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Limiting temperature of sympathetically cooled ions in a radio-frequency trap
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The limiting temperature achieved by sympathetic cooling in an rf trap is calculated with a theoretical model
in which no fitting parameters are used. The calculated result agrees well with observation. The dependence of
the temperature on trapping parameters and ion mass is also analyzed. The results can be used for designing an
rf trap system.
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. INTRODUCTION the host ion species. The energy-level structuré’dfg™ is
simple and only one laser at the wavelengts 280 nm is
A radio-frequency trap which provides an ideally isolatednecessary for laser cooling. The cooling efficiency is high

ion system is used for application to frequency standardgecause of the high spontaneous emission rate 4.3
[1,2], high-resolution spectrosco8—5], and fundamental s 1¢7 5~1), These features are advantageous in evaluating
experiments such as observation of quantum julipsdl.  hotential coolants for use in sympathetic cooling. The guest
For these applications, laser cooling of ions is requireqy, ghecies is Ba, which is cooled indirectly through colli-
[10,11. Sympathetic cooling is employed for ions that €aN-sions with the host ions. The Baemperature is obtained by
not be directly cooled by lasers and has been demonstrated rlﬂeasuring the Iinewidt.h of its optical transition, and the

a Ft’r?ntmng tr?FﬁIZ;lq ?nd Im a Ilnear rf;rapﬁl_?—:t% ]Sym(; Mg* temperature is determined by the fluorescence spectral
pathetic cooling of molecular ions in a Penning tfap| an line shape obtained by scanning the cooling laser frequency

crystallization of sympathetically cooled atomic ions in a[23] The trapped ion numbers are estimated from the fluo-
linear rf trap[17] have been observed. Application of sym- esc,:ence intensities of both ion species

pathetically cooled ions to quantum logic was also proposecri The observed temperature and the number of Bas are
[.20]' Sympathfatlc cooling in an rf trap, in which no magnetic 500 K and 5, respectively, while those of Mdons are 100
field is used, is preferred for application to frequency stan- and 100. respectivelv. The temperature of 'Ba much
dards and high-resolution spectroscopy. It was considereﬁi her tharyl thaFt) of Ht]y.s m atheEi)caII cooled by laser-
that sympathetic cooling in an rf trap is difficult because of 9 . 9 symp y Y
cooled B¢ in a Penning traf0.4—1.8 K [12]. The higher

the presence of rf heatinf2l], and efficient sympathetic . . ;
cooling was achieved only when the guest ion mass is Closgemperature in the rf trap is due to rf heatiigf].

to that of the host ion. For example, Mgrand MgD"™ were

cooled by the laser-coole&®Mg* [18], and *°Cd" by the lll. THEORETICAL MODEL

laser-cooletf"Cd” [19]. Recently, however, sympathetic  The rate equations of the thermal energies of both host
cooling of much heavier ion species than the coolant ionons and guest ions are expressed as

species has been successfully carried out by using a tech-

nigue in which guest ions are produced by charge transfer dUy

from the laser-cooled host ioh&2]. at - Whnt Wy e—We, @
It is interesting to know how low a temperature can be

achieved by sympathetic cooling in an rf trap. The purpose dUg

of this paper is to construct a theoretical model of sympa- W=WG,H+WG'G, (2)

thetic cooling in an rf trap and to confirm the general appli-

cability of the model by reproducing the experimental result§,here Uy=ksTy and Ug=kgTe are the thermal energies
[22]. In this model, complicated ion behavior involving the per ion of the host (M§) and the guest (B3, respectively
superposition of micromotion and secular motion is consid- kg is the Boltzmann constant, afid, and T are the tem-
ered. This theoretical model predicts the final temperature 0f. -+ ,res of the host ions and the guest ions, respedtively
indirectly cooled ions as functions of the trap parameters an < is the laser-cooling ratalv, , is the rate of t,hermal en-
the ion mass, and provides the optimum trapping c:onditionsergy change of the ioa causeaa by collisions with, where

aor b is eitherH (hosy or G (guesj. For exampleW,, y is

the thermal energy change rate of a host ion by collisions
We briefly summarize the experimental procedure and thavith other host ions, andVs y is that of a guest ion by

result of the previous work22]. ?*Mg* is laser-cooled as collisions with host ionsWy, ;; andWg ¢ are the rf heating

Il. EXPERIMENT AND RESULTS
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rates, andWg y and Wy ¢ include the rates of both the rf
heating and the sympathetic cooling. These rates can be cal-
culated by a formula for Coulomb collisions.

The velocityv,; of theith ion of the species denoted by
a(i=12,...N,, whereN, is the number ofa ions) be-
tween the successive collisions is expressed as

W

18W]

N
T

1+ Ecoth

V2

Here, A, is the amplitude of secular motiom,/27 the
secular frequencyp, ; the phase angle of the secular motion,
g, the trapping parameter proportional to the driving rf volt-

Va,i— dt Aa|005(w t+¢a|) ©)

Mg energy rate [10

(Te= 500K) \

50100150300
age, and)/27 the rf frequency. EquatiofB) includes both Mé_ temperature [K]

(=]
(=]

the secular motion and the micromotion.

Now we consider the collision of thi¢h ion of a species 3
with the jth ion of b species. It is assumed that the collision E‘ W, (b)
process is one-dimensional and that the period during which < 2r (% =Gl,g)K)
the particles interact is much shorter than the period of mi- s 7
cromotion, so that the total momentum and kinetic energy of :1 |
the collision are conserved. Hence the amplitidg and o
phase¢, ; after the collision are given as functions of those & WG,G
of ions before the collisionA, i, ¢,,i, Apj, andey ;). The 550 B
energy change of thih ion (AE, ;) in a collision is 5
&1r
AEq =3 maol(AL P AL), @ K
-2 L

wherem, is the ion mass. The energy change rate ofghe 0 + 500 1000
ion by the collision with theb ion is given by Ba temperature [K]

FIG. 1. Thermal energy change rates far Mg* and(b) Ba®*.
Absolute values oW, g andWg g are much smaller than others
(Wh.e~10"2 W andWg g~10" 2 W).

Wab={Np0a,ib,jVa,ibiAEa,i), )

wheren,, is the density of the iol, ando, ; 1, ; is the colli-
sion cross section between tita a andjth b ions.v,; p ; is 2rdghy; (27deb de(Qt m w
the relative speed along the collision axis and is given by (.. .>=J a'J’ b.j a

\/(va'i—vb,j)z-l—vzp, wherev} is the sum of squares of the o 2m Jo 0 7Kg Ta
two relative velocity components perpendicular to the colli- m szz —
sion axis. In the case of a Coulomb collision, the product of Xexp( a ) A, 'f b™b

the cross sectionr,; ,; and the relative speed,; p; is kgTa kg Ty
given by[24]

272
mywp Ay
><exp< ~ M)dAbj . (7)
4 ksTp '
e ©pydvy, 2.2
Oa,ib,jVa,ib,j= P f g Pe-vp/u
”‘ ”‘ 4’7780maU2 0 Ua,i,b,j
) The laser-cooling rate of the host iMi: is given by
47T80marbl)§i b.j
Xlogl | ——————| +1|. (6)
e
W J’dede : demt) /meH
Here, u?=Kkg(T,/m,+T,/m,), e is the charge of the ©Jo 2m 0 ke T
trapped ion, and is the dielectric constant in vacuum, is M2 A
the radius of theb ion cloud, estimated ag(kgTp)/(Myw?) Xex;{ _ M) dAy |
[25] kBTH !
The brackets in Eq(5), which imply taking the average 2
over phases and amplitudes of motion of tttea andjth b Xl (fkvy,i+2R)yx , (8)
ions, are expressed by the following integral: 6 (A—ka,i)2+ Y2+ x?

013408-2



LIMITING TEMPERATURE OF SYMPATHETICALLY ...

— 1000

X,

Q

i

= .

= Experiment

o 500 °

= )
=

2
+a

M 0 , ,

0 50 100 150

M g+ temperature [K]

FIG. 2. Relation between the temperatures of Mand Ba . A

solid circle is the experimental result. The solid line and the arrow

imply the relation between the temperatures and"Mgmperature
obtained by the calculation, respectively.

where 2rh is Planck’s constant, k=2#/\, R
=(#k)?/2m,, andx and A/27 are the Rabi frequency and
the detuning of the cooling laser, respectively.

The rates appearing in Eg€l) and (2) are numerically

calculated and shown in Fig. 1. Here, the values of the con-

stants are given in Ref22]. As seen in Fig. (), |W gl
(~10"2 W) is much smaller than eithdWc| or |Wy 4|
(~10 '8 W), and in Fig. 1b), |Wg g| (~10 2> W) is much
smaller thaWg 4| (~10 '8 W). The negligibly small val-
ues of Wy ¢ and W ¢ are due to the low density of Ba
caused by both the shallow trap potential for'Band the
small number of B4 in the experiment. Therefore, the sta-
tionary state solution of Eq(l) is obtained for W,
=W,, and thus from Fig. (B) the temperature of*Mg™*
(Ty) is determined to be 110 K fak/27=500 MHz. Simi-
larly, the temperature of Ba(Tg) is determined to be 380 K
from setting Eq.(2) to zero and neglectingVg ¢ (namely,
Wg 1=0), as shown in Fig. (b). The calculated tempera-
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FIG. 3. Relation between the temperatures of 'M@,) and
Ba' (Tg) for secular frequencies of Mgat 120, 240, and 357 kHz.
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FIG. 4. (a) Relation between the temperatures kMg* and
specific guest ion species. The numbers in the figure are the masses
of the ions in atomic mass unitéh) Dependence of the ratio be-
tween the temperatures of Mgnd of a specific guest ioWg /Ty)
in the linear(low Ty) region of(a) on the mass rationg /m, .

tures agree roughly with the observed temperatures of 100 K
(?*Mg™) and 500 K (B&) [22]. Generally the guest ion
temperature can be calculated as a function of the host ion
temperature by the relation ¥/ =0, as shown in Fig. 2.

Further features of the sympathetic cooling process in the
rf trap are calculated by using the present model for Mg
the host ion species and the trap rf frequency of 2.06 MHz
[22]. Figure 3 shows the relation betwe€p (Mg™) andTg
(Ba') calculated at the secular frequencies of the host ion of
120, 240, and 357 kHz. No appreciable difference of the
Ty—Tg curves is obtained for these secular frequencies,
while the host ion temperature and hence the guest ion tem-
perature depend on the secular frequency as indicated by
three arrows in Fig. 3. The lower temperature is obtained for
the lower secular frequency because of the weaker effect of
the rf heating 26].

The guest ion temperature depends on its mass, as shown
in Fig. 4(@). The numbers beside thig,—Ts curves are the
guest ion masses in atomic mass units. The heavier guest ion

The three curves corresponding to these three frequencies are indis- cooled more efficiently in the low region, while Tg

tinguishable. Each arrow implies the calculated temperature 6f Mg
ions at the corresponding secular frequency.

increases rapidly with increasing mass in the highregion.
In Fig. 4(b), theTg /Ty ratio in the lowT region is depicted
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as a function of the mass ratiog /m,; . The lowest guestion of a low rate of the rf heating26], and accordingly the
temperature achieved in sympathetic cooling is predicted ttemperature of the guest ions also becomes low. The depen-
be 2.5 times larger than the host ion temperature. When théence of the relation between the host ion temperature and
guest ion mass is close to the host ion mass, the coolinthe guest ion temperature on the ion mass naii my was

efficiency becomes poor. also calculated. The guest ion temperature depends linearly
on Ty in the low T region and increases nonlinearly in the
IV. CONCLUSION higherTy region. The nonlinearity appears more remarkable

for the heavier guest ions. The temperature ratio in the linear

We have constructed a theoretical model of sympathetigiq,, T,) region becomes largest when the guest ion mass is
cooling in an rf trap without using any fitting parameters, and;|pse to the host ion mass. The temperature raHdT,

the calculated result agrees with the experimental results r¢jocomes as small as 2.5 and almost independemtdmy,
ported in Ref.[22]. This model is generally applicable to me/my is larger than 5. ’

estimating the limiting temperature of sympathetically
cooled ions in an rf trap. The relationship between the tem-
peratures of the host ions and the guest ions and its depen-
dence on the trapping voltage were calculated. It was found
that the trapping voltage does not effect the temperature re- This work was financially supported by the Ministry of
lation between the host ions and the guest ions. The host iorisducation, Culture, Sports, Science and Technology of
are effectively laser-cooled at low trapping voltage becausdapan.
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