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Ultraviolet spectra of Mg in liquid helium
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Abstract. Emission and absorption spectra of Mg atoms implanted in liquid helium have been observed in
the ultraviolet region. We have presented a model of exciplex formation of Mg—He;o and found that this
model is more suitable for understanding the dynamics in the 3s3p ! P — 35215 transition than the bubble

model.
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of clusters — 67.40.Yv Impurities and other defects

In the past decade, spectroscopic studies on foreign atoms
in liquid helium have greatly been developed. This is
mainly because of the interest in static and dynamical be-
haviors of the foreign atom itself, but it is also attractive
that those studies are expected to give us useful informa-
tion on the physical property of superfluid helium [1].

A foreign atom in liquid helium usually resides in a
bubble-like cavity formed by Pauli’s repulsive force be-
tween electrons in the foreign atom and in helium atoms.
Large blue shift and broad linewidth in absorption spectra
and small shift and narrow linewidth in emission spectra
are characteristic properties of the foreign atom confined
in a bubble, and these are well-understood on the basis
of the bubble model [2], which assumes a bubble with
a smooth and continuous atom-bubble interface. On the
other hand, in some atoms, such as heavier atoms hav-
ing a single valence electron (Rb, Cs and Ag), their D2
emission spectra are significantly red shifted or weakened
[3,4], and these are successfully explained by a model of
exciplex formation of He-X-He (X =Rb, Cs, Ag). In this
case, the atom-bubble interface is no longer smooth nor
continuous, but a part of the surrounding helium atoms
are closely coupled with the foreign atom. For lighter al-
kali metal atoms (Li, Na and K), emission spectra have
never been observed so far [5,6]. A similar exciplex forma-
tion model has been proposed to explain the quenching
of emission for those atoms, but this has not been ver-
ified experimentally yet [7,8]. As for alkali earth atoms,
there have been several studies on Be, Mg, Ca, Sr and Ba
[2,9-15]. Among them, the research on lighter alkali earth
atoms is, in particular, interesting in regard to the com-
parison with lighter alkali metal atoms, for which no emis-
sion has been observed. However, for lighter alkali earth
atoms, there have been only a few studies [11-14] yet, and
therefore it is quite desirable to advance the investigation
on those atoms.
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Under these backgrounds, in the present work, we have
observed absorption and emission spectra of Mg atoms
in liquid helium by means of ultraviolet laser excitation.
Two transitions have been observed and, in particular,
a broad and significantly shifted emission line assigned
to the 3s3p P — 3521S transition has successfully been
explained by an exciplex formation model. In this paper,
we report these results and analysis in brief.

We adopt the ordinary implantation technique: Mg
atoms are implanted by sputtering a small piece of Mg
metal block placed in liquid helium with a second har-
monic pulse (2 mJ) of a YAG laser followed by a 0.1 ms-
delayed third harmonic pulse (2 mJ) of another YAG laser.
The implanted atoms are excited with a second harmonic
pulse of a Rhodamine 560 dye laser pumped by a third
YAG laser. The laser induced fluorescence (LIF) from the
Mg atoms is introduced into a 25 cm monochromator and
is detected with a photo-multiplier. The temperature of
the liquid helium is about 1.4 K.

The laser excitation scheme is shown in Figure 1.
Examples of the observed spectra are shown in Fig-
ures 2 and 3, and their spectral properties are summa-
rized in Table 1. In the present experiment, an emission
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Fig. 1. Schematic diagram of laser excitation (straight ar-
rows), fluorescence (waved arrows), and relevant energy levels
of Mg atom in liquid helium.
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Table 1. Experimental and theoretical spectral properties observed for Mg atom in liquid helium; A, (in nm) and AX (in nm)
are the peak wavelength and linewidth (in FWHM) of each spectrum, respectively.

free atom experiment bubble model* exciplex model
Transition Ao Ap AN Ap AN Ap AN
35218 — 3s3p' P 285.2 281.5 + 0.5 6.5 £ 0.5 278.3 9.0
35?18 < 3s3p'P 285.2 288.4 + 0.2 3.2 +£0.2 286.1 1.1 287.8 1.8
3s3p*P — 3p?3P 278 276.8 + 0.5 3.7+£05

(six lines)

* Ref. [15].
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Fig. 2. Emission spectrum of Mg 3s2'S < 3s3p'P. (a) Ex-
perimental spectrum observed by means of laser excitation at
280 nm. (b) Theoretical result calculated based on a model of
Mg—Heio exciplex formation.

spectrum and an excitation spectrum are obtained with
a laser pumping around 281 nm, and an excitation spec-
trum is obtained with a pumping around 277 nm. The
former emission and excitation spectra, obtained by de-
tecting LIF at 288 nm, are both assigned to the transi-
tions between 3s3p ! P and 3s21S. On the other hand, the
latter excitation spectrum, obtained by detecting LIF at
518 nm, is tentatively assigned to the 3s3p3S — 3p?3P
transition, although there is still ambiguity. We will dis-
cuss this spectrum later.

In Table 1, we also show theoretical results [15] cal-
culated for transitions between 3s21S and 3s3p! P on the
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Fig. 3. (a) Excitation spectrum of 3s>'S <« 3s3p'P ob-
served by monitoring at 288 nm. (b) Excitation spectrum of
3s3p 3P « 3p*3P observed by monitoring at 518 nm.

basis of the bubble model. The bubble model is based on
the following assumptions: the liquid helium is described
as a continuous medium with a smooth density profile
p = poll — {14 a(r —ro)}exp{—a(r —ro)}], for r > 7o
and p = 0, for r < 79, where pgy is the bulk density of
the liquid helium, and rp and « are variational parame-
ters describing the size of the bubble and the slope of the
bubble interface, respectively. The radius and shape of the
bubble are determined so as to minimize the total energy,
which consists of the interaction potential between the for-
eign atom and helium atom, the volume-pressure energy,
and the surface energy of the liquid helium. As seen in
Table 1, while the calculated results for the absorption
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spectrum are in good agreement with the experimental
values, the calculated wavelength shift and width of the
emission spectrum are much smaller than the experimen-
tal results. This fact indicates that the bubble model un-
derestimates the perturbation energy of the valence elec-
trons in the lower state (3s?19) by surrounding helium
atoms.

It is reasonable to consider that the above underes-
timation results from a basic assumption in the bubble
model; that is, in this model a bubble keeps its smooth
shape before and after the transition of the foreign atom.
As discussed in previous literature [3,4], the bubble model
assuming a smooth helium density profile does not give a
proper model calculation for states with attractive pair
potentials, such as the 2IT state of Rb-He, Cs-He, and
Ag-He. The depth of the Mg—He pair potential in the
111(3s3p) state (~ 42 cm™! [16]) is larger than the heat
of vaporization per single helium atom (~ 7.5 cm™1), so
that here we assume the formation of Mg—He,, exciplex in
which the helium atoms form a ring in the nodal plane of
the 3p electron of the Mg atom.

The potential energy of this system is written as

U = Z UMnge =+ Z UHefHe + Z UHefbubbl& (1>

where Unig—fe and Upe—pe are the Mg-He pair potential
and the He—He pair potential, respectively, and Uge—pubbie
is the interaction potential between the helium atom and
bubble, described by

UHe—bubble (i) = /d37“UHe—He(ri —r)p(r), (2)

where r; is the position of the ith-helium atom in the
ring. Using theoretical data [17-19], minimization of
the total energy with respect to the number of helium
atoms composing a ring gives a most probable exciplex
Mg-He;, in the 'IT state with a total potential depth of
E =503 cm™ L.

To obtain a spectral profile for the transition from
111(3s3p) to X1X(3s?), we calculate the Franck-Condon
factor by means of a spectral method, in which a spectrum
is obtained by the Fourier transform of an autocorrelation
function of wave functions with respect to the time evolu-
tion [20]. Here we assume that the vibration of the exciplex
relaxes in much shorter time than the life time (2 ns) of the
3s3p L P state owing to the coupling with phonon modes
of the bulk liquid helium, and also that the separation be-
tween each vibrational level is much larger than the liquid
helium temperature. These assumptions allow us to con-
sider only the ground vibrational state. The dependence
of the Mg—He pair potential on 6 angle (in the polar co-
ordinates) is shown in Figure 4. As can be seen from Fig-
ure 4, the initial wave function is expected to be confined
in a small region of #-angle. Since the ring is composed
of ten helium atoms, the initial wave function is also re-
stricted in a range within 7/5 in ¢ angle. This confinement
of the wave function within a small solid angle causes a
large spread in the angular momentum space. We solve the
wave function of the helium atom under the first order ap-
proximation that the angular-momentum-dependent part
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Fig. 4. The dependence of the Mg—He pair potential (in cm™")
in the ' IT (3s3p) state on the radius (r) and angle (6) [16].

(V(0,¢)) of the potential is represented by angular vari-
ables at r = r,,, where the radial wave function is maxi-
mum with respect to 6 angle, and that V (0, ¢) is given by
a square well potential for ¢ angle

2m7°q2n/h2 (UMnge (rma 6) - UMnge(TWh %)) 5
for0< ¢ <
elsewhere

V(0,¢)=

3)

where m is the reduced mass of Mg and He. Then the
initial wave function ¥ (r) is written in the form

(72 +v(6.9)) 0)0(0) = L6(O)2(0).  (5)

21 d
{‘%ﬁ% ( %)*U“”%r—z

where 1 is the angular momentum operator, L? and E are
eigen values corresponding to the square of the angular
momentum and energy, respectively. These eigen values
are calculated to be L? = 84.6 and E = —18.3 cm~! with
rm = 9 a.u. for the zero vibrational state. The energy
of the first excited vibrational state is also calculated to
be —7.1 cm™!, and this means that the excitation energy
of the first vibrational state is 11.2 cm ™!, which is much
larger than the liquid helium temperature. This result is
consistent with our assumption mentioned before.

After the transition to the X'X state, because the
Mg—He pair potential is bound free and spherical, the he-
lium atoms composing the ring rapidly diffuse in all di-
rections. The effect of hard core parts in the He-He pair
potential is negligibly small, so that we neglect the He—He
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potential (Uge—me). Then the angular momentum is con-
served and the time evolution of the wave function ¥ (r, t)
is given as

¢(rv t) = Z arm Iy (7‘, t)YEm (97 (b)v (7)

l,m
o
G0 _
th ()
21d(,d R 1(41)
e () OO g | R, ©)
where

G — / A0Y, (6. 6)0(0)8(9), (9)

and Y, (6, ¢)’s are spherical harmonics. The autocorrela-
tion function is given by

(Wo(r) | $(r,0)) = Y | am > (R(r) | Ru(r,1)).  (10)
l,m

There is no correlation between helium atoms in the zero
point vibration, so that the spectrum of the system is
given by

[ttt v o eplir. ()
The results of this calculation are shown in Table 1 and
Figure 2. As seen in Table 1, the peak wavelength thus
calculated is much closer to the experimental result than
the value obtained on the basis of the bubble model, and
considerable improvement is also seen with regard to the
spectral broadening. This fact, we believe, means that the
exciplex model is more suitable for understanding the dy-
namics in the 3s2 1S — 3s3p L P transition than the bubble
model.

We finally discuss another excitation spectrum ob-
served in the present experiment. This excitation spec-
trum is obtained by detecting LIF at 518 nm for a laser
pumping around 277 nm (for the same excitation wave-
length, some fluorescence is seen at 288 nm as well, but
it is difficult to obtain any excitation spectrum with this
emission band because of its weakness and spectral over-
lapping with an emission due to the excitation of 3515 —
3s3p1P). Although the 518 nm fluorescence corresponds
to the 3s453S — 3s3p 3 P transition, it is more reasonable
to consider that the observed spectrum is an excitation
spectrum of the 3s3p3P — 3p?3P transition (see Fig. 1).
It is because this assignment allows us to understand the
small shift and broadening of the spectrum: i.e. the size of
the 3p electron in the 3p?3P state is smaller than in the
3s3p L P state because of a smaller shielding effect for the
core charge by the rest of valence electrons. Therefore, we
can consider that the perturbation energy of the valence
electron by surrounding helium atoms is smaller when the
3p?3 P state is excited from the 3s3p 3P state than when
3s3p 1P is excited from 3s1S (see Fig. 3).

For the 3p23P state, there is no calculation for the
Mg-He pair potential because of the complexity of closely
lying electric states. However, a very approximate form
of the potential can be estimated to be V = sin? 0V, +
(1+cos? 0)V,, where V,, and V; are interaction potentials
between the 3p electron and He [7]. Therefore, the forma-
tion of He-Mg-He exciplex is expected to minimize the
total energy in the 3p?3P state. In this case, an emission
spectrum with a large red shift and broad linewidth is ex-
pected to be observed just like the case of the 5p2P; /2 =
55251 /5 transition in Ag [3] and the 5p?3P — 5s5p®P
transition in Sr [14]. But no emission band other than
518 nm and 288 nm is observed in a wavelength region
between 270 nm and 650 nm for the pumping at the
277 nm band. The direct emission spectrum from 3p?3P
to 3s3p 3P might overlap coincidentally with the 3s3p P
— 35218 emission spectrum, or some radiationless relax-
ation channel might exist. Such radiationless relaxation
dynamics might be described as follows: (1) according to
Hui et al. [14] and Takami [21], the ionization energy low-
ers by 1.8 €V in liquid helium in comparison with that of a
free atom. This means that Mg atom in the 3p?3P state,
which lies 0.5 eV below the ionization energy, ionizes in
liquid helium. (2) The emitted electron forms an electron
bubble, and Mg™ ion in the 3p2P state forms Mg™-He,
exciplex in the 2IT state. (3) This exciplex relaxes to a
bound free 2¥ state adiabatically without emission. (4) A
succeeding recombination process results in the produc-
tion of an excited Mg atom. At this point, the 3s3p'P
state as well as 354525 can be populated. (5) Then, fi-
nally, this Mg atom deexcites with emitting fluorescence
at 288 nm and/or 518 nm. This is one of the possible
mechanisms responsible for the absence of fluorescence in
the 3s3p3S < 3p?3P transition and for the appearance
of fluorescence, instead, in another transition. Moreover,
the weak emission observed at 288 nm, mentioned before,
might be caused by the above mechanism. However, it is
still unknown whether this mechanism is true, and it is in-
teresting future work to find out the correct mechanism.

In conclusion, we observed the 3s21S < 3s3p P and
3s3p3P — 3p?3P transition spectra of Mg in liquid he-
lium. It was found that the large red shift and broadening
in the observed emission spectrum are better understood
by a model of Mg-He; exciplex formation than by the
bubble model. This result suggests that light alkali metal
atoms might form the same type exciplexes in liquid he-
lium.
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