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1. Introduction filter is divided into two parts for differentiabjmping.
The background pressures of the first and second
chambers are kept at about“1Pa and 18 Pa during
reaction-rate  measurements. The molecular beam
k - - guide consists of four stainless steel rods with a
cold ion-polar molecule reactions are importanth&  giameter of 2 mm and the distance between theisods
chemical evolution in interstellar clouds [2]. Tafare, designed to be 1 mm. The radii of the curvaturthef
databases of rate constants have been developed fQfst and second bent sections are 12.5 mm andr5 m

studying astrochemistry [3, 4]. However, most & th ragpectively. The total length of the beam guid@4ia
rate constants stored in the databases were mdasurg,m | the present setup, the maximum guiding

only at room temperature or at a restricted ranige 0,jtages applied to the quadrupole electrodes i® +3

temperatures near room temperature, even though the, \yhich corresponds to the nominal electric fiefd
reactions occur at low temperature in |nterstellar60 KV/em.

clouds. Especially, cold ion-polar molecule reatsio

Cold ion-molecule reactions play important roles in
synthesis of interstellar molecules [1]. In pariy

have not been studied extensively in the laboratory Sk veloay e N 0%Pa N
owing to experimental difficulties, such as o : pot
condensation of polar gases at low temperatures. gasnozzle P ams

Recently, a new method to directly measure cold “**°*"*" T
ion-polar molecule reactions was demonstrated by : \ ot o

.. . . . linear rf ion trap

combining a laser-cooling technique with a Stark € _104pa olectron gun
velocity filter [5]. In the experiment, the reactioate coromie \E
between a CaCoulomb crystal and velocity-selected heater  'gasinlet
CHsF molecules was measured at about 1 K under Fig. 1 Experimental setup

ultra-high vacuum conditions.

In this work, we extended this kind of experiment We confirmed the generation of slow ¥H,CO,
to reaction-rate measurements between stored@nd CHCN molecules having thermal energies of a
sympathetically cooled molecular ions and velocity- few Kelvin. In addition, the number densities oé th
selected slow polar molecules. In a first experimen slow  velocity-fitered polar molecules  were
the Stark velocity filter was connected to a cryiige ~ determined to be in the rangerof 10'~1¢° cmi®,
linear Paul trap and the reaction-rate measurements As shown in Fig. 1, a liner Paul ion trap is lech
between laser-cooled C&oulomb crystals and the in front of the exit of the Stark velocity filteThe
velocity-selected polar molecules were carried but. linear Paul trap consists of four segmented rods ai
addition, we measured the reaction-rate constantsdiameter of 8 mm. The inner radius of the quadrepol
between slow polar molecules (NDCHCN) and  electrodes is 3.5 mm. The base plate of the lirear
sympathetically cooled molecular ions,{NN,H") for ~ trap is cooled by a liquid nitrogen pot. This crgog
the first time. A comparison between experimentallinear trap is necessary to avoid undesirable i@sst
rate constants and theoretical values has beeieaarr between cold molecular ions and room-temperature

out. polar molecules.
For sympathetic laser cooling of molecular ions,
2. Experimental setup Cd ions are produced and trapped by the

laser-ablation method, and laser-cooled! @as are
_ . . cooled by two laser beams (wave lengtk 397 and
Figure 1 shows a schematic drawing of ourgge nm) and form an ion Coulomb crystal as shown in
experimental setup. The slow polar molecules arefjg. 2. Laser induced fluorescence (LIF) is obsérve
produced by a Stark velocity filter (left section i \jth a cooled CCD camera at a right angle to thp tr
Fig.1). The chamber containing the Stark velocity axis. After the preparation of a T&oulomb crystal



molecular ions are produced by electron impactThe calculated value igs = 3.8x 108 cnt’/s. On the
ionization. The molecular ions are cooled to a veryother hand, the experimental reaction-rate constant
low temperature by elastic Coulomb collisions with was measured at room temperature [9] and the value

cold Cd ions, i.e. sympathetic cooling effect. (kgr = 4.1 x 10 cni®/ s) is stored in the UMIST
database. In astrochemistky; is extrapolated to low
0.90 mm temperature usingup = ker (T/300)? [3]. The rate
m constant at 3.0 K is calculated to kg = 4.1 x 16
“‘1 cm/s. Compared to the present experimental value of
( ) CCD keq, these speculated reaction-rate constants seem to
N " N Lens bg ove_restlmated by a factor of _2. The detailed
] — discussions and the other results will be preseated
.................. Ca' coulomb crystal trap the oral presentation and the master thesis.
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Fig. 2 A sketch of the ion trap. Cdons are cooled by
two laser beams (wave length= 397 and 866 nm). A
Cd Coulomb crystal is observed using a cooled CCD
camera via a telecentric lens system (upper ledgizh.
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3. Result and discussion

1.2 mm

Figure 3 shows fluorescence images of two-specieig. 3 Fluorescence images of two-species Coulomb
Coulomb crystal containing Cand NH* ions during ~ crystal including Caand NH™ during the CHCN +
the CHCN + NbH'-CH;CNH' + N, reaction. The  NzH'— CHCNH" + N; reaction.
sympathetically cooled M* ions exist in a dark
region in the center of the crystals. In this wonle N2_2012_N2_1213_01
determine the relative number of molecular ionsnfro ' ' ' '
the LIF images by assuming the following conditions
First, we assumed the constant number densityldf co
trapped ions in a linear Paul trap. Actually, tlhenber
density at 0 Kelvin can be derived by Poisson’s
equation under the pseudopotential approximati¢n [6
Moreover, we assume the cylindrical symmetry of the
spatial distribution of BH" ions. Since the number of
ions contained in the edge of the ion crystal is . . | .
expected to be very small, it can be ignored assa f 0 50 100 150 200 250
approximation. Thus, the relative number ofHN reaction time(s)
ions can be determined from the volume of thegjg 4 A piot of relative number of M* as a function of
shadowed area of the LIF images. Figure 4 shows @gaction time in CECN + NoH' — CH,CNH' + N,
plot of the relative number of N* as a function of  reaction.
reaction time. The deduced reaction rate is 2.%(0.4
imes ant ohiames. the st roacuon 1us jRefer ences
1.9(0.1) x 1G/s. Using the numbgr density of &N, 1] E- Herbstand W. Klempler, AliB5, 505 (1973)
the reaction-rate constant is determined tokhg=  [2] V. Wakelamet al., A&A 451, 551 (2006)
1.6(0.5) x 1¢cm’s. Since the average kinetic energy [3] J. Woodallet al., A&A 466, 1197 (2007)
of sympathetically cooled /M ions is estimated to be [4] V. Wakelamet al., Space Sci. Re56, 13 (2010)
lower than 1 K from the molecular dynamics [5]s. willitschet al., PRL100 043203 (2008)

simulation [7], the average collision energy ofsthi [6] K. Okadaet al., PRA81 013420 (2010)
reaction system is estimated to be lower than 3.0 K (7] N. Kimuraet all’ PRAS3, 033422 (2011)

For comparison, we estimate a realistic ion-polar
neutral capture rate by using the trajectory sgalin [8] T. Suetal., JCP76, 5183(1982)
formula, which is often used in astrochemistry [8]. [9] G. |. Mackayet al., J. Phys. Chem. 80, 26 (1976)

y=24(4)x103s*

relative number of [;H+




