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Abstract. An additionally applied rf perturbation excites the out only by the laser cooling, but a few irrelevant ions re-
secular motion of isotope ions selectively in a rf trap. Sim-main because of the effect of sympathetic cooling. The merits
ultaneous application of laser cooling has achieved completaf using the additional rf field in this study are not only that
removal of irrelevant isotope ions and kept a large number ahe separation efficiency depends less on the structure of the

relevant ones. apparatus, but also that the ion motion can be controlled eas-
ily by adjusting the additional rf amplitude. To keep many
PACS: 42.50.Vk; 32.10.Bi relevant ions in the trap, the laser cooling is simultaneously

applied, and as a result achievements in purity and trapped

) ) . number of relevant ions are substantially improved.
A rftrap is expected to be a prospective device for frequency

standards [1], high-resolution spectroscopy [2], and quantum-

mechanical experiments related to quantum jump [3] and Principle

quantum electrodynamics [4], because it can offer an ideally

isolated ion system. For these applications, the technique gfe experimental apparatus is an ordinary type [12]. The trap
laser cooling [5, 6] is one of the essential elements becausgectrodes of hyperboloid of revolution are arranged in the
the trapped ions should be at extremely low temperature. onventional quadrupole configuration. The ac voltage of the
the trapped ion species has some isotopes, they are usuaifgquency ofs2/2x and the amplitude o¥/s. is applied be-
confined simultaneously in the rf trap. In the presence ofween a ring and two cap electrodes, and no dc voltage is
other isotopes the ion temperature may be high because gpplied. The ion motion can be assumed to be harmonic in the
the rf heating [7]. In this study a novel in situ method of thetime-averaged pseudopotential. The frequency of the secular
selective removal of irrelevant isotopes is proposed and sugscillation along the symmetry axis of revolution is approxi-

cessfully demonstrated. mately given by
In the present experiment, isotopes of magnesium ions
of natural abundance in the rf trap with two cap electrodes V2eVye
and one ring electrode are selectively removed. Magnesiuffis/ 27 = m : (1)

ions can be laser-cooled by a single laseR80 nmat high

efficiency because of the high spontaneous emission rajgere e andm are the charge and the mass of the trapped ion,
(43MHz) and are advantageous as coolant ions of sympaespectivelyro and Z, are the radius of the ring electrode and
thetic COO“ng [8, 9] The natural abundance ratio of itablqhe Spacing between the cap e|ectrodeS, respective'y_
magnesium isotopes#8Mg : °Mg : 2®Mg = 8:1: 1.2 Mg For the excitation of the secular motion along the symme-
andzeMg+ ions are removed as a demonstration of the isotry axis of the trap, an additional rf perturbation voltayg)(
tope removal in the experiment. In the method of isotopés applied between the top and bottom cap electrodes. When
removal, the additionally applied rf field selectively excitesthe frequency of the perturbation coincides with the secular
isotope ion motion in the trap potential and drives them oufrequency, the ion motion is resonantly excited and the ions
of the trap. The principle of mass selection is based on thare expelled spatially from the trap.

difference of the charge-to-mass ratio of each isotope, as In the cloud of two or more ion species, there are two
commonly used in mass separation techniques. The depekinds of resonant motion [13], namely, the individual oscil-
dence of the resonance (secular) frequency of ion motion ifation, in which each ion moves in a harmonic pseudopo-
the trap potential on the charge-to-mass ratio is used. In [1@ntial independently and the secular frequency depends on
the isotope separation of europium ions is performed with théhe charge-to-mass ratio of each ierim;, and the collec-
numerous resonances of ion motion caused by the deviatiotige oscillation, in which the whole ions move collectively in
from the ideal harmonic potential. In the reference [11] iso-a potential and the secular frequency depends on the charge-
tope separation of cadmium ions in a linear rf trap is carriedo-mass ratio of the whole ions. e /Y m;. In the case of
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the simultaneous trapping of the isotope ions, the ions tendig. 1). The perturbation is turned off at the end of the fre-
to move collectively because the mass difference, and therguency sweep (the second chart). The LIF intensi#lg

fore the difference in the secular frequencies of the individuals monitored throughout the procedure (the third chart). The
oscillations, are small [13]. However, the phase correlatiofiourth chart shows the number of each isotope. The pertur-
among the individual ion motions may be broken at the largebation frequency is increased and coincides with the secular
trajectory of the ions caused by applying the larger perturbarequency o5Mg™ (at the vertical line A in Fig. 1), where
tion amplitude. Then it is expected that the selectively exciteghe motion 0f?8Mg™ is resonantly excited and they are ex-
ion species is removed from the trap. . pelled from the trap. At this point, the motion &vg ™ is

The relevant ions, however, are also excited by the pertur- . - i#Ma+ The densi
bation through the collision with the irrelevant ions. In orderalszcj1 exilted through the collision Wit Mg : The density
to prevent the loss of the relevant ions by the indirect excita®f Mg becomes |°¥V because of this heating effect and the
tion, the selective laser cooling is employed simultaneously-IF intensity of 2Mg™ at the center of the trap decreases.
The laser-induced fluorescence (LIF) caused by the coolings the perturbation frequency is further increased, the LIF in-
laser is used to monitor the behaviors of ions [14]. tensity recovers. When the perturbation frequency coincides

The parametric instability in the quadrupolar perturba-with the secular frequency 6#Mg™ (at B in Fig. 1),2Mg™
tion field applied between the ring and the cap electrodes i®ns are similarly removed. Now the ion cloud contains only
reported [15, 16]. In the present experiment the ions are suBf"MgJr and then the lower ion temperature is achieved in the
jected to forced oscillation in the dipolar perturbation fieldabsence of the rf heating caused by the collisions with other
applied between two cap electrodes. The dipolar field is nakotopes. Consequently the ion density increases and the LIF
zero at the center of the trap and can excite the motion of ionatensity increases drastically, which is used as a trigger to
located at the center. stop the frequency sweep.

The timing chart of the removal procedure®kg™ and When pure ions composed of ord§Mg ™ are required,
ZGMgJr is schematically shown in Fig. 1. The laser frequencyfor example, the perturbation frequency is swept from lower
is fixed at whichz“Mg+ is cooled during the procedure. The for the removal Or"’-GMgJr and from higher for the removal of
frequency of the rf perturbation for the excitation of ion mo-24Mg™ and the laser frequency is fixed to c@8g™, in co-
tion is swept from the lower to the higher (the top chart ingperation with a microwave radiation which repumipisig

back to the cooling cycle.

A B 2 Experimental setup
4 o H H
g 24 : - + o
28, In this experiment the removal 6fMg™ and?®Mg" is tried
§'° as an example. The experimental setup is as followss
gg% 7.5mmand %, is 108 mm The pressure in the vacuum
o

chamber is10-7 Pa For the cooling and the detection of
24Mg™, the ultraviolet (UV) laser light a280 nmis used,
which excites the ions from thes3S,, state to the  2Ps),
state. The UV light is obtained by the second-harmonic gen-
eration of the tunable dye laser at wavelength 560 nm

The absolute frequency of the laser is measured with the
etalon fringes and the calibrated fluorescence lines of iodine
molecule, and tuned &00 MHz below the frequency of the
24Mg™ fluorescence line. The laser power is abbutW. The

LIF of 2“MgJr is detected by a photomultiplier tube. The am-
plitude and the frequency of the trapping rf voltagg(and
£2/2m) are 107 V and 2.06 MHz, respectively. The secular
frequency of*Mg™ is calculated to bd 307 kHz from (1).
Magnesium atoms from the heated oven are ionized at the
center of the trap by electron bombardment. The initial ratio
of isotope abundance of trapped ions is natural one.
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Perturbation
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3 Results and discussions

Number of Mg
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In Fig. 2, the results of the observed LIF signalzfj\‘/IgJr are
shown as a function of the perturbation frequency for sev-
eral perturbation amplitudeg,. The perturbation frequency

Time
Fig. 1. Schematic timing chart for the isotope removal. Tiweizontal lines a)p/271 is swept from100 kHzto 140 kHzin 80 s

in the top chart imply the secular frequencies 8Mg™*, 2Mg™, and . o
24Mg*, respectively. Theertical linesA and B correspond to the moments In the case OVP = 0.25mV (Fig. 2a), the individual mo-

at which the perturbation frequency coincides with the secular frequencieliOn is not excited but the collective motion is. Then the dip
of Mg ™ and®Mg™, respectively of LIF intensity appears at the frequency which is determined
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resonance frequency 8tMg™, the LIF intensity decreases
and does not recover because of the Ios?§Mg+.

In Fig. 2d,e the increases of the LIF intensity?#flg™ by
the loss 0125Mg+ start to occur at a lower frequency than the
resonance frequency 6?Mg+. The reason for the removal
at a lower frequency is that the amplitude of the motion of
Mg ™ exceeds a critical trapping size, which is determined
by the dimensions of the trapping electrodes, @Mtf ions
are removed before the perturbation frequency reaches the
exact resonance. This interpretation may be accepted as fol-
lows. Assuming the linear damping force of the ion motion
as 4rmkv, wherev is the velocity of the ion and & is
a damping coefficient, the amplitude of the ion motibris
represented by

< eVp 1 :

= T 8rM2ws k2462 @

=

= whereé is a detuning of the perturbation frequency from the
= resonance. This equation is derived by solving the equation
%‘) of motion of the forced oscillation in the harmonic potential
3 and assuming, § < ws/27. If Z exceeds a constagt; at the

s perturbation frequency detuning &f, the ions 01‘25MgJr are

2 removed and the LIF intensity increases. The squatg@$

2 3 a linear function of the square df and the observed resultis

8 () shown in Fig. 3. From the gradient and the ordinate intercept
= of the fitted line, it is found that = 0.3 kHzandZ, =1 mm

E The value of the damping coefficientagrees with the line

width of the spectral line in Fig. 2a.
It should be mentioned that the continuous decrease of the

100 b - . LIF intensity aroundL25 kHzin Fig. 2e is not due to the loss
"E’}')* 4 S of 2Mg™ but due to the increase of ion temperature. This is
Vp=0.25mV confirmed by the result that no hysteresis is observed when
Tsotope the perturbation frequency is scanned from the higher (but
lower than the resonance Bﬂ\ﬂg+) to the lower. By the in-
0 1 Lo | terruption of frequency sweep after the increase of LIF and
100 120 140 before the loss of*Mg™, the ion cloud composed of only

Perturbation Frequency (kHz)
N

- - 7
Scanning Direction

Fig. 2. The observation of LIF intensity o‘F“Mg+ as a function of the

perturbation frequency for several perturbation amplitudes before (a—e

2“MgJr can be obtained. The result of Fig. 2a—e implies that
the perturbation amplitude should be larger tBanV to re-
move irrelevant isotopes in this experimental setup.
Figure 4 shows the isotope removal procedure as a func-
jon of time in the case o, = 10 mV. The result is reproduc-
g the third chart of Fig. 1. Figure 2f is the chart of repeated

and after (f) the isotope removal. Perturbation frequency is scanned fro
100 kHz to 140kHzin 80s The perturbation amplitude is shown in the
figure. The secular frequency of each isotope is shown byeéhecal line

by the averaged mass and does not appear at three frequencies
corresponding to those of individual |sotopes In the case of,
V, = 1 mV (Fig. 2b), the LIF intensity of*Mg ™" does notre- &
cover completely because of the loss of the ions. Inthe case o2 4 |
Vp =3.5mV (Fig. 2c), most of the ions are lost when the per- oy '3
turbation frequency coincides with the resonance frequency
of the collective ion motion. The isotope removal is impos-
sible with these perturbation amplitudes.

On the other hand, when the larger perturbation is applied 0
(5mV in Fig. 2d and75 mV in Fig. 2e), the individual mo- 0
tion is excited and the resonances oceur at three frequencies.

The drastic increases of LIF 6fMg mentioned above are
observed afil25 kHzfor (d) and at122 kHzfor (e), respec-

2 F

4000

2000
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Fig. 3. The dependence of the squaresgfon the square of,. Thecircles
) ) Tk ) of the experimental results and thee fitted by the method of least squares
tively. When the perturbation frequency coincides with theare shown

6000
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(Fig. 5b), LIF lines of®5Mg™ and2®Mg™ are not observed.
The present detection system can catch a single iéﬁ‘l\&f.
Consequently there are r?éMgJr ions after the isotope re-
moval. It is concluded that0® pure isotope ions composed
of only Mg ™ are obtained in the trap.
The ion temperatures in both cases in Fig.5 can be
roughly estimated from the deviation of the spectral line peak
from the atomic center frequency and the line width [17].
T The ion temperature before the isotope removal is abo i,
whereas it is about00 mK after the removal. In this experi-
perturbation off ment the laser power broadening mainly contributes to the
| line width.
0 0 30 It is interesting to know how man§f‘MgJr ions are left
time (s) in the trap after the isotope removal. It depends on the laser-
Fig. 4. The LIF intensity of2*Mg™ during the isotope removal procedure. cooling condition, namely, the laser detuning and power.
The perturbation frequency sweepQsgt kHz/s from 110 kHz The pertur- For example, when the laser power2SOuW, only a few
bation amplitude is10 mV. At the moment denoted by an arrow in the 24Mg+ ions remain, and no increase of LIFWg+ is ob-
figure, the perturbation amplitude is set to be zero served. On the other hand, when the laser powdrrigy,
more than 5006Mg™ ions remain (the ion number is es-
frequency scan after the isotope removal of Fig. 4 is carrie matetc)j by tg‘? LIFI mgensny.and ]:thefge.tectllon efficiency).
out. The resonance appears only at the secular frequency Pe obtained ion cloud consists of sufficiently many ions to
24MgJr and hence it is found that the other isotopes are almo bte e}pplled to the experiments such as that of sympathetic
%oollng.

removed. . .

It should be noted that no increase of LIF?d1\/IgJr is Ngxt, V\]fe rohugrljllyllzgstlmate the COO(;IT)Q r:;\]te Fn§5$fe Deces—
observed when the perturbation frequency is fixed a Iittlesl_";‘]ry time for the LI increase caused by the loss"Mg .

250 g+ . e kinetic energies of the trapped ions before and after the

lower thand. of ©°Mg " for a while. When the perturba- LIF increase areNkgT; and NkgT;, respectively. HereN
tion frequency+is increased a little from there, the LIF in-is the number of the Itrapped ioris; the BoItzrﬁann con-
tensity ofMg " starts to incrfase immediately. This resultgiant andr, andT; the ion temperatures before and after the
implies that each ion of°Mg" is expelled not gradually ||F increase, respectively. At the moment of increase of LIF
but immediately when the expelling condition of the per-jntensity, the ions are cooled frob® K to 100 mK The laser-
turbation is realized. Therefore, the removalzﬂfﬂg+ and cooling rate may be estimated fromhA, wheren is the
25MgJr is independent of the sweep rate of the perturbatiomumber of the ions irradiated by the cooling lagethe cycle
frequency. of the laser-cooling process the Planck constant, antlthe

The isotope removal is confirmed by the observation ofaser detuning. Therefore, the necessary time of the cooling
LIF spectral lines ofMg™ as shown in Fig. 5. Before the process is represented by
isotope removal (Fig. 5a), the spectral Iinezﬁif/IgJr is also Nks (T; — Tr)
observed. The LIF line o#®Mg™ is absent because of poor t = —————. (3)
laser-cooling efficiency as a result of the presence of hy- nyhA
perfine levels. The area of each LIF spectral line in Fig. 5ahe ratio of N/n is estimated to bd0® in this experiment
corresponds to the isotope abundance and it is found th&om the dimensions of ion cloud and the laser beam ra-
24Mg™ . 26Mg™ =8.4: 1. This result is consistent with the dius. If the laser is intense enough to saturate the transition,

natural abundance of magnesium. After the isotope remova is the spontaneous emission rate. Thes calculated to
be abou? s The agreement of this calculation with the ex-

perimental result shown in Fig. 4 implies that the LIF in-
2y 2y crease is due to the condensation?t¥lg™ caused by the

LIF intensity of 24Mg+ (arb.unit)

Mg M
y y effective laser cooling in the absence of rf heating by the
= ( a) = (b ) isotopes.
= = The critical (lowest) amplitude of the perturbation for the
2 2 isotope removaV,, depends on the trapping voltayg.. The
z Mg mg Z results areVer = 15mV, 5mV, and 25 mV for V,c= 86V,
< =< 107V, and 129V, respectively. It is found that the critical

amplitude is minimum wheW,:. = 107 V in the present ex-
periment condition. This result is qualitatively explained as
following. When the trapping potential is dee@y{= 129 V),
2 0 2 4 2 0 2 4 the motion of the ions is small and the irrelevant ions tend
Laser Detuning (GHz) to remain in the trap even if the perturbation resonates with
their motion. Then the higher perturbation voltage is required

Fig. 5a,b.LIF spectral lines of trappebig™ before &) and after B) the iso- .
tope removal. The abscissa implies the detuning of the laser frequency frof Fémove them. On the other hand, when the trapping poten-

the line center o*Mg ™. The LIF intensities are normalized to equal the tidl is shallow {/ac= 86 V), the iQI’] temperature .iS low [18]
peak intensities in both cases and the phase of the ion motion is more correlative than in the

S T~
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case of higher temperature. Then the ions tend to move cadwre likely generated from the residual gas by the electron
lectively and a large amplitude is required to break the phaseombardment.

correlation.

Lastly, we mention about the applicability of this methodAcknowledgementshis work is financially supported by the Science and
to the heavier ions such a$g™ (200.6 atomic mass units echnology Agency of Japan.

(amy) and Yb*(1730amy. In the present setup, the reso-

lution of the secular frequency (spectral line width) in Fig. 2aReferences

isk = 0.3 kHz Itis expected that the resonant motion of each
isotope can be excited separately if the difference between the,
secular frequencies of the isotopes of the heavier ion species.
is overk = 0.3 kHz For example, the difference between the
secular frequencies 8f°Hg™ and?°*Hg* is over0.3 kHzin

the case oW,c = 300V, which satisfies the condition for sta- ¢’
ble trapping [12].

4.

4 Conclusion

We have demonstrated the isotope removaMgf™ which
is based on the additional rf excitation of the secular mo-;;’
tion of trapped ions. Laser cooling carried out simultaneously
suppresses the loss of relevant ions. As a result, complete rez2.
moval of irrelevant ions and retention of a large number of
the relevant ion are achieved. The obtained cloud of pure iso?>
tope ions becomes dense and of low temperature because thg
rf heating is reduced. The principle of this method is applica-1s.
ble not only to the isotope removal g™, but also to the
removal of the heavier ions, such ¥b* andHg™, though
the values of the trapping parameters may be different fro
those in the case dfig™. This method is also applicable to 15
the removal of impurities, such &0" and MgC™, which
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