P, and (5s5s)!S,—
(585p)*P;. In order to cancel the effect of Doppler shift and recoil shift these cold atoms are trapped in the optical
lattice. However, the optical lattice where atoms are trapped can make the energy level shift, called A. C. Stark
shift. The “magic” wavelength for clock transition (5s5s)'S,—(5s5p)*P; can make the same Stark light-shift for
both of them, being value 813.4 nm. Then those cold * Sr atoms are confined in a 1-D optical lattice constituted by
the laser outputting from an amplified diode laser, operating on the “magic” wavelength 813nm. Consequently, the
lifetime of atoms in 1-D optical lattice is measured and the value is 270 ms. The temperature and the number are
about 3.5 puK and 1.2X10° respectively. Atoms confined in the optical lattice can provide a long interrogation time
for probing the clock transition, furthermore make the foundation for developing the optical lattice clock of Sr atoms.
Key words quantum optics; time and frequency standard;cold atom;optical lattice;clock transition

OCIS codes 020.3320; 020.7010; 140.2020;5 300.2530

] ¢ 52 e O BE BT~ e i ) 92 s - Tl 0 e

R ALERD IR FARAVE G|
£ & F %
oI G L SR A T 9250 % DS 9% 710600
R LR 100049

HoRS: REFF

i

WE  HADBH R ERAEECHEA 10758 HR, N T o ERbA B E S B G 1 3R T8 S s S
SR, DA T DU ] 2% v B SR B IR ORI Sr o AIFFEXT R ARICSE B T Sr 1 — G HI R g 2. i ER
— i 2 ARSI B RS X YA TR I8 BRI » 3853 R DR TAR 78 B RIE RS 2R 2 i i R A W R TR AL 25 ok
&, T R G AR B0 IR BB GRS 119 [ AT 4 B AR " I K i e, X SRR -0 O AR D K O 813, 4 nm, 525
FOR DR EOR I SR RO G AR B Ot 4T — 4R PR B Sr ke it — it Ag . MRS
FNAEET LS PR R TR 270 ms, R 3.5 pKEH N 1.2X10°, Gk S T — 2 AR E 548
HET R BRI B[R] 5 LA ) FRAR R AR R ST A B BRI T2 R I AR 2 A —25 .

FEIR TR B EAURIEME R IR T G AR B ERIT

hE S ES 0562, 5;0431. 2 XERFRIRE A

doi: 10.3788/A0S201535. 5102001

Pris BEA: 2015-01-22; WeBIfERFR HHA: 2015-03-03

HEEWH: ERBAR#E4L(61127901,11474282)

YEERIT: HBEA984—) , L W A 2 [ AR A He il J7 T B 5E . E-mail: tianxiao@ntsc. ac. cn

SImEAy: (1977 B RS 5L A S I, RS SR oA i RS AR B T AT 5E . E-mail: changhong@
ntsc. ac. cnGEAEE R )

s102001-1



1 Introduction

Owing to high operational frequency, time and frequency standard based on optical transitions has made
substantial progress over the last few years!'®. In 2010, National Institute of Standards and Technology realized
the Al" optical clock with uncertainty 8. 6 X 10~ at the first time"™. In 2014, Joint Institute for Laboratory
Astrophysics achieved the accuracy of 6. 4 X107, low instability 3>X 10 '® (sampling time about 1000s) of the ¥ Sr
optical lattice clock™ .

It is worth noting that the optical lattice is utilized in optical clocks where neutral atoms are confined in the
Lamb-Dicke regime. This tight atomic confinement is a specific and original feature of optical lattice clock, greatly

different from the previous generation of clocks %,

For this new clock, atoms are trapped so their motions,
which is known to be affected on the accuracy of the measurement, are ideally controlled. Besides, a large number
of atoms contribute to the stability of optical lattice clocks. Although confinement of single ions enables long
interaction time and the Doppler-free as well as the recoil-free absorption, owing to be limited by quantum

{314 There are advantages for

projection noise, frequency stabilities of ion clocks are degraded ultimately
developing optical lattice clocks. However, atomic levels trapped in an optical lattice are shifted by A. C. Stark
effect, which lowers the capability of the optical clock finally. For the magnitude of the shift, the value of several

15 The “magic wavelength” which can makes the

tens of kHz is equivalent to about 107 for optical frequency
clock transitions (the ground state and the excited state) has the same shift, is proposed and analyzed theoretically
by the H Katori’s group of Tokyo university at the first time-'*,

In this paper, the progress on the optical lattice clocks of Sr atoms at National Time Service Center (NTSC) is
described. The experiment of bosonic atoms ®Sr is introduced. In part 2, the experiment of cooling *Sr by two-
stage is reported, including the (5s55)!'S,—(5s5p)' P, cooling and (5s58)'S,—(5s5p)? P, cooling, In part 3, the
principle about optical lattice is analyzed briefly. Based on the analysis, the trapping depth and frequency are
calculated theoretically for our experiment and then the experiment of one-dimensional (1-D) optical lattice is
realized. The intensity noise of the lattice laser is also studied. Part 4 is the conclusion of our Sr optical lattice

clock. Based on trapped atoms in the 1-D optical lattice, the clock transition (5s5s)'S,—(5s5p)* P, is studied.

2 Preparation of cold Sr atoms

Sr located in Group |l of the periodic table has two valence electrons, which is promising candidate for
development of the optical time and frequency standard. The two valence electrons create a rich mixture of
electronic states, neatly divided into spin singlet and spin triplet states. For neutral Sr, the doubly-forbidden, spin
induced 'S,—*P, transition in *’Sr has the potential for its very narrow line-width of 1 mHz The natural
abundance of ¥ Sr is one order of magnitude higher than that of ¥ Sr and % Sr also simpler to be cooled than ¥ Sr. So
the % Sr optical clock is studied in the first place and then the ¥ Sr optical clock.

In NTSC, the experiment of cooling and trapping Sr atoms is carried out in an extremely ideal vacuum
environment with 107" Pa. Figure 1 shows the experimental apparatus. At room temperature, Sr atoms
show a form of solid. Thus atoms are heated to be steamed in an oven. The temperature of the oven is set
at about 810K and then the atomic steam pass through a collimator, composed of more than one thousand
hollow tubes whose diameter is 0. 2 mm and length is 8. 0 mm. After that an atomic beam is formed with a
spread angle smaller than 40 mrad. Coming out from the collimator, 2-dimension cooling is carried out here
in order to achieve a higher collimation.

The cold atoms are realized by two steps in the MOT chamber. The dipolar energy-level transition
(5s58)'S;—(5s5p) ! P; whose corresponding wavelength is 461nm with natural line-width of 32MHz, is

used for the first-stage cooling. For the second-stage cooling, the transition (5s5s)'S,—(5s5p)*P;is used,
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whose corresponding wavelength is 689nm with natural line-width of only 7. 6kHz. The 461nm cooling is
described in our previous work in detail'™® . The repumping lasers 707nm and 679nm locked"""*) are
added here to increase the number of cold atoms. After 461nm cooling, the cold atoms is obtained (also

called Blue MOT) with temperature 5mK and the number at the level of 10® approximately.

2-D collimation]

461 nm laser
689 nm laser

Fig. 1 Experimental setup of cooling Sr atoms

For the narrow 689nm cooling with line-width 7. 6 kHz, a narrow line-width laser is needed. In our
experiment, the line-width of diode laser resource 689nm is narrowed by the Pound-Drever-Hall (PDH)
technology'?. According to the beat signal between the two same narrow line-width systems of 689nm
laser, its line-width is obtained and it is 290Hz, with its stability of 4. 4 X 10" @16s. Immediately, after
the blue MOT is turned off, the narrow line-width 689nm is turned on. Firstly, the laser is modulated
with 50kHz and at the same time the B-field gradient is turned down from 50 Gs/cm to 3Gs/cm. After the
broadband cooling accomplished, the modulation is cut off and B-field gradient is changed from 3Gs/cm to
10Gs/cm. A lower temperature and smaller volume of atoms are produced in the process of single
frequency cooling than the broadband one. Atoms are cooled further by narrow line-width 689 nm which is
called Red MOT, too. An Electronic Multiple Charge Coupled Device (EMCCD) is utilized to capture the

image of cold atoms, shown in figure 2.

Fig. 2 Image of K cold *Sr atoms captured by an EMCCD
A method, time of flight (TOF)!*!, is used here to measure the temperature of cold atoms, which can

be estimated by the equation

___m 2 2
Tamm - 4]€Bt2 (Ut 00 ) ° (1)

Where m is the mass of Sr atom, &y is Boltzmann’s constant, ¢ is the falling time, ¢, is the atomic initial

Gaussian radius, ¢,is the atomic Gaussian radius after falling time z. The temperature of atoms in Red
MOT is about 2uK consequently. Besides, on the basis of the fluorescent intensity detected by a
photomultiplier tube (PMT), the number of the trapped atoms is measured and it is 1 X107,
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3 Realization of trapped cold Sr atoms in an optical lattice
3.1 Trap depth of an optical lattice
For the one-dimensional optical lattice, the electric fields of the two laser beams counter-propagating in
the z direction can be expressed as
E = Eycos(kzr —at) + Ejcos(—kz —at ), (2
here % is the wave vector of the laser, w is the angular frequency. E, is the amplitude of the laser field. The

1-D lattice is experimentally shown in figure 3.

r

L.

Fig. 3 Schematic setup of 1-D optical lattice

Lens 1 Lens 2 HR

The laser beam is focused to a minimum beam waist by the lensl and after propagating some distance, the beam
passes through the lens 2 and is reflected without polarization rotation by a High Reflected (HR) mirror. By
adjusting the HR mirror finely, we make sure the returning laser beam overlaps the incident one. The beam shows

a Gaussian distribution, and in the longitudinal direction the potential energy can be described as below

_ 2
U= 4erxp[72r2]cos2 (2mz/A0). (3
w(2)
The potential energy at the trap focus [U] is obtained
(U] :—%a‘Eo P=—a i27 €Y
CE o TTwo
where E, = @;LC (for air, the index of refraction n=1); « is the dipole polarizability related to the two clock

states, P denotes the power of the single beam lattice laser, wy is the beam waist at a longitudinal distance z. The

trapping wells longitudinal dimension yielding vibration frequency y.at the trap waist (z=0, r=0) , v. = /%

L

. /M ,for radial dimensiony, = 1 X /M , 7 is the radial distance and A is the wavelength of the lattice laser.
m Tt m

Experimentally, the lattice laser is an External-Cavity Diode Laser (ECDL) operating at the “magic
wavelength”. The frequency- tuned rang of lattice laser can be up to 17GHz without mode-hop. An 813nm laser
beam outputs from a single-mode fiber included in the laser, thus the space-mode of the laser beam can be
optimized. The coupling efficiency of the fiber is about 65%. Finally the power 850mW at lattice wavelength
813nm isobtained and the laser beam is focused to a beam of 38 pmradius, corresponding to laser intensity
37. 5kW/cem?. As can be seen in Figure 4 (a), Smaller the beam radius is, higher the intensity of the laser.
Together with the calculated atomic polarization around A » the trap depth is estimated to be 570 Er (about

2
95uK) s where Ex = (g/;i is the recoil energy, m is the atomic mass (for Sr, m=1. 44 X10 %), # is the plank

Ex
h

depth varying with the location 2 in the longitudinal direction. Based on the known value of trap depth, the expected

constant. The recoil shift ( = ) is 3. 5 kHz Figure 4(b) demonstrates the beam radius and its corresponding trap

vibration frequencies in the center of lattice are 166 kHz longitudinally and 800Hz radially. The clock transition can be
probed along the longitudinal direction without the Doppler shift and recoil shift for its strong confinement.
3.2 Intensity noise of lattice laser—813nm

For the ECDL 813 nm laser, its intensity noise can deeply affect energy shift of atoms in the optical lattice.
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Fig. 4 Beam radius and trap depth varying with location = along longitudinal direction. (a) Relation of beam radius
and location z; (b) line a is beam radius changing with location z and line b is trap depth changing with =
Heating cold atoms can be produced due to intensity fluctuations of the 813nm laser generating the optical
lattice®, It is desirable to suppress the intensity noise to the shot noise limit (SNL). A very high finesse filter
cavity (called Mode-cleaner)*" is an effective tool to reduce the noise to SNL, which is also widely used for spatial
cleaning of laser beams, Hence, a super-stable and high finesse filter is employed. The structure of the mode-
cleaner is shown in figure 5, composed of 3 mirrors. M, and M, are flat mirrors whose reflectivity is 99. 67% for
813 nm and M is flat-curve mirror whose reflectivity is 99. 93%. The curve radius of mirror M is 1000 mm. The

whole length of the Mode-cleaner is 430 mm, /;is 30mm and /; is the same to Z; which is 200 mm.

Fig. 5 Structure of mode-cleaner

According to the parameters of this mode-cleaner referred above, its beam waist is calculated
theoretically by the ABCD transform matrix and the waist is wy = 327. 5 pm. The laser beam waist
measured is 112 pm. Based on the known beam waists of the mode-cleaner and the laser beam outputting
from 813nm diode laser, the parameter of the matching lens is calculated theoretically utilizing the
transforming regulation of a gauss beam propagating through a lens. The reflected spectrum and
transmitted spectrum are obtained when the optical mode is matched between them. The mode-cleaner is
locked frequently by introducing the optical feedback on the basis of the PDH technology, then the cavity
and the laser achieve to their resonance. Consequently, the intensity noise is measured by a pair of
balanced photodiodes, reaching to SNL about at 8MHz. While the intensity noise of 813nm laser not
filtered by the mode-cleaner cannot reach to the SNL within the analysis frequency 30MHz. The result is
presented in figure 6. The level of noise suppression can allow the 813nm diode laser to be utilized in
loading Sr cold atoms into the optical lattice without disturbance, which is also good at probing the signal of
clock transition. It has not been used yet to the optical lattice in this paper that suppression of the intensity
noise of 813nm laser. This will be applied to our experiment and optimize the optical lattice.

3.3 Cold Sr atoms confined in 1-D optical lattice

We choose one path passes through the atomic center and there is two counter-propagating beams, which is
completed by a high-reflected plane mirror (99. 5% reflectivity for 813 nm) as shown in figure 7. The laser beam
output from the fiber is focused to 38um by a lens whose focus length is 200 mm. This lens is located in front of a
vacuum chamber and the focused beam waist overlaps rightly with the center of the atoms. After propagating a

distance (about 400 mm between the two same lenses), the beam travels through another lens ( /=200 mm) on the
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other side of this chamber.

Intensity noise power/dBm

5 0 15 20 25 30
Frequency/MHz

Fig. 6 Spectrums of intensity noise of 813 nm laser. Line a is shot noise limit; line b is spectrum when 813 nm laser

passes through mode-cleaner; line ¢ is spectrum when 813 nm laser does not pass through mode-cleaner

461 nm. 689 nm and
repumping lasers

Fig. 7 Laser system for 1-D optical lattice

It is realized by the time sequence controlling of the lasers and magnetic field for the optical lattice, as
shown in figure 8.

shutter

ttO mJ I

461 nm laser |

0.1ms

679 & 707 nm | |
repumping laser |
|
I

689 nm laser

modulated | " single
10

magnetic (G/cm)

813 nm | |

lattice laser | | —] 5
ms
EMCCD =

I 1500 ms i 60ms | 50ms ;

first-stage

second-stage optical lattice
cooling ! l

| cooling
Fig. 8 Time sequence for 1-D optical lattice
After the realization of the cold atoms with yK temperature, all of the cooling lasers (461, 679, 707 and
689 nm) and the magnetic field are turned off. The 813nm laser is turned on and is kept on until the

realization of the 1-D optical lattice. After a time-length ¢, a pulsed 461nm laser with band-width 0. 1ms is
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turned on to probe the trapped atoms. Simultaneously an EMCCD is trigged to monitor the images. Figure
9 is the fluorescent images of atoms trapped in the 813 nm lattice. As shown in figure 9, atoms are
maintained in the same position varying with time ¢ from 0 to 700 ms, (a) t=0 ms, (b) t=200ms, (c) t=
400 ms, (d) +=700 ms, different from the dipole trap referred above. The bright zone in picture 9(a) is
the cold atomic cloud, which falls down due to the gravity. Ideally the trapping force formed by the lattice
laser is large enough to conquer the gravity influence on them. Although the ideal force traps these
motional atoms in the same position for a long time, the brightness of trapped atoms displayed in figure 9
become weaker when time ¢ postpones, which manifests the variance of the trapped atom number in 813 nm
lattice. The number of atoms trapped in the 1-D optical lattice is estimated to be 1. 2X10° by detecting the
fluorescent intensity of atoms by the PMT.

Fig. 9 Images of trapped atoms in 1-D optical lattice. (a) =0 ms; (b) /=200 ms; (¢) =400 ms; (d) t=700 ms
Figure 10(a) is the lifetime of lattice based on the continuous variance of fluorescent intensity of atoms
trapped in the optical lattice. The result of lifetime is about 270ms consequently. Figure 10 (b) is the
temperature of trapped atoms obtained by the method TOF. As can be seen, the value is about 3. 5K and
there is no obvious influence of the power on the temperature. In all, this original and special approach by
which atoms is trapped in the optical lattice can provide a long interrogation time for probing the clock

transition, furthermore make the foundation for developing the optical lattice clock of Sr atoms.
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Fig. 10 Lifetime of trapped atoms in optical lattice and their temperature. (a) Atomic {luorescent intensity in 1-D optical

lattice varying with time ¢; (b) temperature of atoms as a function of single lattice laser power

4 Conclusion

At present, the performance of optical lattice clocks surpass that of atomic fountains with the
uncertainty and stability 107 '®level. Many research teams in the world work on Sr optical lattice clocks.
For our laboratory, the cold atoms of Sr have been obtained with the temperature as low as 2K and the
number 1X10”. However, the cold atoms cann’t be used to obtain the clock transition directly because of
the serious Doppler shift and the recoil shift. The optical lattice, a tight confinement is applied to control
atoms’ motion in range of the half wavelength. In our experiment, bosonic ¥ Sr atoms are trapped in the 1

—D optical lattice operating on the “magic” wavelength for the clock transition (5s55)!S;—(5s5p)*P,,
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with the lifetime 270ms. The next step is to probe the clock transition of ¥Sr. Considered that ®Sr is

boson, doubly-forbidden for (5s5s)!S;—(5s5p)?P,, a magnetic field is applied to stimulate the weak

transition between them.
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