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Abstract A transportable microwave frequency standard

based on laser-cooled 113Cd? ions is introduced, and its

working principle and potential performance are discussed.

Based on the experimental setup developed at JMI, the

frequency of the ground-state hyperfine splitting of 113Cd?

is measured to within milliHertz uncertainty and its fre-

quency stability is obtained.

1 Introduction

The three-dimensional (3D) quadrupole ion trap, known as

the Paul trap, was invented by Wolfgang Paul in 1953.

Since then, its use has rapidly expanded into many areas of

application. Because the ions are confined in the ion trap

and isolated from external fields, they provide an appro-

priate method for precision frequency metrology. Recently,

optical clocks with a fractional frequency uncertainty of

8.6 9 10-18 and 2 9 10-17 based on Al? [1] and 88Sr?

[2], respectively, have been reported. Thus, a better per-

formance from these optical clocks over cesium fountains,

the current realization of the SI second, would enable the

unit of time to be redefined in the future.

Ion traps are also applied in precision microwave

spectroscopy owing to the long interaction time between

the radiation field and the trapped ions. Several groups

have successfully demonstrated microwave frequency

standards based on trapped ions, including 199Hg?, 171Yb?,
137Ba?, and 9Be? [3]. Most of the early ion microwave

frequency standards are based on the hyperbolic Paul traps,

spectral lamps, and buffer gas cooling. After the linear Paul

trap was introduced to frequency standards [4] and the laser

cooling was applied in ion traps [5], the performance of

microwave frequency standards based on ions has been

improved greatly. For instance, the frequency stability of

the 199Hg? microwave frequency standard [6] was

achieved at 3.3 9 10-13s-1/2 with the fractional frequency

uncertainty to the level of 1 9 10-14. And the stability of

the 171Yb? microwave frequency standard [7] was pre-

dicted to be 5 9 10-14s-1/2 with its uncertainty of

4 9 10-15. Furthermore, researchers at the Jet Propulsion

Laboratory (JPL) have demonstrated an excellent stability

of 5 9 10-14s-1/2 and a drift of \2.7 9 10-17/day [8]

based on 199Hg? ions stored in a multi-pole linear ion trap

[9] and excited by a discharge lamp. A very compact
199Hg? frequency standards for space applications has also

been built at JPL [10].

Although the optical clocks based on trapped ions are

extremely accurate, their use so far has been confined to

laboratories. In many applications, e.g., precise frequency

comparisons between different atomic clocks located in

different laboratories using a transportable clock, the

transportability of the transportable clock is of equal
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importance compared to the precision. One of the suc-

cessful demonstrations of transportable frequency stan-

dards is the transportable cesium fountain clock developed

by LNE-SYTRE in France [11]. Nevertheless, the micro-

wave frequency standards based on trapped ions have

superb performance in term of frequency stability and

accuracy, and the ion traps are more accessible. Hence, a

transportable microwave frequency standard based on

trapped ions promises to be an excellent alternative to

transportable fountain clocks.

Some of the ion species that are suitable for microwave

frequency standards have their 2D3/2 or 2D5/2 long-lifetime

states lying between the ground state 2S1/2 and the excited

states 2P1/2 or 2P3/2, such as 171Yb? and 137Ba?. To speed

up the cooling process for these ions, a repump laser, in

addition to the cooling laser, is required to prevent the

ions from being trapped in these metastable states. How-

ever, the 113Cd? ion is beyond this category, and its D

states are more energetically favored over the P states.

Hence, one laser is sufficient for efficient laser cooling.

Moreover, its ground-state hyperfine splitting is about

15.2 GHz, larger than those of most of the other ion

species. Hence, the 113Cd? ion is an ideal choice for

building a transportable microwave frequency standard. A

cadmium ion clock has been proposed before [12, 13]. In

this paper, we report a transportable laser-cooled cadmium

ion clock developed in our laboratory and discuss the

working principle, the experimental setup, the measure-

ment of the clock transition, and the current results of

frequency stability results.

2 General descriptions

Figure 1 shows the energy levels of 113Cd? ions. The clock

transition corresponds to the hyperfine splitting of the

ground state, with frequency of m00 & 15.2 GHz. The

214.5 nm 2S1=2ðF ¼ 1;mF ¼ 1Þ $ 2P3/2(F = 2, mF = 2)

transition is a cycling transition that can be used to cool

and detect the ions. Although the circularly polarized

cooling laser excites a cycling transition, ions can still leak

to the 2S1/2(F = 0, mF = 0) state via 2P3/2(F = 1) state

resulting from the polarization impurity of the cooling

laser. To speed up the cooling process, 20-dBm microwave

radiation resonant with the ground-state hyperfine transi-

tion is applied during laser cooling [14]. The 2S1=2ðF ¼
1Þ $ 2P3=2ðF ¼ 1Þ transition is used to optically pump the

ions to the 2S1/2(F = 0, mF = 0) state. Because the

hyperfine splitting of the 2P3/2 state is about 800 MHz [12],

the pump laser can be obtained by blue shifting the cooling

laser with an acousto-optic modulator(AOM). Hence, only

one laser is needed to realize laser cooling, ion detection,

and optical pumping for the Cd? clock. This helps in

making the Cd? clock transportable.

According to the Allan deviation formula for passive

atomic clocks

ryðsÞ ¼
1

2pm00 � DtR � SNR

ffiffiffiffiffi

Tc

s

r

ðs� Tc� 2DtRÞ; ð1Þ

the limit for the frequency stability of the Cd? clock is

estimated to be ry(s) = 2 9 10-14s -1/2 assuming DtR ¼ 1

s and SNR = 1,000, where DtR is the time interval between

the two microwave pulses in Ramsey’s method of sepa-

rated oscillation fields, SNR the signal-to-noise ratio, Tc the

cycle time required to make a single interrogation of the

error signal, and s the sampling time. To achieve this

objective, a cloud of at least 106 ions has to be trapped. To

trap such a large number of ions, a linear quadrupole trap

was applied.

The second-order Doppler frequency shift (SODFS),

due to the motion of ions in the linear ion trap, is one of the

main systemic frequency shifts. The total SODFS in a

linear quadrupole trap is given by [9]

DmD
00

m00

¼ � 3kBT

2mc2
� am; ð2Þ

where kB is the Boltzmann constant, T the temperature of

the ions, m the mass of the ion, and c the speed of light. The

first term on the right-hand side of equation is the SODFS

due to the thermal secular motion of ions, and the second

term is due to ion micromotion. am is obtained by

averaging the micromotion shifts across the ion cloud

and can be expressed as

am ¼ Nd

kBT

mc2
: ð3Þ

Fig. 1 Schematic of the energy levels of 113Cd? (not to scale). The

cycling transition of 2S1=2ðF ¼ 1;mF ¼ 1Þ $ 2P3=2ðF ¼ 2;mF ¼ 2Þ
is used for laser cooling and ion detection, and the 2S1=2ðF ¼ 1Þ $
2P3=2ðF ¼ 1Þ transition is chosen for optical pumping
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In the linear quadrupole trap with only a small amount of

non-interacting ions, Nd is 1 [9]. For a large cloud of 106

ions in a properly designed linear quadrupole trap with

temperature around 1 K through laser cooling, Nd can be

controlled to\3 according to our previous calculation [15].

Hence, the total SODFS is of order -3 9 10-15. Assuming

the temperature uncertainty is around 0.5 K, the fractional

frequency uncertainty of SODFS is estimated to be

1.5 9 10-15.

Another limitation of the frequency uncertainty for most

microwave atomic clocks is the blackbody radiation shift

(BBRS) which can be presented in the form [16, 17]

DmBBR
00

m00

¼ �b
Ta

300

� �4

1þ � Ta

300

� �� �2

; ð4Þ

where b is the fractional BBRS coefficient of a given

species of atoms or ions, Ta the ambient temperature in K,

and � a small correction arising from the frequency distri-

bution. b for 199Hg? and 171Yb? is 1.02(5) 9 10-16 and

9.4(5) 9 10-16, respectively [17]. Although there are no

experimental or theoretical data about the BBRS of the

ground-state hyperfine transition for 113Cd?, a rough esti-

mate of its magnitude can be derived from reported data of

other ions. Comparing 199Hg?, 171Yb?, and 113Cd?, we

find that the D lines of these ions, the biggest contributors

in the ac Stark shift owing to blackbody radiation, are all in

the ultraviolet(uv) band with wavelengths of 194 (165) nm,

369 (329) nm, and 227 (214) nm for the D1 (D2) lines,

respectively. Thus, a fair estimate of b for 113Cd? is

\1 9 10-15, and the fractional frequency uncertainty from

the BBRS is of order 1 9 10-16 when the uncertainty of Ta

is \10 K.

The static Zeeman frequency shift is

DmZ
00

m00

¼ 2KBDB

m00

; ð5Þ

where K = 2.582 9 1010Hz/T2 [15, 18] and B is the

magnetic field induction in Tesla. By measuring the fre-

quencies associated with the 2S1=2ðF ¼ 1;mF ¼ �1Þ $
2S1/2(F = 0, mF = 0) magnetically sensitive transitions,

DB can be determined to \1 9 10-9 T. Hence, the frac-

tional uncertainty in the frequency shift due to the Zeeman

effect is \3.5 9 10-16.

3 Experimental setup

Because the detailed design of the ion trap has been

reported elsewhere [19, 20], here we only provide a brief

introduction to the design architecture (see Fig. 2). The

electrodes of the linear quadrupole trap are made of oxy-

gen-free copper, the radius of each being R = 7.11 mm;

the radius from the trap axis to the electrodes is r0 = 6.2

mm, the ratio R/r0 being optimized numerically [21]. Every

electrode is cut into three segments. A dc endcap voltage is

applied to the outer segments to confine the ions in the

axial direction; a 1.25 MHz radio frequency voltage is

applied to the inner segments of the diagonal electrodes to

confine the ions in the radial direction. Small dc voltages

are added on the inner segments to compensate the scat-

tering electric fields. The ion trap is installed in an ultra-

high-vacuum chamber. Silica windows are installed on the

chamber to enable the laser beam to pass through the trap

center along the axis of the trap and to allow the fluores-

cence spectra radiated by the excited ions in the x-direction

to be collected. The fluorescence is detected by an electron-

multiplying CCD (EMCCD) and a photon-counting pho-

tomultiplier tube (PMT). The vacuum chamber is sur-

rounded by three Helmholtz coils, two of which are used to

cancel the ambient magnetic fields in the x- and y-direc-

tions, and the third is employed to create a static magnetic

field along the z-direction. To improve the long-term sta-

bility of the magnetic field, the whole physical assembly is

shielded by a silicon-steel sheet box, and the current of the

third Helmholtz coil is actively controlled via a fluxgate

magnetometer with a 1 nT resolution. The cadmium atomic

vapor is generated by slightly heating the cadmium reser-

voir, and the atoms given off are ionized by electron

bombardment.

The 214.5 nm frequency-quadrupled diode laser system

is a TA-FHG pro from Toptica Inc., Germany. An external

cavity diode laser working at 858 nm produces the seed

and then frequency-quadrupled to 214.5 nm by two cas-

cade ‘‘bow-tie’’ doubling cavities. During the clock oper-

ation, the laser frequency must be stabilized to within a few

MHz. To achieve this, the transfer cavity technique is

applied to lock the 858-nm seed laser to the D2 lines of the

cesium atom [22].

The local oscillator of the Cd? clock is a BVA SC-cut

oven-controlled crystal oscillator (OCXO) oscillating at

Fig. 2 Photograph of the linear ion trap installed in the vacuum

chamber showing the homemade e-gun and cadmium oven (left), and

a schematic section view of the linear ion trap (right)
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10 MHz. This 10 MHz reference signal is synthesized to

15.2 GHz by a commercial microwave synthesizer. The

synthesizer is controlled remotely using a personal com-

puter to set the output frequency to within a resolution of

1 mHz and the power to within a resolution of 0.1 dBm.

The ions are subjected to microwave radiation applied

using a horn antenna through one of the silica windows on

the vacuum chamber.

4 Current results of the clock

While the red-detuned cooling laser, the e-gun, and the

oven are turned on, a cloud of 113Cd? ions is trapped in

approximately 2 min. The inset of Fig. 3 shows a photo-

graph of trapped ions captured by the EMCCD. By mea-

suring the Doppler-broadened width of the
2S1=2ðF ¼ 1;mF ¼ 1Þ $ 2P3=2ðF ¼ 2;mF ¼ 2Þ transition,

the temperature of the ions is found to be approximately 1

K. Even after the cooling laser is blocked for 10 s, the

measured temperature is \5 K.

After the ions are loaded and cooled, the clock transition

frequency can be measured by Ramsey’s method of sepa-

rated oscillatory fields; the detailed measurement sequence

is given in Ref. [23, 20]. Figure 3 shows a typical measured

Ramsey fringe, where the full width at half maximum

(FWHM) of the center fringe is 2d = 0.25 Hz. By mea-

suring the clock transition frequencies at different magnetic

field intensities, the clock transition frequency at zero field

can be obtained. For this method, the ground-state hyper-

fine splitting frequencies of 111Cd? and 113Cd? were

measured in early work [23]. Recently, the experimental

setup was upgraded to provide greater magnetic field sta-

bility and measurement sequence control. Accordingly, the

clock transition frequency of 113Cd? was measured as

15,199,862,855.0125(87) Hz [15], which is limited mainly

by the uncertainty of the frequency reference used in the

measurement.

Recently, we performed some preliminary measure-

ments on this newly upgraded experimental setup (see

Fig. 4) and obtained a preliminary result. The error signal,

error = S- - S?, was obtained by measuring the differ-

ence in the ion transition probabilities in two microwave

radiation fields with the same power and the same mag-

nitude of d for the red- and blue-shifted frequencies from

the center Ramsey fringe. A feedback voltage from a

proportional-integral controller (PI) is used to correct the

OCXO’s frequency to lock the error signal to zero with a

time constant of approximately 100 s. The frequency sta-

bility of the experimental setup is measured by comparing

the OCXO output with the signal from an active hydrogen

maser (H-maser) located in National Institute of Metrology

of China(NIM) about 40 km away; the signal is transmitted

over an urban fiber with active phase compensation [24].

The modified Allan deviations of the 113Cd? frequency

standard and the free-running OCXO compared with the

H-maser are shown in Fig. 5. The measured frequency

stability of the clock is 3 9 10-13 and 2.3 9 10-14 for the

average time of 1 s and 4,000 s, respectively. Because the

time constant of the controller is 100 s, the Allan deviation

of \100 s is mainly determined by the OCXO, which also

can be deduced from consistency checks of measurements

between the Allan deviations of the 113Cd? clock and the

Fig. 3 Typical Ramsey fringe with a corresponding time interval of 2

s between two microwave pulses. The solid circles are measured data,

and the curve is fitted to the Ramsey fringe formula. The inset is a

photograph of ions captured by the EMCCD with an exposure time of

0.2 s

Fig. 4 Schematic illustration of the frequency stability measurement

setup. PMT photomultiplier tube, PI proportional-integral controller,

OCXO oven-controlled crystal oscillator, H-maser hydrogen maser.

S? and S- are the signals measured at the microwave frequencies of

m00 ± d, where m00 is the midpoint frequency of the center Ramsey

fringe, and d is half of the FWHM
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free-running OCXO for averaging times shorter than 100 s.

For averaging times longer than 100 s, the Allan deviation

varies between 1.0 9 10-12s-1/2 and 1.7 9 10-12s-1/2,

which is mainly determined by the ions. This measured

frequency stability is worse than the calculated limit in

Sect. 2 because the small number of trapped ions

(approximately 104) limits the SNR of the clock signal. In

addition, fluctuations in laser power and frequency also

introduce additional technical noise. To improve the SNR,

a series of upgrades will be carried out for the next round of

measurements.

5 Conclusions and outlook

According to our calculation, the microwave frequency

standard based on laser-cooled 113Cd? ions has great per-

formance potential with a frequency stability expected to

be 2 9 10-14s-1/2 and a frequency uncertainty of

1.5 9 10-15. Meanwhile, this clock can be designed to be

transportable because of the special energy-level structure

of the cadmium ions. With the experimental setup of
113Cd? clock, we have demonstrated a cloud of laser-

cooled 113Cd? ions, measured the ground-state hyperfine

splitting frequency of 113Cd?, and obtained the preliminary

data of the frequency stability. Based on the work carried

out on the experimental setup, a new compact setup with a

multi-layer magnetic shield is under development, and

results better than the current measurements are expected.

Such a truly transportable microwave frequency standard

based on laser-cooled 113Cd? ions will provide a promising

solution in applications requiring comparisons between

atomic clocks.
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