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volume. Second, the atomic flux for EB loading deposits on 
the dielectrics during the loading process could induce seri-
ous heating problems [10, 11]. Finally, the number of ions 
loaded cannot be controlled. This defect results in problems 
in experiments where specific numbers of ions are required 
[12–14].

To solve the problems caused by EB loading, pho-
toionization has been developed to load ions [15–23]. For 
calcium photoionization, a resistively heated oven ejects 
the neutral calcium beam into the trap center, where 
atoms can be ionized by one, two or three lasers. Figure 1 
shows several common laser-induced ionization schemes 
for calcium atoms. We can use a single laser beam to 
implement the calcium loading as long as the laser wave-
length meets the requirements of multi-photon resonance 
[15–17], but it is not feasible in practice due to the high 
price and technical requirements. The two-photon pho-
toionization schemes are more common. In these meth-
ods, the dipole transition 4s4s 1S0 ↔ 4s4p 1P1 of neutral 
calcium is excited by laser light at 423 nm and followed 
by excitation to the autoionizing state with a laser light 
under 390 nm [18–21]. It is demonstrated that the effi-
ciency of the photoionization is independent of the 
linewidth of the laser light used in the second step [20]. 
As a result, sufficient loading rates can also be reached 
with a laser at 423  nm and an LED with central wave-
length below 390  nm [22, 23], as shown in Fig.  1(II). 
Although the LED is a favorable device for calcium 
loading in macroscopic ion traps, large beam divergence 
limits its application in microtraps, because there is nor-
mally only tens of microns between the trap center and 
the electrode surface [24, 25]. Furthermore, the potential 
drift caused by the light-induced charging [26] effect of 
ultraviolet (UV) lasers leads to frequent compensations 
for the micromotion.

Abstract  In this paper, we report a new method to load 
40
Ca

+ into ion traps. We show that the three-step pho-
toionization process, which is stimulated by laser light at 
423, 732 and 830 nm, can be realized by two lasers at 423 
and 732 nm. Compared to the original three-step method, 
the new scheme has a more simple experimental setup and 
similar loading efficiency can be achieved with proper laser 
parameters. The loading efficiency as a function of the 
732  nm laser power and detuning is also experimentally 
investigated.

1  Introduction

Quantum computing with cold trapped ions was proven to 
be one of the most promising methods for realizing scalable 
quantum information processing (QIP) [1, 2]. As a popular 
ion for QIP experiments [3–6], 40Ca+ has a hyperfine free 
structure and all of the lasers required can be obtained from 
commercial diode laser products. Additionally, trapped 
cold 40Ca+ shows great potential in precision spectroscopy 
research [7–9].

The traditional method of creating ions in an ion trap is 
electron bombardment (EB). However, there are many dis-
advantages when using this method. First, EB has no iso-
topic selectivity and may ionize the residual gas in the trap 
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To obtain experimentally feasible laser beams and elimi-
nate the problem caused by UV lasers, three-step photoion-
ization [27] schemes are proposed, as shown in Fig. 1(III). 
However, a three-step scheme requires three laser beams 
and a more complicated optical setup, which means the 
three-step photoionization schemes are still not an ideal 
method for loading calcium ions.

We propose a scheme that utilizes two lasers to realize 
three-step photoionization of calcium. This scheme not 
only has a more simple experimental setup but also can 
eliminate the problems caused by UV lasers compared to 
the two-step scheme. Experimental results show that the 
efficiency of the new scheme is acceptable for loading 
calcium ions. Moreover, the frequency and power depend-
ences of the 4s4p 1P1 ↔ 4s4d 1D2 transition are investi-
gated in our experiments.

2 � Ionization scheme and experimental setup

Our ionization scheme for calcium is shown in Fig. 2. First, 
the 423 nm laser field drives the dipole transition from the 
ground 4s4s 1S0 state to the intermediate 4s4p 1P1 state 
(ΓP= 34.7  MHz). Then the cascade process is stimulated 
with a 732 nm laser, by which the atoms are excited from 
the 4s4p 1P1 state to the 4s4d 1D2 state(ΓD = 2.29 MHz). 
Finally, the atoms are ionized by absorbing a 732 or 
423 nm photon.

According to the atomic data for calcium in the database 
of NIST [27], the energy for removing one of the valence 
electrons out of atomic calcium is 6.11316 eV. The 423 nm 
photons provide 2.9326 eV to excite the atoms to 4s4p 1P1 

state, then the 732  nm photons with 1.6918  eV stimulate 
the atoms to 4s4d 1D2. After absorbing the 423 and 732 nm 
photons, the atoms can be ionized by photons with energies 
more than 1.48876 eV (the corresponding laser wavelength 
is 832 nm), and hence in our scheme, the 830 nm laser can 
be replaced by the 732 nm laser or 423 nm laser; in other 
words, the ionization can be realized without 830 nm laser.

The ion trap used in this work is in a blade-shaped con-
figuration with rtrap=1.13  mm and ltrap=5  mm [28]. The 
ion trap is mounted in a vacuum chamber, which is pumped 
by an ion pump and a titanium sublimation pump, with a 

Fig. 1   Three possible kinds of laser-induced calcium ionization 
routes. The classification is based on the number of laser beams used 
in the experiment. (I) Calcium ionized via excitation of a single laser 
field at the wavelength of 202, 272, 405 or 478  nm; (II) The most 
common two-step schemes realized via the laser field of 423 nm and 
the laser (LED) field under 390 nm; (III) Three-step schemes imple-
mented with the laser field of 423  nm and other two infrared laser 
fields at the wavelength of 732 nm (1034 nm) and 830 nm (630 nm)

(b)(a)

Fig. 2   a Relevant energy levels of our photoionization scheme. The 
photoionization is realized by excitation of the 4s4s 1S0 ↔ 4s4p 1P1 
dipole transition at 423 nm, followed by stimulation to 4s4d 1D2 with 
a 732 nm laser beam, and finally, by the excitation of 423 or 732 nm 
photons. b Energy levels and laser wavelengths for the Doppler cool-
ing of 40Ca ion

Fig. 3   The setup of the calcium photoionization experiment. All of 
the lasers are diode lasers and wavelengths are monitored by using 
a wavemeter with an opto-mechanical switch. The frequencies of the 
Doppler cooling lasers at 397 and 866 nm are stabilized by transfer 
cavities. All of these laser beams are overlapped by a dichroic laser 
beam combiner before finally transmitting to the ion trap. The lens 
are used to adjust the waists of the laser beams
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measured vacuum pressure below 3× 10
−10 mbar. The 

oven is positioned under the ion trap at 90◦ with respect 
to the trap axis. The distance between the nozzle of the 
oven and the trap center is about 2 cm. A radio frequency 
signal is coupled to the trap through a quarter-wave heli-
cal resonator. For a single ion, the secular frequency is 
2π × 1.2 MHz in the transverse and 2π × 0.45 MHz in the 
axial direction with endcap voltage at 200 V.

Figure  3 shows the simplified setup of the calcium 
photoionization experiment. All of the lasers used in our 
experiments are external-cavity grating stabilized diode 
lasers, except the free running 830 nm diode laser, which 
has no grating. The long term drift of the Doppler cooling 
lasers at 397 and 866 nm are suppressed by locking them 
to the transfer cavities, which are referenced to an ultra-
stable 729 nm laser source. Both the 423 and 732 nm lasers 
have good frequency performance with frequency changes 
within 12 MHz per 10 min. Fluorescence detection is pro-
vided by a 397  nm laser beam red detuned by 200  MHz 
from the resonant frequency of the dipole transition 4s4s 
1S2 ↔ 4s4s 1P1. Due to the large branching ratio, The 
866 nm laser set at resonant is used to repump the ion out 
of the metastable D3/2 state, as shown in Fig. 2b. The satu-
ration parameter of the 397 nm (866 nm) is about 15 (235) 
to provide sufficient cooling for the newly loaded ions. 
To minimize the modifications on the whole experimental 
setup, the 397 and 423 nm laser beams are coupled to one 
fiber, while the 732, 830 and 854  nm beams are coupled 
to another fiber. All of these laser beams are overlapped by 
a dichroic laser beam combiner and focused at trap center 
with waist sizes of about 40µm for the 397, 423 nm laser 
beams and 45µm for the 732, 830, 854  nm laser beams. 
The powers of the 423 and 830 nm lasers are held constant 
at 1 and 2 mW, respectively. The power of the 732 nm laser 
can be adjusted from 0 to 1.5 mW using an attenuator.

3 � Loading of ions

To determine the optimal current for the oven, we slowly 
increase the current through the oven and use an EMCCD 
with an optical bandpass filter at 423 nm to detect the pho-
tons emitted by the 4s4s 1S0 ↔ 4s4p 1P1 dipole transition. 
The proper working current at 2.85 A is found when weak 
fluorescence is detected. Since the 423 nm laser has a power 
of 1 mW and a waist of 40 µm, its optical intensity in units 
of saturation intensity is 54 and the corresponding saturated 
absorption linewidth is Γ

′
= ΓP

√
1+ I/I0 = 262 MHz , 

which is in the good range for isotopically loading 40Ca 
ions [20]. The 732 nm laser is initially operated at 1 mW in 
our loading. Figure 4 shows the single trapped ion created 
by using the two lasers driving three-step photoionization 
scheme.

4 � Laser stimulation parameters on loading 
efficiency

Since several experiments have studied the properties of the 
4s4s 1S0 ↔ 4s4p 1P1 dipole transition in the first step [19, 
20], we focus on the properties of the 4s4p 1P1 ↔ 4s4d 
1D2 transition in the second step and keep the stimulation 
parameters of the first step unchanged. In this section, we 
will study the loading efficiency as a function of the power 
and detuning of the 732 nm laser.

In the first experiment, the loading efficiency as a function 
of the 732 nm laser power is studied. The loading efficiency 
is evaluated based on the time interval from the heating 

Fig. 4   Single trapped 40Ca ion produced by the 423 and 732  nm 
lasers

Fig. 5   The loading efficiency (average time of loading single ion) 
plotted as a function of the 732 nm laser power. Each point means the 
average time for six experiments and the bars indicate the measured 
maximum and minimum time of detecting the first ion. The red dots 
indicate the result without the 830 nm laser, while the black dots rep-
resent the time with the 830 nm laser
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of the atomic calcium oven to loading of the first ion. The 
results are plotted in Fig.  5. Each test point is the average 
time of six independent experiments, and the bars in the fig-
ure indicate the maximum and minimum time of detecting 
the first ion. Because the 732 nm laser power intensity var-
ies from 10.8 to 0.35 mW/mm

2, which is far more than its 
saturation intensity of 0.045 mW/mm

2, the improvement in 
the loading efficiency with increasing laser power seems to 
correspond to the enhancement in the third step. This is veri-
fied by introducing the 830 nm laser in the experiments. As 
shown in Fig. 5, there is a significant efficiency improvement 
for each point with the 830 nm laser beam, especially when 
the 732 nm laser power is low. It is also important to note 
that the enhancement is not obvious when the 732 nm laser 
power is greater than 1 mW. Therefore, high loading rates 
can be reached with a high 732 nm laser power.

Apart from the laser power of 732 nm, the loading effi-
ciency may still be affected by its frequency. In the follow-
ing experiment, the loading efficiency as a function of the 
frequency of the 732  nm laser is investigated. The laser 
beam setup is different from that of the first experiment 
due to the upgrade of the experimental system. As shown in 
Fig. 6a, the 423 nm laser beam and the trap axis are in par-
allel, while the 732 nm beam is at a 45◦ angle with respect 
to the trap axis. Experimentally, the 423 nm laser intensity 
is approximately 200 mW/mm

2 and the 732 nm laser inten-
sity is 6.3 mW/mm

2, which is approximately a factor of 
140 larger than its saturation intensity 0.045 mW/mm

2.
Figure 6b shows the loading efficiency as a function of 

the 732 nm detuning. Each point indicates the average time 
of three independent measurements, and the bar represents 
the maximum and minimum time of detecting the first ion. 

As shown in the graph there is not a strong dependence of 
the absorption linewidth on the 732 nm laser detuning. In 
addition, the linewidth is broadened tremendously due to 
the intensity broadening and Doppler broadening effects 
since the relatively hot atomic beam is not emitted per-
pendicular to the heavily saturated 732  nm laser beam as 
shown in Fig. 6a. Moreover, the line shape is complicated 
by the velocity-selective trapping of the ionized atoms in 
the ion traps because ions with kinetic energy larger than 
the depth of the trap well cannot be trapped.

5 � Conclusion

We have demonstrated a new effective photoionization 
method for loading 40Ca ions. The experimental results 
reveal the laser power and frequency dependencies of load-
ing efficiency in the 4s4p 1P1 ↔ 4s4d 1D2 dipole transition. 
An acceptable efficiency can be achieved with the combi-
nation of 423 and 732 nm lasers by properly choosing the 
parameters. Although not experimentally demonstrated, 
the same scheme could be used to load other isotopes of 
calcium with different laser frequencies. This method is of 
great value for ion trap researchers who use calcium ion as 
research candidates. In addition to avoiding the problems 
of the electron bombardment method and reducing the cost, 
this new loading scheme can help eliminate the problems 
of using UV light [6, 29].
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Fig. 6   a Setup of the photoionization laser beams and the region 
near trap center in the upgraded system. The 732  nm laser beam 
makes a 45◦ angle with the atomic beam axis, and the 423 nm laser 
beam is perpendicular to the atomic beam axis; b The loading effi-
ciency (average time of loading a single ion) as a function of the 

frequency of the 732 nm laser. The bars indicate the maximum and 
minimum time of detecting the first ion. The 423 nm laser intensity 
is about 200 mW/mm

2. The 732  nm laser intensity is 6.3 mW/mm
2

, which is about a factor of 140 larger than its saturation intensity 
0.045 mW/mm

2
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