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a b s t r a c t

We performed isotope selective manipulation of laser cooled ions using the mass selectivity of an ion
trap. We have investigated the possibility of realizing isotope selection for even Ca+isotopes, such as 40Ca+

(abundance 96.9%), 42Ca+ (0.647%), 44Ca+ (2.09%), and 48Ca+ (0.187%). We observed the behaviors of each
isotope for the rf and dc voltages in the stable region of Mathieu equation. Even though the increase of
vailable online 6 November 2008
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the rf and dc voltages leads to rf heating of the trapped ions, the trapped ions were observed by the laser
cooling technique. Furthermore, we demonstrated the selectivity and observation of a target isotope.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Calcium is the fifth most abundant element in the earth crust,
ith an abundance of ∼ 3%. It is an essential element in both ani-
al and plant tissues and has six stable isotopes, 40Ca (abundance

6.9%), 42Ca (0.647%), 43Ca (0.135%), 44Ca (2.09%), 46Ca (0.004%),
nd 48Ca (0.187%). The study of Ca isotopes is useful in many fields
1–3]. Furthermore, the analysis of 41Ca (41Ca/Ca = 10−15 − 10−14,

1/2 = 1.04 × 105 year), which is a long-lived radioactive ultra trace
sotope, has applications, e.g., in biomedicine [4], archeology [5],
nd planetary science [6]. Today only accelerator mass spectrom-
try (AMS) is utilized for practical purposes because its detection
imit (∼ 10−15 − 10−13) is very close to the natural abundance [7].
owever, this method requires a large facility and sophisticated

hemical pretreatments of the samples. In order to avoid these
ssues, laser-based methods, such as resonance ionization mass
pectrometry (RIMS) [8] and atom trap trace analysis (ATTA) [9],
ave been developed for laboratory application. So far, calibration
f detection limits for the same samples measured by RIMS and

MS could be given in the 10−11 − 10−10 isotopic range [10], and

or ATTA and RIMS in the ∼ 10−8 range [9].
We have an ion trap–laser cooling method for the study of the

a isotopes. Laser cooled ions stored in an ion trap represent a
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early ideal system for atomic physics. Therefore trapped ions have
romising applications in many fields, such as frequency standards
11], quantum information processing [12], isotope separation [13].
ur ultimate goal utilizes a different type of mass spectrometer
nd laser manipulation than RIMS and ATTA, and can be used to
nalyze 41Ca [14]. Our method utilizes a smaller experimental sys-
em [15], and the prospect of achieving high selectivity for the
arget isotope by utilizing the mass selectivity of the ion trap and
he isotope shift of the transition wavelength in laser cooling and
epumping. Furthermore, single ions of different isotopes can be
bserved. For these reasons, we consider that the ion trap–laser
ooling method is suitable for ultra trace isotope analysis of 41Ca.
lthough many ion trap–laser cooling techniques have been devel-
ped, their application to ultra trace isotope analysis has not yet
een realized and is not by any means a trivial problem. The abun-
ance of 41Ca is extremely low, so a special sample feeding and

oading system should be required. Moreover, no one has investi-
ated the isotope shifts of 41Ca ions. Since 41Ca being an odd isotope,
t has nuclear spin, so the hyperfine structures of laser cooling and
epumping transitions should be considered similar as for 43Ca. For
hese reasons, it is difficult to treat 41Ca from the very beginning of
he research. As the first step towards realizing ultra trace isotope
nalysis, we constructed an ion trap–laser cooling system for 40Ca

+

ons, which have no nuclear spins [16]. As the next step, we have
eveloped an experimental system to observe even Ca isotopes.

So far, some groups have reported isotope separation with ion
rap–laser cooling methods: (a) direct cooling of the target isotope
n the case of Yb+(172(22%), 174(32%), 176(13%)) [17]; (b) utilization

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:yhashi@lyman.q.t.u-tokyo.ac.jp
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Fig. 1. Experimental setup. Our system consists of three parts: laser system: a
lab-made 397 nm, Toptica made 866 nm ECDLs for laser cooling, a Nd:YBO4 laser
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Fig. 2 shows the energy levels and isotope shifts of the Ca+ iso-
topes [30,31]. In order to realize laser cooling and repumping, the
two Littrow design ECDLs are utilized for 397 nm and 866 nm tran-
sitions, respectively. The ECDLs are locked to temperature stabilized
64 Y. Hashimoto et al. / International Journ

f the nonlinear resonance in a Paul trap caused by the imperfection
f the trapping potential [18,19]; (c) excitation of the secular motion
y a perturbating rf field [20]; (d) selective heating and cooling
ethod: after trapping, the frequency of the cooling laser is set

o blue detuning for a certain isotope, which is eliminated from
on trap by laser heating, while the other isotopes, which are red-
etuned, still remain laser cooled [13,21].

The methods (b) and (d) have been applied to Ca+ ions [13,19],
owever, it is difficult to effectively eliminate the dominant isotope
0Ca

+
[13,19], therefore, some groups have ionized a particular Ca

sotope by means of a selective photoionization loading [22–26].
We trap Ca+ ions in a linear Paul trap [14,16]. In the radial direc-

ion, an rf electric field (Vrf cos ˝t) superimposed on a dc electric
eld (Udc) is applied to one pair of linear electrodes, while the other
air is kept to electric ground. The electric potential is approxi-
ately given as

(x, y, t) = (Udc + Vrf cos ˝t)
x2 − y2

2r2
0

, (1)

here r0 is the closest distance between the surface of the linear
lectrode and the center of the trap. The motion of a trapped ion in
he x − y plane is governed by the so-called Mathieu equation [27]

d2x

d�2
+ (ax − 2qx cos 2�)x = 0, (2)

d2y

d�2
+ (ay − 2qy cos 2�)y = 0, (3)

ith a = ax = −ay = 4eUdc/mr2
0 ˝2, q = qx = −qy = 2eVrf/mr2

0 ˝2,
nd � = ˝t/2, where e and m are the charge and the mass of the
on, respectively. In the case of a = 0, stable trapping is achieved for

< q < 0.92 [27]. We can in principle separate the laser-cooled
ons with a given mass number by choosing particular a and q
alues. However, to the best of our knowledge, no one has demon-
trated this method. One reason is that the q value should be low in
rder to efficiently realize laser cooling and to suppress rf heating
28]. Under these conditions, the a value should be ∼ 0 to achieve
table trapping. Because of the instrumental limitation it is diffi-
ult to widely scan the rf and dc voltages in the stable diagram of
athieu equation. Furthermore, the Mathieu equation describes

nly the motion of a single ion and does not include the effects of
large number of ions, isotopes and a laser cooling. As compared

o quadrupole mass spectrometer (QMS) [27], in our ion trap–laser
ooling method, a dc voltage is applied to the cap electrodes to trap
ons in the axial direction. Therefore the effect of the cap electrode
nd dc voltage should also be taken into account. In addition, the
ehavior of a particular isotope has been reported when several

sotopes are simultaneously trapped. For these reasons, in order to
tilize an ion trap as a mass filter the dependence of trapped ions
n the trapping voltages should be investigated, before attempt-
ng to measure 41Ca

+
. We can utilize the laser cooling method

sing isotope shifts in order to selectively observe laser-induced
uorescence (LIF) of a particular isotope.

In this article, we report isotope selective manipulation of laser-
ooled Ca+ ions using the mass selectivity of a linear Paul trap. We
an investigate dependence of the trapping efficiencies for the even

a+ isotopes (40Ca, 42Ca, 44Ca, 48Ca) trapped with other isotopes
n the rf and dc voltages, by scanning the a and q values in the
table region of the Mathieu equation. Next, we calculate the tra-
ectories of trapped ions with SIMION, in which we can consider the
ctual experimental conditions, i.e., the electrode geometry, the ion
emperature, and the ion position. Finally, we demonstrate isotope
election of laser-cooled Ca+ ions in the linear Paul trap.

F
m
r
t
i

Coherent Verdi V10) pumping a Ti:Sa laser (Coherent 899-21) for additional 866 nm
ight source, and a Nd:YAG laser for laser ablation, FPIs for stabilization of ECDLs;
acuum components: linear Paul trap, Ca target, and objective lenses; observation
ystem: photomultiplier tube.

. Experimental setup

The apparatus consists of a linear Paul trap in an ultra high-
acuum system (see Fig. 1), with the external cavity diode lasers
ECDLs) and a Ti:Sa laser available to drive the laser cooling and
epumping transitions shown in Fig. 2. In our trap, the closest
istance from the trap axis to a surface of linear electrode is approx-

mately r0 = 4.3 mm. Two end cap electrodes, of inner diameter
mm and outer diameter 5 mm, are positioned on the trap axis
z0 = 20 mm apart. The trap electrodes are fixed in a stainless steel
acuum chamber. An rf power source supplies a trapping voltage of
requency ˝/2� = 1.5 MHz and amplitude Vrf = 35–300 V with an
ffset dc voltage Udc = 0–100 V for the linear electrodes, while two
c power supplies provide axial confining voltages Vcap = 0–35 V
or the two end cap electrodes. We monitored the rf and dc volt-
ges divided by 100 using an oscilloscope. Because of the precision
f oscilloscope and the impedance change of the trap system,
he error of the rf and dc voltages are ±5 V and ±0.2 V, respec-
ively, which correspond to q = ±0.01 and a = ±0.001. The vacuum
hamber is pumped out by a turbo molecular pump and a rotary
ump. An ion gauge monitors the vacuum pressure, which is below
.0 × 10−10 Torr, the limit of the gauge’s sensitivity. To easily gen-
rate calcium ions from a solid Ca target, we utilize laser ablation
ith a frequency doubled Nd:YAG pulsed laser [29]. The Ca disk

arget, with a purity of 99.5%, is placed on a pedestal below the trap
lectrodes.
ig. 2. Energy diagram of the Ca+ ion. Optical transitions utilized in this experi-
ent. Laser cooling and repumping make use of the 397 nm and 866 nm transitions,

espectively. The LIF of the cooled ions is used for observing the trapped ions. Inset:
he isotope shifts of the even isotopes (dotted lines, labeled with the mass number)
s as a function of detuning � relative to 40Ca+ [30,31].
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abry–Perot interferometers (FPI) to reduce their linewidths below
MHz. In addition, the Ti:Sa laser (866 nm) is employed for the

imultaneous observation of two Ca+ isotopes because of large iso-
ope shift of the 866 nm transition. This laser linewidth is also stabi-
ized within 1 MHz. The beam sizes are about 1 mm. The intensities
f the lasers are controlled by neutral density filters. In addition,
n order to selectively observe an isotope of interest, the frequen-
ies of the 397 nm and 866 nm lasers correspond to the isotope
hifts.

The ions are detected by their LIF, which is collected in a pho-
omultiplier tube by a designed lens system. The net detection
fficiency of the system was measured to be 4 × 10−4 at 397 nm. The
hoton count rate observed from a single cold 40Ca

+
ion is 8 kcps

16]. The experimental data were collected, stored, and displayed
y a LabVIEW-based computer system.

. Dependence on the rf and dc voltages

.1. Dependence on the rf voltage

In order to observe low abundance Ca+ isotopes we should
fficiently reduce the number of 40Ca

+
, which is the dominant

sotope. Although QMS acts in principle as a high pass filter for
dc = 0 V [27], the effects of the cap voltage are not considered.

n addition, the behavior of a particular isotope has been reported
hen several isotopes are simultaneously trapped. So we investi-

ated the dependence of the ratio of 40,42,44,48Ca
+

on the rf voltage
ith the existence of other isotopes (Fig. 3). We can measure the

ehavior of an isotope of interest on the same condition except
or the 397 nm and 866 nm lasers. Here, we define the ratio as
IF(Vrf)/LIF(Vrf = 200 V).

When loading Ca+, we set the trapping voltage of Udc = 0 V,
rf = 230 V. Here, no isotope separation is performed. After trap-
ing, we scanned Vrf from 200 V to 300 V. First the number of the

40 +

ightest isotope of Ca reduces with increasing of the rf volt-
ge. Next 42Ca

+
decreases. The volume of trapping region decreases

ith increasing of the rf voltage. The heavier isotopes decrease with
urther increasing of the rf voltage in the order corresponding to
4Ca

+
and 48Ca

+
, however, 44Ca

+
and 48Ca

+
cannot be eliminated.

ig. 3. Dependence of the ratio of Ca+isotopes on the rf voltage. The ratio is defined
s LIF(Vrf)/LIF(Vrf = 200 V). The trapped isotopes decrease with increasing of the
f voltage in the order corresponding to 40Ca+ , 42Ca+ , 44Ca+ , and 48Ca+ . For each
sotope we can observe the dips where the ratio drastically decreases.
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ecause the vertical axis indicates the ratio of LIF, the estimations
f 44Ca

+
and 48Ca

+
, which are small abundant isotopes, can be rela-

ively large. We can also see the increasing of LIF because the cooling
fficiency may be improved by the decreasing of trapped ions. Fur-
hermore, we can consider that the effect of laser cooling for each
sotope is smaller than that of the rf voltage.

Fig. 3 shows the dependence of the ratio of 40,42,44,48Ca
+

on
he rf voltage since for 43Ca

+
, a hyperfine pumping laser or a

icrowave system is required for laser cooling [25,26,32]. The nat-
ral abundance of 46Ca

+
is too small for this experimental setup.

e performed the measurements at least five times under each
ondition considering the repeatability. The horizontal error bar
esults from the error of the rf amplitude. The vertical error bar is
maller than the marker size. So we can demonstrate the high pass
lter function of a linear Paul trap utilizing these dependences of
he ratio of Ca+ isotopes on the rf voltage. Furthermore, we can find
he dip, where the ratio drastically decreases, for each isotope.

.2. Dependence on the dc voltage

In principle we may reduce the number of a light isotope, such
s the dominant isotope of 40Ca

+
, by controlling the rf voltage,

hile we need to control the dc voltage for the selection of a
articular isotope [27]. Therefore we also investigated the depen-
ence of ratios for each isotope on the dc voltage by scanning Udc
hile setting the rf voltage Vrf = 150, 200, and 235 V. The condi-

ions of loading and cooling are the same as the measurement of
ependence on the rf voltage (Fig. 4). Here, we define the ratios as
IF(Udc)/LIF(Udc = 0 V).

We can find that the order of isotope reduction changes with
he rf voltage. Here, we focus the case of Vrf = 150 V in order to
emonstrate the low pass filtering of trapped Ca+ isotopes. After
onisotope selective loading of Ca+ we scanned the dc voltage

rom 0 V to 40 V. First the heaviest isotope of 48Ca
+

decreases
ith increasing of the dc voltage, while the other isotopes can
e trapped. Further increasing of the dc voltage makes the reduc-
ion of 44,42,40Ca

+
in descending order of the mass number and

he remaining of lighter isotopes of 42Ca
+

and 40Ca
+

cannot be
bserved. This is the difference between the scanning of the rf and
c voltages.

ig. 4. Dependence of the ratio for each isotope on the dc voltage for Vrf = 150 V.
he ratio monotonically decreases with increase of the dc voltage. The reduction
ccurs in the order of 48Ca+ , 44Ca+ , 42Ca+ , and 40Ca+ .
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Fig. 5. Simulation results with SIMION for Vrf = 150 V. The maximum trapping time
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We performed the measurements at least five times under each
ondition considering the repeatability. The horizontal error bar
esults from the error of the dc voltage. The vertical error bar is
maller than the marker size. For each isotope the scanning range
f the dc voltage is included in the stable region of the Mathieu
quation, so stable trapping should be achieved in theory. However
ur results show the reduction of light isotope with increase of the
c voltage. 40Ca

+
can be trapped within the stable region in princi-

le, however, we can consider that the background signal includes
he LIF from the small number of 40Ca

+
because of high laser inten-

ity. So small number of 40Ca
+

cannot be observed. However, we
an demonstrate the low pass filtering of laser cooled Ca+ isotopes
tilizing the dependence on the dc voltage.

.3. Numerical simulations

We performed numerical simulations with the SIMION soft-
are (Scientific Instrument Services) to analyze the results of the

xperiments. The actual geometry of our trap electrodes was used
nd the electric field was calculated by finite difference method
n this simulation. First of all, we checked the differences between
he single ion flights and the 100 ion cloud. As a series of simu-
ated results, the effects of the space charge effect and the Coulomb
epulsions with the function of the SIMION showed small change
f the ion trajectory. However, the calculation time of the 100 ion
loud is longer than that of 100 single ions. For that reason, we
sed single ion flights to observe the dependence on the trapping
c voltage. To save the computation resource we employed mirror
ymmetry condition to the axial direction and a trajectory of a sin-
le ion was calculated hundred times to obtain averaged results.
he velocity of initial injected ions was based on a Maxwell Boltz-
ann distribution in three dimensions. We assumed 10 K as the

nitial temperature of trapped ions from the spectra of trapped
a+ ions. In our calculation the dependence on the initial ion posi-
ion was found to be small. So the initial ions are placed at the
rap central axis. The real trapping time in the experiments was
ong, but in our simulation the maximum flight time was lim-
ted to 10 ms, which corresponds to 10,000 rf periods, because of
omputer power. The mass number and dc voltage are utilized as
alculation parameters in these calculations. We set the rf voltage
o Vrf = 150, 200, and 235 V for each parameter. Here, we focus
he relationship between the trapping dc voltage and the trap-
ing efficiency at Vrf = 150 V in Fig. 5. The ratio corresponds to
he number of trapped ions. We also calculated and checked other
onditions. The tendencies of the simulation results are similar
o those of the experimental results. In addition, the calculation
esult shows the clear boundary of the dc voltages because the
lectrode symmetry of calculation is better than that of experi-
ent.

.4. Nonlinear resonance

From measurement of the dependences on the rf and dc voltage,
e found the drastic decreasing of the trapping efficiencies for each

sotope even within stable region of the Mathieu diagram.
The trapped ions change the trapping potential. In addition,

he finite electrode structure of a real trap, misalignments or
odifications of the electrodes, and other effects may generate

on-quadratic contributions to the trap potential. They can be
ummarized by an expansion of the trap potential with multiple

omponents. In cylindrical coordinates it is described by

real(r, �, t) = (Udc + Vrf cos ˝t)
∞∑

k=0

ck

(
r

r0

)k

cos k�, (4)

t
a
(
o
w

s 10 ms because of the long calculation time. We found similar tendencies as in the
xperiment. In addition the boundary of the dc voltages of simulation is clearer than
hat of experiment.

here ck shows the strength of the perturbing potential of order k
33,34]. For k = 2, we have the ideal quadrupole potential. In prin-
iple, a contribution of the order k can cause nonlinear resonances
f the orders N = k, k − 2, k − 4, . . .. All terms with odd k vanish
n Eq. (4), because of the mirror symmetry with respect to the
rap midplane [33,34]. However, if the construction is not perfect
here will be odd k terms as well as even. Furthermore, we should
onsider the effect of the end cap electrodes because of the axial
onfinement.

Higher order terms in the trapping potential influence the
otion of trapped ions. If the secular frequencies ωx, ωy, and ωz

n the pseudopotential fulfill the condition [33,34].

xωx + nyωy = ˝ − kzωz, kz = 0, 1, 2, . . . , |nx| + |ny| = N, (5)

here nx, ny are integers, a nonlinear resonance of N-th order is
enerated and the motion of the ion is unstable inside the sta-
le region of the Mathieu diagram. The secular frequencies are
escribed by [33].

x � ˝

2

√
q2

2
+ ax − 1

2
az, (6)

y � ˝

2

√
q2

2
+ ay − 1

2
az, (7)

z = ˝

2
√

az =
√

2�eVcap

mz2
0

, (8)

ith az = 8�eVcap/mz2
0˝2 where � is a geometrical parameter

etermined by the trap geometry. For our electrode configuration
e obtain � = 0.09.

To analyze our experimental observations we calculated the a
nd q values, where the nonlinear resonances were observed, and
lotted them on the stability diagram. Furthermore we added the

heoretical expected values for N = 3 (hexapole) ∼ 10 (icosapole)
s eye guides: the lines for kz = 0 and nx = 0 or ny = 0 are plotted
Fig. 6). When the dc voltage scanning, we fixed the rf voltage. So
bserved nonlinear resonances of each isotope are not overlapped,
hile in the case of rf scanning observed nonlinear resonances
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Fig. 6. Nonlinear resonances of the experimental observations. The theoretical
expectations for N = 3 (hexapole) ∼ 10 (icosapole) as eye guides: the lines for kz = 0
and nx = 0 or ny = 0 are plotted. The unstable operating points follow closely the cal-
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Fig. 7. Simultaneous observation of the spectra of 40Ca+ and 44Ca+ . The frequency
of the 397 nm laser is scanned from −1000 MHz to +1000 MHz from the resonance
o +

i
s
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t
o
t
2
3
t
o
only control the rf voltage while laser heating requires to control
several lasers at the same time [13].

After the reduction of lighter isotopes, we can observe the heav-
ier isotopes by directly and sympathetically cooling the ions. From

Fig. 8. Demonstration of the high pass filter function. First, 40Ca+ and 44Ca+ are
ulated lines, which include odd number lines. Thus, we can find the imperfection
f our trapping system.

re overlapped considering the error bars. The unstable operat-
ng points follow closely the calculated lines, which include odd

number lines. Thus, we can find the imperfection of our trap
lectrode alignment. From our limited results we cannot assign
, nx, ny, and kz . Drakoudis et al. observed nonlinear resonances
f a few ions in the range a from −0.08 to 0.08, q from 0.35 to
.7, where the resonances sparsely occur [33]. In order to make
n accurate comparison between the experimental observations
nd theoretical calculations, we should observe the nonlinear res-
nances for a fixed number of trapped single isotope ions with high
esolution scanning and calculate the complex model considering
he same number of trapped ions, the interaction between ions, and
o on.

. Isotope separation of trapped Ca+ ions

.1. Demonstrating the high pass filter function

We investigated the prospect of utilizing the high pass filter
unction for 40Ca

+
and 44Ca

+
utilizing the dependence on the

f voltage. First we loaded Ca+ ions. In order to laser-cool 40Ca
+

nd 44Ca
+

simultaneously, the frequency of the 397 nm laser is
et below the resonance of 40Ca

+
and the frequencies of the two

66 nm lasers are set on the resonances of 40Ca
+

and 44Ca
+

, respec-
ively. We can observe the LIF spectra of both isotopes shown in
ig. 7 by scanning the frequency of 397 nm from −1000 MHz to
1000 MHz relative to the resonance of 40Ca

+
. The 866 nm laser

or 40Ca
+

is turned off when the frequency of 397 nm laser gets
lightly above the resonance of 40Ca

+
, to avoid the laser heating

ffect.
Thus we experimentally demonstrated the high pass filtering

unction by increasing the rf voltage. Fig. 8 shows the temporal
rofiles of the LIF, the piezo transducer (PZT) voltage of the 397 nm

CDL, and the rf voltage. The frequency of the 397 nm laser, which
orresponds to the PZT voltage Vpzt is set to the resonance of 40Ca

+

nd the LIF of 40Ca
+

is maximum. To trap both isotopes of 40Ca
+

nd 44Ca
+

, we set the rf voltage Vrf = 217.5 V. Here, the LIF of 40Ca
+

s the main component because the frequency of the 397 nm is set

t
i
o
v
s
c

f 40Ca , while the frequencies of two 866 nm laser are set to the resonances of both
sotopes. The 866 nm laser for 40Ca+ is turned off when the frequency of 397 nm gets
lightly above the resonance to avoid laser heating. The frequencies of both peaks
orrespond to the respective isotope shifts.

o the resonance of 40Ca
+

. Therefore, we can consider the decrease
f the LIF as the reduction of the number of 40Ca

+
. We found that

he LIF decreases to the background level, when increasing Vrf to
40 V. Furthermore, we can observe 44Ca

+
in the trap when the

97 nm laser reaches the resonance for 44Ca
+

. This demonstrates
he high pass filtering of laser cooled Ca+ isotopes. We suggest that
ur method is simpler than the laser heating method because we
rapped and laser-cooled. The frequency of the 397 nm laser is optimized to max-
mize the LIF of 40Ca+ . The 866 nm lasers for both isotopes are always on. We can
bserve the decrease of the LIF of 40Ca+ to the background with the increase of the rf
oltage from Vrf = 217.5 V to Vrf = 240 V. After filtering 40Ca+ , we can observe 44Ca+

canning the frequency of the 397 nm laser. Here, the frequency of the 397 nm laser
orresponds to the piezo transducer voltage, VPZT.
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Fig. 9. Demonstration of the low pass filter function. First 44Ca+ and 48Ca+ are
trapped and laser cooled. The rf voltage is set Vrf = 150 V in order to utilize the
low pass filter function. Here, IR1 and IR2 indicate the 866 nm lasers for 44Ca+ and
48Ca+ , respectively. IR2 is always turned on. First, we set the frequency of 397 nm
to the resonance of 48Ca+ , and we can observe the LIF of 48Ca+ , where IR1 is turned
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ff. Then, we could observe the LIF of 44Ca+ with the IR1 radiation. From here, we
ncreased the dc voltage Udc to ∼ 8 V, and reset to zero. After that, we could reduce
8Ca+ and observe 44Ca+ . Here, the frequency of the 397 nm laser corresponds to
PZT.

ooling spectra we can observe the reduction of 40Ca
+

and 42Ca
+

nd the existence of 44Ca
+

and 48Ca
+

.

.2. Demonstrating the low pass filter function

To exclude the heaviest 48Ca
+

isotope after high pass filtering,
e investigated the possibility of using the low pass filter func-

ion for Vrf = 150 V. Fig. 9 shows the temporal profiles of the LIF,
he PZT voltage of the 397 nm ECDL, and the dc voltage. Here, IR1
nd IR2 indicate the 866 nm lasers for 44Ca

+
and 48Ca

+
, respec-

ively, and both frequencies are set to the resonances. In Fig. 9, IR2
s always turned on. First, we observed LIF from 48Ca

+
after prepar-

ng 44Ca
+

and 48Ca
+

. Then the frequency of the 397 nm laser is
et −1000 MHz from the resonance of 44Ca

+
and IR1 is turned on.

he cooling and repumping laser frequencies are chosen in order to
aximize the LIF. After that, we gradually increased the dc voltage

dc to ∼ 8 V, at which 48Ca
+

ions are expelled from the trapping
egion, and decreased Udc to 0 V. Here, we can see the change of LIF
f 44Ca

+
. Because of the applied dc voltage, not only 48Ca

+
but also

4Ca
+

can be heated and lost from the trapping region. In addition,
rapped ions are moved by the changing of trapping potential and
ffective laser cooling may not be performed. After the eliminating
f 48Ca

+
we can also find the recovery of LIF of 44Ca

+
because of

aser cooling. To check the elimination of 48Ca
+

, we scanned the
requency of the 397 nm laser and the LIF of 48Ca

+
disappeared at

he resonance. However we could observe the 44Ca
+

with IR1. This
hows that we demonstrated the low pass filtering of laser-cooled
a+ isotope and the selective loading of the isotope of interest by
anipulating Vrf and Udc.
We investigated the direct trapping of a particular isotope with
he functions of high and low pass filter. However, we could not
ealize direct trapping of the isotope of interest. This is because,
hen the dc voltage is applied, the ablated electrons cannot shunt

he trapping potential. Thus the ablated Ca+ ions cannot enter the
rap region. This is in good agreement with the SIMION simulation.

[
[
[
[
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. Conclusion

We investigated the dependences of the trapping ratios of the
a+ isotopes on the rf and dc voltages with existences of several iso-
opes. Furthermore, we demonstrated for the first time the isotope

anipulation of laser-cooled Ca+ ions using the mass selectivity
f the linear Paul trap. In addition, we observed the nonlinear
esonances of each isotope in the stable region of the Mathieu
iagram.

As the next step towards the analysis of 41Ca
+

, we should realize
he observation of the odd isotopes and the selective loading of the
ltra trace isotope. Thus, we are planning to develop new experi-
ental devices, such as hyperfine repumping system and selective

oading system to observe the odd isotope of 43Ca
+

and the rarest
table isotope of 46Ca

+
. Finally, with these combined methods we

ill approach to the detection of 41Ca
+

.
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