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Emission spectra of R He, exciplexes in a cold*He gas
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We report on the systematic observation of emission spectra®dfiBpexciplexes 6=1,2, . .. ,6),realized
by exciting Rb atoms to the?® states (Rb) in a cold *He gas. The observed broad spectral components are
assigned to RHe, (n=1-6) using theoretical spectra obtained framinitio potential curves. The dynamics
of the exciplex formation is discussed, based on the observed temperature dependence of the spectra. The He
gas density dependence of the spectra of fRbis understood as a change in the population distribution over
the vibrational levels. The present results are compared with our previous work witk. Emomotoet al,
Phys. Rev. 266, 042505(2002], and differences are explained in terms of the difference in the fine-structure
splitting. Furthermore, we show the emission spectrum observed after the excitation of Rb in liquid He and
conclude that it is the fluorescence from the exciplex Ré;.
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[. INTRODUCTION that in liquid He[5]. We searched for the emission spectrum
of Rb*He, in liquid He over an infrared region and found a

Alkali-metal atoms excited to the firR states in a cold broad emission band with a peak at 7000 ¢miThis experi-
He environment produce alkali-metal-Hexciplexes. The mental result will be briefly presented in this paper. This
exciplex formation was discussed in order to give an explaband was the only spectrum of exciplex we could observe,
nation on the fact that th® emission lines were not ob- and emission from smaller exciplexes was absent. The ab-
served from excited light alkali-metal atonfisi, Na, K) in sence of the emission from smaller exciplexes indicates that
liquid He [1,2]. Kanorskyet al. and Dupont-Roc have pro- the formation rates of exciplexes in liquid He are much faster
posed a model that several He atoms are localized at thiaan their radiative decay rates due to the high atom density
place where the valence electron density of the alkali-metabf liquid He, and only the terminal exciplex is observed in
atom is small[3,4]. Dupont-Roc paid attention to the spin- liquid He. In the following, we will write the number of He
orbit coupling in theP state of alkali-metal atoms, and dealt atoms in the exciplex observed in liquid He @g,4. If the
with two typical cases, Cs and Nd]. He discussed sepa- emission spectra of the intermediate exciplexe$ Ry, (1
rately two fine structure components of Cs?@®;, and <n<n,,, can be observed, the value of,,, may be de-
6 2Py, based on the fact that the fine-structure splitthg termined accurately. Recently, Britet al. have observed the
of the 62P states (554.0 cm') is large compared to the emission spectrum of RliHe detached from He droplefs].
splitting induced by an interaction with liquid He. He The spectra for Zn<n.,,, however, have not been ob-
pointed out that the valence electron of C8F§,,) holds the  served so far.
applelike density distribution and only two He atoms can The main purpose of this paper is to present the emission
stick to the Cs core along the nodal line. On the other handspectra of RbHe, (n=1,2,... Ny, Observed in a cold
due to the small fine-structure splitting, the orbital of theglass cell containing Rb atoms and a He gas. The He density
valence electron of Na is well expressed by,arbital, and  in the cell is, in the present case, two orders of magnitude

five or six He atoms are localized on a ring on the nodaless than in liquid He, so that the formation rates of the
plane of the valence electron orbital. exciplexes become comparable to their radiative decay rates,

In our previous studies of Rb in the’® stateshereafter ~which enables us to observe the emission spectra of the in-
simply written as Rb) in superfluid “He, pressure- termediate exciplexes. Such an observation of the spectrum
dependent quenching of th®,; emission line (¥P,, of intermediate exciplex was first made for Ag by Jakubek
—52S,,,) was observe@5]. This phenomenon is considered €t al. [7]: they observed emission spectra of Ade, (n
to be due to the pressure dependent decay process from tfel,2) in a cold He gas, although the emission fram 1
52p,,, state to the exciplex RiHe, which may emit infra- Wwas absent in liquid H@8]. We recently reported emission
red fluorescence. The Rble, exciplex was predicted to spectra of CsHe, (n=1,2) [9]. The spectrum of CdHe,
have the N&He,-type configuration, that isn He atoms Which was also absent in liquid He, could be observed by the
form a ring around Rb, since no emission line was ob- use of the He gas environment.
served at the spectral region where the emission from Another interest of the present work concerns the dynam-
Rb*He, is expected to be seen. The numbeof He atoms ics of the exciplex formation (Rb-Rb*He—---
was roughly estimated to be about six under the assumption>Rb*He, ). We investigate the dynamics by observing
that the distance between neighboring He atoms is equal tthe temperature dependence of the emission spectra. It

should be mentioned that, in the present experiment, the tem-
perature and the He density can be changed over a wide
*Electronic address: yabuzaki@scphys.kyoto-u.ac.jp range, which is in contrast to experiments with liquid He or
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He droplets. This helps us to study not only the dynamics of
the exciplex formation but also the dynamics of relaxation
processes induced by collisions with He atoms. In the
present work, we evaluate the rate coefficient for the fine-
structure relaxation of RiHe.

We are also interested in comparing the results of the
present work and our previous experiment with [@% A
remarkable difference is that Rb has larggf,, than Cs
(nmax=2). The spin-orbit coupling strength should concern
this difference and a quantitative study on the influence of
the spin-orbit interaction is needed to explain the difference
in Nyax between Rb and Cs, since the splittiigpf Cs is on
the same order of magnitude as that of the RiRSstates
(237.6 cm 1) and the difference in potential energy between
the pairs C§-He and RB-He is not so larggsee, for ex-
ample, potentials in Ref10]). Thus, in the present work, we
calculate potential-energy surfaces for the systems
Rb* He,-He and C&He,-He taking into account the spin-
orbit interaction, and consider the difference in the formation
of n=3.

The paper is organized as follows. In Sec. Il, we show
theoretical emission spectra of Rle, calculated fromab
initio potential curves. In Sec. lll, we describe the experi-
mental method. In Sec. IV, we first present the experimental
results(Sec. IV A), and assign the observed spectg&ec.

IV B). Next, we describe the temperature dependence of the
spectra(Sec. IV Q, with which we discuss the dynamics of  FIG. 1. Theoretical Rb-He potential curves of the ground state
the exciplex formatior(Sec. IV D). We also show analysis (X2, and the excited statesA@Ily,, AZlls,, and B23,))

on the He gas density dependence of the spectra 6HBb obtained fromab initio calculations. Dotted lines show the vibra-

(Sec. IV B. Finally, we discuss differences between the re-tional energy level§see also Table)l Asymptotic energies of the
sults for Rb and C¢Sec. IV B. potentials are shown by dashed lines, which are labeled on the

right-hand side by atomic states of Rb.

Il. THEORETICAL EMISSION SPECTRA . . L . .
this assumption, which i§A in Hund’s casea). The devia-

We calculated theoretical emission spectra of*Rf,  tion from the assumption is less than30% even for Ar
(n=1-7). With respect to the potential energies of[17,18, so itis natural to consider that the deviation for He
Rb*He,, we carried outb initio calculations with theuoL- should be much smaller than that for Ar because of the small
PRO program packaggl1], using the 3-216 basis sef12]  polarizability of He which is about eight times smaller than
for the Rb atom and the 6-316 basis sef13] for the He  that of Ar [21]. The potential curves of the excited states
atoms. were shifted so that they coincided with the energy levels of

To obtain emission spectra of RHe, we first calculated Rb + He in ther—co limit. Figure 1 shows the potential
potential curves of the lowest tw&S, and one?IT states of ~curves obtained for the ground stat€=.,,, and the excited
Rb*He. At each value of internuclear distanceenergies of ~ StatesA?Ily,, A?Il5,, andB?Sy,. The repulsiveB °X
the three states were calculated by a sequence of the rand attractiveA 21,4, states correlate to the asymptotic state
stricted Hartree-FockRHF) calculation, the multiconfigura- Rb(5%P3,) +He. TheA ?I15, potential has the minimum at
tion self-consistent field calculatioii4], and the internally r=3.21 A with a depth of 176.8 ciit below the dissocia-
contracted multireference configuration interaction calculation limit. The potential of theA 2I1,,, state correlating to
tion [15]. With respect to the potential energies of the excitedRb(52P;,) + He also has the minimum at=3.21 A with a
states, we took into account the spin-orbit interaction of thedepth of 102.1 cm! below the dissociation limit. The
Rb-52P states A =237.6 cni!), based on the assumption A ?Il,;, potential exhibits a potential barrier at 5.3 A with
that it is independent of the internuclear distandé6]. We  a height of 26.5 cm?! above the dissociation limit. This bar-
consider that this assumption is quite valid for*Riz,. To  rier would prevent the entrance of the He atom into the po-
the best of our knowledge, there is no study on the finetential well, when the Rb atom is excited to théP,, state
structure of a Rb—rare-gas exciplex or complex. There areat about liquid He temperatures.
however, several studies on the complex of Na and a heavy With the help of theBCONT 2.0 program codd22], we
rare-gas atonfAr, Kr, Xe) [17—-20. According to these stud- numerically calculated the vibrational wave functigni(r)
ies, with decreasing the mass of rare-gas atoms, i.e., decreder the excited states 21, and A 2I14,, and then calcu-
ing the polarizability, the fine-structure splitting of the Na— lated emission spectrigv) for the transitions from the ob-
rare-gas complexes comes close to the value expected frotained vibrational levels to the ground staé,;/, using the
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TABLE I. Vibrational levels in theA I1, andA 21, states of top
Rb*He. The energies are given relative to the dissociation limits or >n=2(A2n3,2)
Rb(5%P3,) +He and Rb(5Py,) +He, respectively. ';88 [ PR
: : — o) T v —
Vibrational level Energy (cm?') € 00} n=2(A’ML, ) el
- -500}
A2H3/2 U:5 -1.1 5 600 F n=4
v=4 -9.0 2 700}
v=3 -20.9 W g0} n=5
v=2 -39.1 1-888 Y n=6 =7
v=1 —-78.3 ) r,=3.24 r,=3.25 r=3.31
v=0 —138.8
A2, v=1 —-52 FIG. 3. Potential energf,, at the bottom of the potential well
v=0 —64.4 (solid lineg and the energy levdt, of the vibrational ground state

(dotted line$ in the first electronic excited state for eaoh The
equilibrium radiusr in units of A is also shown.

relation | (v) o v 3| [ ¢/ (r) y(r;v)dr| 2, where y(r;v) is the
continuum wave function for the repulsive®s,,,, state and  teraction. However, the results were found to be in worse
v is the transition frequency. Table | shows the calculatechgreement with experimental spectra than the spectra ob-
energies of the vibrational levels. The sta#®s$Il;, and  tained from theab initio potentials: the peak position of the
A 11, have six and two levels, respectively. Figure 2 showsemission spectrum from tha 2I1,, v=0 state was calcu-
the calculated emission spectrum for each vibrational levelgted to be 11 880 ciit and 12 018 cm! from theab initio
Here we have assumed that the transition dipole moment &fnd Pascale’s potentials, respectively, whereas the peak was
Rb* He is equal to that of Rb. With thab initio calculation, opserved at 11 820 cit as shown later.
we confirmed that the transition moment Changes only 3% in We calculated emission spectra Of"FHEn (n:2_7) un-
the ranger >2.5 A. der the assumption thatHe atoms are located equidistantly
We obtained emission spectra also from Pascale’s Rb-Hgn a circle with the center at the position of Rb. We calcu-
potential curveq10], taking into account the spin-orbit in- |ated at the RHF levehb initio Rb-He, potential curves as
functions of the radiug of the circle[11], and took into
e account the spin-orbit interactidi.6]. The equilibrium ra-
1A T, v=5 I diusr obtained for each potential curve is shown in Fig. 3.
] [ It should be noted that, far=2, the lowest two of the three
------ 5 excited statesA %I1,, and A%ll,,) have attractive poten-
i tials, whereas fon=3, only the lowest state has attractive
[ potential.
5 For n=3, the energy difference between the lowest two
excited states before the consideration of the spin-orbit inter-
action is larger than W atr =r,. As a result, with respect to
the lowest excited state, more than 99% of the Rb valence
electron occupies thp, orbital which has the axis along
the axis of the circle, even after the spin-orbit interaction is
considered. So it can be said that the spin-orbit coupling is
i substantially decoupled for=3.
B For each potential curve obtained for the attractive
[ electronic state of RiHe,, we calculated the energy
I of the vibrational ground state, and obtained emission
- spectrum from the state. The calculation procedure is as
[ follows. First we calculated the vibrational wave func-
tion ngym(r) for the symmetric vibration mode, which
originates from the variation of, and a functionl’(v)
[ 13| [ gyl 1) Ysyn{r: v)dr| ? with the help of thesconT 2.0
B program[22], wheres,{r;v) is the continuum wave func-
{ATL,v=0 - tion for the symmetric motion in the electronic ground state.
1 I In addition, taking into account all vibrational modes, we
calculated at the RHF level the suemof the zero-point en-
ergies for all the other vibrational modgkl,23. The spin-
orbit coupling was neglected in the calculation effor n
FIG. 2. Theoretical emission spectra from the vibrational levels=3—7, because it is substantially decoupled as mentioned
of Rb* He. above. Then we approximated the emission spectrum as

Emission Intensity (arb. units)

L L L L
11000 11500 12000 12500 13000
Wave Number (cm'1)
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FIG. 4. Theoretical emission spectrum of e, (n=2-7)
calculated for the transition from the vibrational ground state. For
n=2, initial electronic state is indicated in parentheses.

Monochromator/

I'(v—e¢), that is, the functionl’(v) was shifted toward
larger wave number by the amount ef The calculated
emission spectra are shown in Fig. 4, where we see that th
emission spectrum exhibits a redshift, broadening, and a de Photon
crease in the integrated intensity, ragcreases. The redshift PMT f—> counter
is mainly due to the increase in the repulsive energy of the
ground state. The broadening is attributed to the increase ifP)

Spectrometer CCD

the slope of the repulsive wall of the ground-state potential. ""E10 : : : :

The emission intensity becomes weak as the transition en  _©

ergy v is decreased, because the radiative transition rate it "o 81 i

proportional tov 3. < 6l I
We show in Fig. 3 the potential enerdy, at the bottom B

of the potential well and the enerdy, of the vibrational & 4] I

ground state, for each exciplex. The valig—E;, corre- ?,,

sponds to the total zero-point energy. Let us consider hert 8 21 -

the maximum number of sticking He atonms,,,,. We con- o

sider that the numbar,,, is the maximum value of satis- 01 5 14 16 18 50 50

fying the relationAE,=E,_;—E,>0. The energy differ- ' ' TTK) ' '

ences are obtained asE,=99.5 cmi !, AEg=85.8 cm !,

AEg=43.9 cm!, and AE,=—38.7 cnm . Therefore, it is FIG. 5. (a) Experimental setugb) He gas density in the cell as

suggested from this theoretical consideration that the numbé function ofT.

Nmay IS 6.

vapor at a density of 19-10° cm™2. Details of our cryostat
system and the procedure of preparing the cell have been
reported alreadj24]. In the present work, we did not use the
The experimental setup is illustrated in Figap A Pyrex  light-induced atom desorption method reported in RR24,
glass cell(cubic: 2x2x 2 cn?) containing a small amount since it is not effective in producing alkali-metal vapors at
of Rb metal was mounted in a pumped liquid He cryostatT>T..
with optical glass windows. The cell was filled with 730 torr  The Rb atoms produced in this way were excited with a
“He gas at the liquid Ntemperaturé77 K) and was sealed. diode laser through either thd, transition (5°S;,
The cell temperatur@ was varied from about 1.3 K to room —52P5,, 12820 cm?) or the D, transition (5°S;,
temperature, and it was monitored with a calibrated sensor+52P;j,, 12582 cm!). The typical intensity of the diode
placed near the cell. The He gas density in the cell is conlaser beam was 0.2 W/cnin front of the cell. The fluores-
stant (9<10*° cm %) above the condensation temperaturecence introduced to a monochromator was detected with an
T.=1.9 K, whereas it decreasesBfalls belowT,, follow- infrared-sensitive photomultiplier tub@MT) (Hamamatsu,
ing the saturated vapor pressure of [dee Fig. #0)]. Gas- R5509-7) and a photon counter. The PMT has sufficient
eous Rb atoms in the cryogenic cell were produced with theensitivity in the wave number range down to about
laser ablation method, in which the second harmonic of %000 cm . The spectral resolution of our monochromator-
Q-switched Nd:YLiF, (YLF) laser(wavelength 523 nm, rep- PMT system was=150 cm 1. To obtain higher resolution
etition rate 1 kHz, and pulse energy 100) was focused on for the spectral range down to about 10 000 ¢mwe intro-
a small area of the cell wall covered with a thin film or small duced the fluorescence to a spectrometer and detected with a
particles of Rb. Within a few seconds, we obtained a Rbcharge-coupled-devic€CCD) (Princeton instruments, LN/

IIl. EXPERIMENTAL SETUP AND PROCEDURE
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= (a) D, excitation (b) D, excitation
= fedcb a fedcb a
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FIG. 6. Emission spectrum of Rbie, _ in liquid He. £ /ﬂw"/\jj < Mw%*/\j
2] A~PK ST 2 N
CCD-1100PF. This spectrometer-CCD system measures a § et : f\J - E’F""".‘:\‘“"‘/\JL
: _ 5 . gl JNIE 201 e A
wide-ranging spectrum=2000 cm ) at once, without the £~ AWM E e AL
influence of fluctuation of the Rb vapor density. Therefore, § 122K Y \J & 2_’_245',/*”\—%
we could obtain a better signal to noise ratio with higher 3 55 K P \\] [ 255K e \'J‘_‘
resolution of about 20 cit, than in the case of the 5 e \J' g .....;“’/ \‘L-
monochromator-PMT system. The detection systems have 26K "N T PBK i |
been calibrated with a commercial standard lamp. All the 28 K //"/ \\J 28K | | /N
measured spectra have been normalized by the emission in- oK J \] oK ¥, 1T
tensity integrated over the measured spectral range. - : 1 A
In this paper, we also present an emission spectrum of 100K: ¢ /J J00K: ¢ ﬂ -
Rb*He, in liquid He observed in an infrared region. The 6000 8000 1000012000 6000 8000 1000012000
experimental setup for the observation of this spectrum was Wave Number (cm™) Wave Number (cm™)

almost the same as that of RE25]. Rb metal immersed in

superfluid liquid He at the temperature of 1.88 K was ablated FIG. 7. Emission spectra observed in the cases oDthexci-

with the YLF pulse laser. Rb atoms isolated in liquid He tation (a) and D, excitation(b) at different temperatures. Vertical
were excited by a cw Ti:AlO; laser beam tuned to th®, dott_e_d lines labeled as a—f indicate experimentally obtained peak
line (wave number 13072 cit). With a dark period of Positions of spectral components fﬂrmﬁn (n=1-6). They are

50 us for thermalization after each ablation pulse, the fluo-/0¢ated at 11820 crt, 10810 cm , 9949 cm~, 9105 cm
rescence from RiHe, was detected with the PMT and the 8065 €M ", and 7300 cm*, respectivelysee Sec. IV B

photon counting system.

firmed this by measuring better resolved spectra with the
spectrometer-CCD system. We found in this measurement
that the former had a peak at 11 820 chand the FWHM of

A. Overview of experimental results 610 cm ! and the latter 10810 crit and 670 cm't, respec-

At first, we show the emission spectrum of Rie, in tively. o . 19 3
liquid He in Fig. 6. In addition to this infrared emission, the ~ He gas density in the cell is constant{90~" cm" ) in
D, emission line of Rb is observed at about 12600 ci  the temperature range=2 K shown in Figs. %) and 7b).
in liquid He [25]. This broadband infrared spectral compo- Nevertheless, the emission spectra observed are strongly de-
nent peaks at about 7100 chand has a full width at half Pendent onT. In Fig. 7(b) showing the result of thé;
maximum (FWHM) of about 1230 cm?®. This is the emis- €xcitation, no spectral components except fhe emission
sion spectrum from the terminal exciplex ﬂbenmax_ Itis line can be observed at<5 K, but broad components of

important to note that there is no other spectral componerfRP" He, appear ad rises above 5 K. This is different from
between this broadband component and B emission the D, excitation case, in which broad components can be
line. seen even at<5 K. Apart from this difference, the broad
The emission spectra of Rblg, observed in cryogenic emission spectra in both cases of g andD; excitations
gaseous He are shown in Figga7and 7b) in the cases of are dependent of in the same manner.
the D, andD, excitation, respectively. They were observed (1) The ratio of the integrated intensity of the emission
with the monochromator-PMT system. The observed spectriom RB* He, to the total emission intensity has a maximum
consist of several broad spectral components in addition tof about 50% ail ~25 K. The ratio decreases with increas-
the sharpD lines of Rb. These components are assigned tang T above 25 K, and at 100 K it is about 6%.
the emission from RbHe,, as described in detail in Sec. (2) At T=10 K, the spectra consist mainly of the compo-
IV B. With respect to the peak positions or widths of the nents at 11820 cm', 10810 cm?!, and 7300 cm'. As T
components, difference cannot be seen between the spectrreases above 10 K, the broad spectrum at 7300'cm
for the D, andD, excitations. Particularly for the two com- seems to shift toward larger wave number, until it merges
ponents at about 11800 ¢rh and 10800 cm?, we con- into the component at 11820 crhat T~40 K.

IV. RESULTS AND DISCUSSION
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I 1 s & o the A [1,, state is that it was observed in both cases of the
i D, and D, excitations. This discussion is based on the fact

that in the case of th®, excitation, theD, emission line

was not observed at T<40K, implying that

Rb* He(A 2I15,) was not produced by collisional excitation

of fine-structure transition. The assignment is supported by a

good agreement between the wave number at peak and

FWHM of the observed component and those of the calcu-

lated spectrum from tha 21,0 =0 state; 11 880 cm' and

453cm !, respectively(see Fig. 2

The spectra observed ai<2.1 K shown in Fig. 8 are
considered to be superpositions of several components from
the vibrational levels of RbHe (see Fig. 2 The He gas
density dependence can be understood as a change in the
population distribution over the vibrational levels, as de-
3 scribed in detail in Sec. IV E. At a low value of the He gas

- density (T=<1.7 K), we observed an emission spectrum in

i the wave number region between tbg and theD; lines
i (mainly on the red wing of th®, line). This emission origi-

L | nates from the high vibrational levels £2) of the A2I1,,

' 5 state. As the He gas density increased, the spectrum at
11820 cm ! originating from theA ?I1,,,0 =0 state became
LT dominant.

Among the components from the vibrational levels of
Rb*He, the component from thé 2I1,,v=0 state was
dominant also aT=2 K. It is natural to think that emission

FIG. 8. Emission spectra observed in the case ofthexcita-  from Rb*He, (n=2) also has its origin mainly in the vibra-
tion (solid lineg. The dotted lines show the best-fitted curves, tional ground state &t=2 K. Our assignment in the follow-
which are composed of tH2, and D lines of Rb and the theoret- ing is based on this approximation. Thus, we compare the
ical emission spectra from the vibrational levels of'Rte shown in  peak position of the observed spectral component, shown in
Fig. 2. Figs. 7a) and 7b), with that of theoretical spectrum from

the vibrational ground state of Rble, (n=2), shown in

Figure 8 shows emission spectra measuretia@.1 Kin  Fig. 4.
the case of th®, excitation. These were measured with the ~ The component at 10 810 crhis assigned to RiHe, by
spectrometer-CCD system. The observed spectra have strugsmparison of the experimental and theoretical peak posi-
ture resulting from the vibrational levels of RHe, as de- tions. This component was observed also in both cases of the
scribed in Secs. IVB and IV E. Similar emission spectraD, andD; excitations, and thus is assigned to the emission
were observed after thB, excitation of Rb atoms on He from the A?Ily, state, based on the same discussion as
droplets[6]. The spectral profile shown in Fig. 8 is strongly above.
dependent o, especially afT<T. (=1.9 K), where the Another component at about 10 000 thy which is iden-

He gas density in the cell drastically changes withas tified only at around 25 K, is assigned toRtbe;. Difference
shown in Fig. %b). To distinguish the He gas density depen-between the observed and theoretical wave numbers at peak,
dence from the temperature dependence, we measured emliiwwever, is larger than in the casesrof 1,2.

sion spectra using another cell for whigh=1.7 K. The The other clearly identified is a component at 7300 ¢ém
observed spectra were nearly the same as the spectra shoamd with FWHM of about 1400 cm', which is seen af

in Fig. 8 atT=1.7 K, but were approximately independent <10 K. This component agrees well with the spectrum ob-
of T for 1.7 K<T<2.1 K. Thus, it is concluded that the served in liquid He shown in Fig. 6. Therefore, the compo-
temperature dependenceTlat T, is caused by the change of nent is the emission from RlHenmaX.

Emission Intensity (arb. units)

-~ ————————————
11000 11500 12000 12500 13000
Wave Number (cm™)

the He gas density. The broad spectra with a peak in the wave number region
from 7300 cm! to 10000 cm'!, which were observed at
B. Assignment of the observed spectra 10 K<T<25 K, are superpositions of several components.

We start with the component at 11820 th(FWHM The observed peak shift witli is due to a change in the

=610 cni 1), which is seen over a wide temperature rangerelative intensities of the components. Since FWHM of each

[see Figs. ) and 7b)]. This component is assigned to the comp(inent is estimated to be, at most, 1400b|(mh¢ value
emission from theA 2[1,,u =0 state of RBHe. As already [0f RP*Hé, ), atleast two components are required to ex-
mentioned in Sec. I, there are two attractive electronic stateist between the spectra of RHe; and R He, _ to explain
A2I15, andA ?I1,,, for Rb* He (and also for RBHe,). The  the smooth peak shift. The difference spectrum between at
reason why the component is assigned to the emission fro6 K and 28 K indicates the existence of a component at
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(a) D, excitation (b) D, excitation
> 1.0 - . 1.0
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FIG. 9. Example of the fitting result. The solid line shows the . } 88 - et
spectrum observed at 19 K in the case of e excitation. The = ' - ' ] ﬁ: "
atomicD lines, which were not considered in the fitting, have been Z00 i 0.0 !

c

removed from the spectrum. The best-fitted cuid@shed lingcon- Z Ve
sists of the six components for RHe, (n=1-6) (dotted line$.

-~ n=4
F =0.21 fk L
0.0 =t 1

The three components far=3-5 are Gaussian functions deter- 0.41 PR

mined by the fitting, and the other three fo=1,2,6 are experi- P

mentally determined profiles which were used in the fitting. 0.0 2k et o
0.5 1’1

about 9000 cm?, in the red tail of the RbHe; component. |

The same component can be seen in the difference spectrum

between at 17 K and 19 K. Similarly, the existence of a A S i

component at about 8100 crhis indicated by comparing T(K) T(K)
the spectrum at 14 K21 K) with that at 10 K(22 K). We do

not consider that there exists another component besides the
two components, for the following reasons:

FIG. 10. Populations as functions @fin the cases of th®,
XC|tat|on(a) andD; excitation(b). TheN,, (n=1-6) is the rela-

e population of RBHe,, and Npg» and Npy, are those of

b (1) If Wﬁ assume th?thl:e ab%\/%éw: compﬁnents eX'St%b(S 2p,;,) and Rb(5°Py), respectlvely TheN,, has been nor-
etween the spectra o & an Cmax the wave malized by the total populatioNg(=X5 n—1Np) of Rb*He, .

number interval between neighboring spectral peaks be-

comes nearly equal. This agrees with a theoretical result that = .
the interval of the peak positions is approximately equal forC)tl)t"’Ilned wave numbers at center and FWHMs are

differentn as far am<n, (= 6) 9949 cm! and 836 cm! for n=3; 9105 cm?! and
—~''ma : 1 - =1 =1
(2) The theoretical suggestion that,,,=6 indicates the 1278 cm~ for n=4; and 8065 cm™ and 1398 cm™ for

existence of two components. n=5. ) . .
(3) It is probable that the wave number at peak of the The discrepancy between the experimental and theoretical

theoretical spectrum of Ritle, deviates toward red from Wave numbers at peak becomes largen ascreases from 1
to 6. We consider that this is due to the accumulation of error
the observed, as seen for the component of Hla. To

o ; > o . in the theoretical calculation with the increasenof
minimize this deviation, the conditiam,,,,=6 gives the best

result.

Thus, we finally conclude that the components at C. Temperature dependence
9000 cm!, 8100 cm't, and 7300 cm? are from RB Hey, The T dependence of the observed spectra shown in Figs.
Rb*Hes, and R Heg(ny,.=6), respectively. 7(a) and Tb) is understood as th€ dependence of relative

In order to know the peak position and width of eachpopulations of RbHe, (n=1-6). We will write the relative
component of spectra, we fitted to the observed spectra sypopulations of RbHe, as N,, (n=1-6), and those of
perpositions of six spectral components: three GaussiaRb(52P,) and Rb(5P;,) as Nps, and Npy,. We esti-
curves fon=3-5 and three experimentally determined pro-mated these populations from the relative intensities of the
files forn=1,2,6. Forn=1, the profile observed at 50 K six spectral components determined by the fitting and of the
was used. The profile fan=2 was obtained by subtracting atomic D lines, taking into account the ® dependence of
the spectrum at 50 K from that & K in the case of theD,  radiative decay rate. With respect to the radiative decay rate
excitation. Fom=6, the profile &5 K for the D, excitation A, of Rb*He, (n=1-6), the electric dipole transition mo-
was used. The fitting parameters were the wave numbers atent of Rb-Hg was assumed to be equal to that of the Rb
center and FWHMs of the three Gaussian functions, and thg 2P-5 2S transition.
relative intensities of the six components=1—6) of each Figures 10a) and 1@b) show the obtained relative popu-
spectrum. Figure 9 shows an example of the best-fittethtions as functions off, in the cases of th®, and D,
curve, together with the resulting three Gaussian curves foexcitations, respectively. Note that each populathidn (n
n=3-5 and the profiles fan=1,2,6 used in the fitting. The =1-6) is normalized by the total population of exciplexes,
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Ne=39_;N,. In the case of thd, excitation,Ng has a through RBHe, so that the decrease in the formation of
maximum of about 0.7 around 15 K. On the other hand, inRb* He leads to the decrease NE .
the case of thd, excitation,Ng increases from zero ab Next, we will discuss the experimental fact that the popu-
rises above 5 K, and has a maximum of about 0.65 around 2htions of n=3-5 are negligibly small af<10 K. This
K. As T increases aboye 21 K, it falls in the same way as inpdicates that the formation raté,, Rs, andRg are much
the case of theD, excitation. In the temperature rande  |arger thanRs, R,, andR;. To understand this difference in
>5 K where the emission from Rible, could be observed  iq tormation rate, let us discuss in the following the forma-
in both cases of th®, andD, excitations, temperature de- tion process RbHe, ,+He—Rb*He, (n=2-6) in terms
pendence of the ratio, /Ng (n=1-6) is about the same ¢ ¢ potential energy of the system Ribe,_;-He. The
for E:O:.h cases.tThls_ls bec;ll;se, evgn mdthe tcr?;ezﬁDHﬂe interaction between Rb and He is expressed mainly by the
exciiation, mos (qumers € produced in 32 yan der Waals attraction and the repulsion due to the Pauli
state relax to thé “I1,,, before emitting fluorescence or pro- : S

exclusion principle. A He atom can approach the Rb core

ducing RB He, (at T=2 K), and hence there is no differ- ; o
ence in the successive formation process from the case of tﬁgrough the region wherg the Rt.) valence elect.ron_ density is
- small. This simple description gives us a qualitative under-
D, excitation. . . :
standing of the formation process, as described below.

At T<10 K, the populations oh=1,2,6 are dominant, o
and the populations ofi=3-5 are negligibly small. The L€t us begin with the process RHe+He—Rb"He,. For

ratio Ng/Ng greatly increases with increasifigabove 2 K,  Poth stateg\ ?I11, andA 2H3/% of Rb*He, the wave function
until it becomes about 0.7 at around 10 K. This high ratio®f the RE valence electron is well expressed by the spheri-
indicates the accumulation of the population of the terminacal harmonicsy 7%, where the quantization axis is taken to
exciplex RB He, _ (Nmax=6). AsT increases above 10 K, the molecular axis of RfHe. Its density distribution has an
the populations oh=5,4, and 3 begin to increase in this “applelike” shape. Therefore, it is possible for the second He
order, and the population shifts gradually fram=6 to n  atom to approach the Rb core without going over a potential
=1. This corresponds to the observed peak shift of the broaBarrier, as long as it comes to the other side of the first He

spectrum. Wher rises above 40 KN;(~Ng) decreases atom.
rapidly. When the third He atom approaches the Rb core, the situ-

We estimate here rate coefficieRt, for the formation ation is different from the case of the second He, because
process RbHe,_;— Rb*He,, by substituting the obtained two potential minima are already occupied by the two He
values of the relative populations into rate equations imatoms. Therefore, we consider that the third He atom has to
steady state. We consider a temperature rang€=s15 K go over a potential barrier in order to stick to the Rb core. To
and assume that the dissociation processes'Heb obtain a quantitative estimation of the barrier, we calculated
—Rb*He,_; (n=1-3) are negligible in this temperature potential-energy surface for the system *Rie,-He. It
range. Then, the rate coefficients for=1-3 can be ex- should be mentioned that the barrier becomes higher as the

pressed as fine-structure splittingd becomes larger. As mentioned in
6 the introduction, we are thus interested in comparing the re-
S NA, sult with the potential surface for Ckle,-He, which is pre-
k=n sented in Sec. IV F.
Re="N, . 1) In the calculation, we fixed the Rbat (y,z)=(0,0) and

the two He atoms of RiHe, at equilibrium positions (0,

whereN, (for n=1) corresponds to the population of the *To) (ro=3.24 A). The third He atom was located on the
Rb-52P states. Thd\, for the D, excitation case is given by Y-z plane, and we will express its position ass{n 6,r cos®).
Npa, Within the temperature range<5 K where the for- As in Sec. Il,ab initio potential energies of the excited states
mation of RB He, from Rb(5%P,,) is negligible. Thus, ob- were calculated at the RHF levgll], and the spin-orbit
tained values ard®};~8x107 s !, R,~1x107 s %, and interaction was taken into account.
Ry~4x107 57!, at 5 K. We see that these values are com- Figure 11a) shows a contour map of the obtained
parable to radiative decay rates, as expecf€he radiative ~ potential-energy surface of the lowest excited state in the
rate for the atomi®, transition is 3.% 107 s~ [21].) Itis  region of 0 °<#<90°. As expected, we see that the third He
noted also that a3 increases frm 2 K to about 13 K,Rs atom has to go over a potential barrier before entering a
greaﬂy increases from aboum07 S_l to 3X 108 S_l. pOtential well in the region af%ro and9=45°. The saddle
point is located at=4.9 A and#=38°, and the energy of
the point(maximum energy along the minimum energy path
for the formation is 20.5 cm ! above the dissociation limit
First, let us consider the decreaseNy for the D; exci-  Rb*He, (A%I1,,) + He. As already mentioned, the forma-
tation with decreasin@ below 21 K. This decrease is ex- tion rate R; greatly increases a§ increases frm 2 K to
plained by the existence of the potential barrier (26.5 &m about 13 K. The existence of the barrier may be the reason
in the A?[1,,, state of RBHe. Due to the existence of the for this. The potential well has a minimum iat3.24 A and
barrier, the formation of RiHe decreases with the decrease =65 ° with a depth of 114.4 cm' below the saddle point.
of T. Larger exciplexes RiHe, (n=2-6) are produced There exist several bound states in this potential well.

D. Dynamics of the exciplex formation
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(@) sponding to the classical turning point/ He-Rb-He
8 : : : : : : : =169 °), we calculated the potential surface for the third He
atom on they-z plane. The result is shown in Fig. (H). The
energy of the saddle point is lowered to 3.4 cnbelow the
dissociation limit RbHe, (bendedl +He. The cross section
for the formation of RBbHe; might, however, be small even
in this extreme case, due to the narrow channel in the vicin-
ity of the saddle point.

Now let us consider the reason wRy;, Rs, andRg are
larger than R;, comparing the formation processes of
Rb*He; and R He, (n=4-6). A significant difference be-
tweenn=3 andn=4-6 is the density distribution of the Rb
valence electron of the preceding exciplexes*Ré, and
Rb*He, (n=3-5). As already mentioned in Sec. ll, the
density distribution for RbHe, (n=3-5) is well expressed
by that of thep, orbital, under the condition that the He
atoms are located on thez plane and on a circle with the
center at the position of Rb. The “dumbbell-like” density
distribution presents around its neck a potential well for He
atoms. According to the pair potential of Ritle calculated
in Sec. I, the depth of the potential minimum for tipg
orbital is 176.8 crm!. Even at low temperatures, He atoms
are energetically allowed to approach this potential well
through the nodaly-z plane of thep, orbital. This is in
contrast to the formation of RliHe; described above. The
rearrangement of He atoms would proceed more easily than
in the case of the formation of Rble;, because He atoms in
the potential well can move along the circle more freely than
those in the depressions of the applelike density distribution
for Rb*He,. Furthermore, the number of vibrational modes
of the preceding exciplex Rlile,_; increases with increas-
ing n. This is favorable for the efficient release of the trans-
lation and binding energies between*Rte,_; and He, dur-
ing the formation process of Rbie, .

Finally, let us consider the experimental fact that the
population shifts frorm=6 ton=1, asT increases from 10

FIG. 11. Potential-energy surfaces calculated for the systeniK to about 40 K. In this temperature range, the thermal en-
Rb*He,-He. The R was fixed at ¥,z)=(0,0) for both(a) and  ergy is of the same order of magnitude as the energy differ-
(b). The two He atoms of RiHe, were fixed at (0+3.24) in the  enceAE, (see Sec. )| which gives the energy required to
case of(a), and at (0;-3.24) and (-3.24sin11°, 3.24cos 11°) in  dissociate a He atom of Rble, from the Rb core. As a
the case ofb) (all in units of A). The energy is in units of cit and  result, the rate for collision-induced dissociation process
the zero of enelr_gyli% at ?aCThh dissockiation Iim(ijt*lRleerrl;le. T::e Rb* He, + He— Rb* He,_, + He+ He rises ad increases. In
contour interval is cm. The marks “+” and “ X" show the it ; *
positions of saddle point and potential minimum, respectively. Tglgf Ellenthlelrsatv?/itfr? rt;f;ei:lg:lglgg)glp rgce:iZisﬂé%h_el—I’(—irlj;ic

energy of translation between RHe,_; and He can be used

Up to now we have fixed the two He atoms of'Rte, at  to dissociate any one of thre— 1 He atoms from the Rb core.
their equilibrium positions. During the formation process of Such a temperature dependence of the dissociation and for-
Rb* He;, however, they can move in the depressions of themation rates explains the fact that the population shifts from
applelike density distribution of the Rb valence electron. Ton to n—1 with increasingT. This discussion applies also to
estimate this effect on the potential barrier, we considered ththe case ofi=1: the calculated binding energy of Ride
vibration in R He,. The most important vibrational mode (see Table), which corresponds to the enerd¥,, explains
for lowering the potential barrier is the bending vibration, the decrease dfl; with increasingl above 40 K. We believe
and the one in thg-z plane under the present configuration that R He; should hardly be populated, even whé&rin-
of the atoms. We took into account only its zero-point vibra-creases from about 10 K and the thermal energy becomes
tion, because the energy needed to excite the vibratiorgomparable to- AE; (see Fig. 3. Under this situation, the
Ae,=34.5 cm'!, is large compared with the thermal energy thermal energy becomes also comparabld Ey, which re-
at T=30 K. Setting the bending angle to the value corre-sults in the decrease ®g. As a result, the production of
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ambiguity. Therefore, only the total population of tAéll,,
state is shown in Fig. 13). We see that, as the He gas
density increases]) the population of Rb(5P,,,) increases
relatively to that of Rb(3P3,), (2) the total population of
Rb* He increases relatively to that of the RIS states,(3)
the total population of RbHe(A %I1,,,) increases relatively
to that of R He (A°Il5,), and(4) the population of the
A%l v=0 state increases relatively to that of the
A2I1,v=1. All of these are explained by the increase in
the rates of collision-induced relaxation processes, which are
shown by arrows in Fig. 1®).

The fact that population is distributed over various states
indicates that the relaxation rates are comparable to the ra-
diative decay rate. We estimated the rate coefficients for the
following three processes, for the fine-structure relaxation
) of Rb (52Pg,—52P,,); B, for the formation of RbHe

RbHe B _Rb(5P,) + He [Rb(5%P3);) + He— Rb* He(A 2H32/2)]; and b2 for the fine-
— - structure relaxation of RiHe (A “115,—A“Il,),) [see Fig.

He Gas Density (10" cm®)
5

o
[e)]
1

Relative Population
o
5

AT "fs = " 12(b)]. We considered the total populations of the states
e — \ A2ll5, and A2I1,,, respectively, neglecting vibrational
yl Rb(5 °P,,) + Hey structures. We substituted the values of the relative popula-
2 v=1 ) tions into rate equations in steady state obtained under the
AL, :E following assumptions.

v=0
(1) Rb*He (A2I1,,) is not produced directly from
FIG. 12. (a) Relative populations of the vibrational levels of Rb(52P3/2)+He, but produced through Rble (A 21]3/2).
Rb*He and the BP states of Rb, in the case of til, excitation.  This assumption is derived from the experimental fact that
As for the A 214, state of RBHe, the total population of the four the total population of RbHe (A 2I1,,,) is negligibly small,
vibrational levels (Bsv<3) is shown.(b) Relaxation processes in jn spite of the large population of RbfP;,) at T<1.4 K.
the excited states after tii®, excitation of Rb. With respect to the (2) Formation of RBHe, (n=2-6) from RB He is neg-
three processes labeled by 8, andy, the rate coefficients were |igible. This is based on the fact that with respect to the
estimatedsee text spectrum at 2 K in Fig. (&), the integrated intensity of emis-
, . . ) sion from R He, (n=2-6) is less than 4% of the total
Rb*He; is also suppressed, since Rie; is created via gmjssion intensity.
Rb* Heg. (3) Any collisional excitation process is negligible in the
temperature rangé<2.1 K.
E. He gas density dependence We took into account also the experimental fact that
Rb(52P,;,) did not produce RbHe atT<5 K. Finally we
obtaineda=<6.9A, 4.4A<B=<11A, and y=~1.9A at 1.80 K,
whereA (=3.7x107 s 1) is the radiative decay rate for the
Rb D, transition.
The fine-structure changing process in cold and dense He
s not been well investigated so far. Gallagher investigated
the cross sections for the fine-structure changing of an alkali-
Thetal atom #P4,—2P,,) due to the binary collisions with a
rare-gas atom at the temperature higher than a room tempera-
ture [26]. The extrapolation of his results to a low tempera-
Rure suggests that should be several orders of magnitude
smaller thanA when only the binary collisions are consid-
ered. Namely, the population ratio of Rb{B;,) to
b(52Pg,) obtained in our experiment is much larger than
at expected from above extrapolation. This discrepancy

X X may suggest that there exists indirect fine-structure changin
spectral resolution of the detection system20 cmi 1), and y sugg ging

hence it was impossible to distinguish each spectrum frongrocess through formation and dissociation of"Rle, oc-
. ) . rring only at a low temperature in high density He. The
the D, line. The best-fitted curves are shown by dotted Imes%u ing onty W perature In hig vy

As already mentioned, in the case of thg excitation,
the temperature dependence of the spectra dfHebat T
<T. (=1.9 K) (see Fig. 8is caused mainly by a change of
the He gas densitjsee Fig. ®)]. The He gas density de-
pendence of the spectra is due to a change in the populaticm,i
distribution over the vibrational levels of Rble. In order to
obtain the populations, we fitted to each spectrum a superp
sition of the atomicD, and D, lines and the theoretical
emission spectra from the vibrational states of Rb shown
in Fig. 2. The fitting parameters were the relative population
of the 5%Pg, and 5°P,,, states of Rb and those of the vi-
brational states of RtHe. The statesA?ll; v =45 of
Rb*He were not taken into consideration: the wave numbe
difference between the main peak of each theoretical spegp,
trum and the center of th®, line was smaller than the

in Fig. 8, where we see that they are in good agreement wit ate coefficienty may als_o be incr_easeq t_)y the similar pro-
" ess through the formation and dissociation of Rb,.
the observed spectra.

Figure 12a) shows the obtained relative populations. As
for the A ?Il5, state of RBHe, the intensity of the spectral
component from each vibrational level is weak, so that the Let us compare the results of the present work and our
relative population of each level is smak.07) and has previous experiment with Cs, which was recently reported

F. Differences between Rb and Cs
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ered to 7.6 cm! above the dissociation limit G#le,
(bended+He. Nevertheless, there still does not exist a vi-
brational state in the well. We consider that the absence of
the vibrational state prevents the formation of@s;. As
already mentioned, the potential well has several bound
states in the case of Rb. This difference explains well why
Nmax=2 for Cs, whilen,,,>>2 for Rb.

Second, in the case of thH2; excitation, the integrated
intensity of emission from RiHe, (n=1-6) accounted for
about 50% of the total emission intensity a@t=25 K,
whereas the emission from Qde, (n=1,2) was only about
1% at maximum. This is because the potential barrier in the
A2Il,, state of C§He (75.2 cm!) [9] is higher than that
of Rb*He (26.5 cm1), due to the larger splitting.

A similar effect of the potential barrier in th&2I1,,, state
was indicated by experiments with He dropl¢®8]. With
respect to théd, excitation of alkali atoms on He droplets,
the photoinduced desorption of*Kle took place more

n%Iowly than that of NaHe [28], and emission from RiHe
was not observefb]. These were explained by the existence

FIG. 13. Potential-energy surface calculated for the syste
Cs*He,-He. The C% atom was fixed aty,z)=(0,0) and the two
He atoms of CsHe, were fixed at (0=3.5), in units of A. The

. - . . . 2
energy is in units of cm® and the zero of energy is at the disso- of Ii.s'rﬂ”ar pOtem'al bgrr;‘er IR tha, ll_ll/z state. ffici
ciation limit Cg He, (A 2H1,2)+He. The contour interval is nally, we estimated the three relaxation rate coefficients

10 cni L. The marks “+" and * X" show the positions of saddle @ B, @ndy in the case of Cs, using the same method as
point and potential minimum, respectively. described in Sec. IV E. Tha [l =0 state of C&He is a
quasibound state, so we took into consideration also the pre-
, , , _dissociation process €ble (AZ2Il,,)—Cs(6%P,,,)+He
[9]. The Cs cell used in the previous experiment contalngtﬁg], which was not considered in the case of Rb. From the

about the same amount of He as the present work. The iMgmission spectrum observed at 1.81 K for B excitation
portant point to understand the difference between the resulty < \we obtained a<2.0A’. 16A’ <B=18A’, and

for Rb and Cs is that the fine-structure splitting of theo.58A’5ys0.76A’ where A’ (=3.7x107 s 1) is the ra-
Cs-62P states A =554.0 cm ) is larger than that of the diative decay rate for the C®, transition (6°Ps,

Rb'S.ZP ;tates 0=237.6 cm ). , —62S,,,) [21]. The rate coefficient for the fine-structure
First, it has been found tha,q, is 6 for Rb an 21or CS.  yelaxation of CsHe is less than half of that of Rible. This

To compare the formation processes of “Rle; and g qyajitatively consistent with a prediction derived from the

Cs*He;, numerical calculation of the* potential-energy sur-ggiapaticity parametd9], which tells us that the probabil-

face was carried out for the system*E€&®,-He. As in the i ot nonadiabatic transition decreases with an increase in

calculation for REHe,-He (see Sec. IV D, we fixed the CS 0 ransition energgroughly expressed by in the present
at (y,z)=(0,0) and the two He atoms of Cide, at equilib- case.

rium positions (0£ry) (ro=3.5 A). We calculated the po-
tential energy of the system by summing over all pair inter-
actions, and took into account the spin-orbit interaction of

the Cs-6°P states. We used potential energies calculated by We have reported on the emission spectra of iRé, ob-
Pascalg10] for the C& -He interactions, and the analytical served when Rb atoms were excited to th&P5states in a
Hartree-Fock-dispersion individual-damping form of the paircryogenic*He gas. By observing the spectra at various tem-
potential of Aziz and Slamal27] for the He-He interactions. peratures T<100 K) and with the help cb initio potential
Figure 13 shows the potential-energy surface obtained for thealculation, we have assigned the spectra of all of IR,
lowest excited state. Due to the larger splittihgthe poten-  (n=1-6). We have found that the emission spectrum of the
tial barrier is higher than that for Rile,-He. The saddle exciplex in liquid He agrees with that of Rbleg, and this is
point is located at =4.5 A and#=37°, and the energy of consistent with our theoretical result that the vibrational
the point is 33.1 cm' above the dissociation limit €#le,  ground state of RbHe; has the lowest-energy level among
(A?I1,,)+He. The larger value of the splitting results in all n.

also the narrower and shallower potential well which has a From the spectral profiles, the relative population for each
minimum at r=3.5A and §=46° with a depth of n and the exciplex formation rate coefficierk, for
22.4 cm'! below the saddle point. It should be noted thatRb*He,_, +He— Rb* He, have been estimated. Especially,
there exists no vibrational state in this well. As in Sec. IV D,we have paid attention to the process of *Rie,+He

we considered the bending vibration in “G#, (A€, —Rb*He;, sinceR; depends strongly on the temperature
=26.2 cm' 1), setting the bending angle to the value of thebetween 2 K and 13 K. We have calculated the potential-
classical turning point for the zero-point vibration energy surface for the system R#e,-He, and have found
(£ He-Cs-He=167 °). The energy of the saddle point is low- that the strong temperature dependenc&gfs considered

V. CONCLUSION
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to be due to a potential barrier in this formation processmetal atom becomes smaller, the fine-structure splithinf
which originates from the spin-orbit coupling. By perform- the firstP states becomes smaller, and thus its contribution to
ing similar calculation for the system Tde,-He which has the potential energy becomes smaller. Therefore, experi-
a larger spin-orbit coupling strength, we have found thaiments with K A=57.7 cm—l) and Na A=17.2 Cm—l),
there is no bound state under the assumption that the bendipgyy underway in our laboratory, will help to understand fur-

angle of CsHe, is within the range of the zero-point bend- ther the effects of the spin-orbit interaction.
ing vibration. This can explain well the experimental fact

that C$ He; is not produced9].

At T<T.(=1.9 K), where the He gas density in the cell
varies, we observed also vibrational structure in the emission
spectra of RbHe, which was strongly dependent on the He  We are grateful to T. Matsuura, S. Wada, and A.
gas density. We have obtained the population for the vibraHatakeyama for their contribution to the early stage of this
tional states of the 2I1,,, andA °I1, states, and estimated work. We thank R. J. Le Roy and G. T. Kraemer for provid-
the rate coefficient for the fine-structure changing process dhg us the prograrBcoNT 2.0used in the calculation of emis-
Rb*He. This rate coefficient has also been estimated fosion spectra. We thank also the Research Center for Compu-
Cs‘He. tational Science, Okazaki National Research Institutes for

Through a comparison with our previous work with Csthe use of a Fujitsu VPP5000 computer and &ie initio
[9], it has become clear that the spin-orbit interaction playgprogrammoLrPro. This work was supported by Grant-in-Aid
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