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Observation of hyperfine resonance of 87Rb in superfluid helium
toward laser spectroscopy of atoms with exotic nuclei
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We have developed a new nuclear laser spec-
troscopy technique called OROCHI (Optical RI-atoms
Observation in Condensed Helium as Ion-catcher).
OROCHI is a laser spectroscopy method based on the
combination of the laser-microwave (MW)/radio fre-
quency (RF) double resonance technique and super-
fluid helium (He II) as a host matrix1). In OROCHI,
a highly energetic ion beam is injected into He II.
The Injected ion is decelerated, neutralized, and slowly
floated in He II. We measure the Zeeman and hyperfine
structure (HFS) splitting energy to determine nuclear
spins and moments. So far, we have successfully de-
duced the nuclear spins and moments of stable 85,87Rb,
133Cs, 107,109Ag, and197Au atoms introduced into He
II using the laser ablation technique. Furthermore, we
successfully observed the Zeeman resonance of 85Rb
and radioactive 84Rb produced by the projectile frag-
mentation2). Since the transition probability of the
HFS resonance is small than that of the Zeeman res-
onance, HFS splitting of the injected Rb atoms is not
observed in He II. Recently, we observed for the first
time the HFS resonance of an energetic ion beam of
87Rb atoms injected into He II.

Fig. 1. Schematic layout of the experimental setup.

Figure 1 shows the schematic layout of the experi-
mental setup in the superfluid helium cryostat. The
87Rb beam from the RIPS separator was injected into
He II. The stopping position of the genetic ion beam
could be adjusted using two Al degraders of various
thicknesses located in front of the cryostat3). The
stopped 87Rb atoms were subjected to irradiation by
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circularly polarized CW Ti:S laser light (laser power:
100 mW, laser diameter: 2 mm). The laser wave-
length was tuned to the D1 absorption line of Rb atoms
in He II (780 nm)4). The laser-induced florescence
photons from laser-excited 87Rb atoms were collected,
wavelength-separated, and detected using a photode-
tection system5). To preserve the atomic spin polar-
ization, we applied a static magnetic field of 2.2(1) G
using a pair of Helmholtz coils placed along the laser
beam axis. In addition, we irradiated MW (power:
typically a few watts ) generated by an oscillator and
an amplifier through an MW loop antenna located
above the detection region. By sweeping the MW fre-
quency, we observed HFS resonance as shown in figure
2. The obtained spectra clearly show the effect of the
HFS resonance. Since the resonance frequencies of the
spectra shift depending on the polarization of the laser
light, we observed the case for both σ+ and σ− polar-
ization. By taking the average of two frequencies, we
could obtain the HFS splitting energy of 87Rb atoms in
He II. The asymmetric shape of the spectra is mainly
attributed to the inhomogeneity of the applied mag-
netic field.

Fig. 2. Observed spectra with an applied static field of

2.2(1)G. The laser polarization is a) σ+ and b) σ−.

In conclusion, we have been developing OROCHI
that can be applied to investigate the structure of un-
stable nuclei. We successfully performed double res-
onance experiments using energetic ion beams. From
these results, we confirmed the feasibility of OROCHI,
and we are now ready to extend our method to atoms
with exotic nuclei.
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In KISS (KEK Isotope Separation System) 1), laser 
resonance ionization is employed for the element-selective 
ionization of multi-nucleon transfer reaction products. We 
searched for efficient laser resonance ionization schemes for 
tantalum (Z = 73) and tungsten (Z = 74), which are the  
elements that are studied in KISS.  
 

 

Fig. 1 shows a schematic view of two-color laser 
resonance ionization. An atom is element-selectively 
excited by the first step laser with a wavelength of λ1. 
Through the second step laser with a wavelength of λ2, the 
atom then transits from the excited state to an 
auto-ionization state (AIS), which is located above the 
ionization potential. The AISs having ionization efficiencies 
that higher than that by means of the continuum by more 
than ten times are searched for in general. 2) 

We used wavelength-tunable dye lasers pumped by 
excimer lasers to obtain laser beams of 2λ1 and λ2. The 
wavelength λ1 in the ultraviolet ray region is generated from 
the 2λ1 wavelength by using a second harmonic generator, 
which consists of a non-linear crystal of BBO. Both lasers 
are transported into a reference cell that was newly made to 
search for ionization schemes in off-line experiments. The 
lasers were focused on a spot of a few mm2 between 
ion-acceleration electrodes. Neutral atoms were evaporated 
from a filament and ionized by laser irradiation between the 
electrodes. Ions were accelerated by the electrodes and 
detected by a channeltron at about 30 cm away from the 
ionization region. The ions were mass-analyzed by 
measuring the TOF. The mass resolving power was 
measured to be 12.3%. 

We scanned λ2 to search for AISs; then, we measured 
laser-ionized atoms by means of the AIS by changing the 
power of the respective lasers. The λ1s were selected from 
the known excited states that had a high Einstein A  
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coefficient.3) We deduced the photon absorption cross 
section , 	 of each transition by fitting the solution 
from rate equations2, 4) to the laser power dependence of ion 
counts. The rate equations express the time evolution of the 
number of atoms in the ground state, the excited state, and 
the AIS. In addition to those states, we considered the 
intermediate states, where the atoms decay from the excited 
state, and are located above the ground state. The excitation 
rate (ionization rate) is proportional to the photon 
absorption cross section of the transition from the ground 
state (the excited state) to the excited state (the AIS). These 
rates are also proportional to the photon densities of the λ1 
laser and λ2 laser. We deduced the laser powers required for 
the saturation conditions of ionization probability in the 
KISS gas cell from the determined photon absorption cross 
sections. 

For tantalum, λ2 was scanned from 410 to 425 nm with λ1 
= 264.8258 nm, so that four strong peaks were observed. 
The strongest peak at 421.652 nm yielded σ12 = 4.8 ± 0.5 
(stat.) ± 1.0 (syst.) ×10-15 cm2, σi = 2.0 ± 0.2 (stat.) ± 0.8 
(syst.) ×10-16 cm2. The laser powers required for the overlap 
in the gas-cell (φ10 mm) were P1 ~ 0.5 mJ/pulse, P2 ~ 29.3 
mJ/pulse. On the other hand, for tungsten, λ2 was scanned 
from 404 to 414 nm with λ1 = 245.2737 nm, so that two 
strong peaks were observed. The stronger peak at 404.393 
nm yielded σ12 = 4.5 ± 0.6 (stat.) ± 0.6 (syst.) ×10-16 cm2, σi 
= 7.5 ± 0.7 (stat.) ± 1.6 (syst.) ×10-17 cm2. The laser powers 
required for the overlap in the gas-cell (φ10 mm) were P1 ~ 
5.5 mJ/pulse, P2 ~ 241.9 mJ/pulse. These powers required 
are too high for our laser system to achieve saturation. In 
our laser system, the maximum laser power is 
approximately 200 µJ for the first step laser and about 2 mJ 
for the second step laser. The ionization probability 
achieved using our laser system is expected to be as low as 
11% for tantalum and 0.33% for tungsten. We will search 
for other λ2 values in different wavelength regions with the 
current λ1 and also look for AISs with different λ1 values. 

The resonance structure of the AIS might be affected by 
the isotope shift of the wavelength. We are going to increase 
the mass resolving power of the reference cell by 
introducing electric lenses and a longer flight tube, which 
will provide us with further information on the AIS. 
 
References 
1) S.C. Jeong et al.: KEK Report 2010-2. 
2) Y. Hirayama et al.: J. Phys. B: At. Mol. Opt. Phys. 47 (2014) 

075201. 
3) C.H. Corliss and W.R. Bozman: NBS Monograph 53 (1962). 
4) V.S. Letokhov: Laser Photoionization Spectroscopy (Orlando, 

FL: Academic, 1987). 

Fig. 1 Two-color laser resonance ionization 




