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Introduction:  Cosmic ray induced spallation 

reactions with Rb, Sr, Y or Zr produce both stable (
80, 

82-84, 86
Kr) and radioactive krypton isotopes. Due to 

cosmic ray shielding and its relatively long half-life, 

radiogenic 
81

Kr (T1/2=2.29x10
5
) is of low abundance on 

Earth: 
81

Kr/Kr<(0.466±0.026)x10
-12 

[1]. However, in 

meteoritic matter enriched in the target elements the 
81

Kr/Kr ratio can be up to 10
8 
times

 
higher. 

Measurements of 
81

Kr/
stable

Kr isotope ratios of e.g. 

primitive meteorites allows cosmic ray exposure times 

(CRE ages) to be determined that, in turn, may provide 

information about the irradiation environment of the 

early solar system and allow collision events to be 

dated [2,3].  Moreover, krypton isotopes trapped in 

presolar SiC grains record the physical properties of s-

process sites such as the temperature and neutron flux 

[4]. 

Extracting the maximum amount of information 

from such samples requires instrumentation with 

extremely high sensitivity (<1000 atoms detection 

limit). Such an instrument that employs a resonant 

photoionisation mass spectrometry technique [5] has 

been developed in our laboratory. 

The method:  Development of the RISK 

(Resonance Ionization Spectrometer for Krypton, 

Fig.1) benefits from experience gained with RELAX 

(Refrigerator Enhanced Laser Analyser for Xenon) [6], 

which has been used for determination of isotopic 

ratios of Xe in various extraterrestrial samples [e.g. 7]. 

Its ion source is a Wiley-McLaren design; the ions are 

detected by time of flight in a simple linear mode.  

A three-colour doubly resonant scheme is used in 

RISK for photoionization of atoms (this scheme was 

developed at Oak Ridge National Laboratory, at Atom 

Sciences Inc. and the University of Tennessee [8]). 

Atoms are excited from the ground into the 

4s
2
4p

5
(

2
P°1/2)5s, J=1 state by 116.5 nm vuv light (<1 

µJ). This light is generated by nonlinear four-wave 

sum frequency mixing.  Briefly, the two input beams 

interact while passing through a cylindrical cell (19 x 

180 mm) filled with 60 Torr of xenon (Spectra Gases, 

research grade, <5 ppb of krypton) and ~550 Torr of 

argon (the same grade). Xenon atoms are excited by a 

two-photon absorption transition into a 

5p
5
(

2
P°3/2)7s J=1 level (two photons of 252.5 nm are 

used) which provides the dipole polarization necessary 

for mixing. Phase matching is achieved by controlling 

the refractive index of the nonlinear medium by 

varying the partial pressures of xenon and argon. 

 

 
A second 558.1 nm beam (>85 mJ/cm

2
) further 

excites the atoms into the 4s
2
4p

5
(

2
P°3/2)6p, J=0 level, 

from which 1064 nm light (>0.2 J/cm
2
) completes the 

ionization process. 

Data are acquired over 5 minutes. The laser system 

operates at 10 Hz, thus 3000 TOF spectra are produced 

and saved individually onto a hard-drive by in house 

developed data acquisition software for later analysis. 

We have thoroughly investigated the krypton 

ionization process [9].  We have determined the laser 

fluences at which the atomic transitions are saturated 

and characterised odd-even isotope effects attributable 

to both the hyperfine structure of isotopes with 

nonzero nuclear spin and the polarization dependence 

of the interaction between atoms and laser light. We 

have identified experimental conditions such that 

measured krypton isotope ratios are not affected by 

these effects.  

1000 atom detection: To probe the sensitivity of 

the method a noncumulate eucrite Stannern was used. 

The absolute concentration and isotopic ratios of Kr 

trapped in Stannern have been measured using a 
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Fig. 1: As a result of stepwise heating or laser 

probe the atoms are released from sample into a 

mass spectrometer volume where condensation at 

the localized cold spot (~75 K) occurs. After 

desorption of condensate by 1064 nm Q-switched 

Nd:YAG laser (~7 ns pulses) Kr atoms are ionized 

by a pulsed laser system (116.5 nm, 558.1 nm and 

1064 nm) and detected by microchannel plate 

detector. The 116.5 nm beam is a product of non-

linear four-wave frequency mixing of 252.5 nm and 

1507.3 nm beams in a Xe-Ar cell. 
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conventional mass spectrometer (>330 mg samples 

were required [9]). We used an 18 mg grain such that 

stepwise heating releases might be expected to 

produce roughly 1000 atoms of 
81

Kr.  

The grain was mounted onto the filament and 

step-heated by DC current for 3 min. 6 temperature 

steps were made and time-of-flight (TOF) spectra 

were repeatedly recorded after gettering.  

In Fig. 2a) a TOF spectrum that is a sum of 3000 

individual spectra collected over 5 min. (10 Hz 

operation) is presented. The inset is an enlarged 

m/z=81 region. The signal disappeared when one of 

the lasers was detuned by a few nm from the resonant 

wavelength demonstrating that this is 
81

Kr. Pulse 

counting at this mass revealed that the peak was 

created by ~270 ions. In this case the noise level 

corresponds to <15 pulses at mass 81 per 3000 

spectra. Measurements of a pulse height distribution 

show the mean single noise pulse amplitude >5 times 

lower than that of a signal. Thus at ultra trace level 

(few hundreds of atoms) measurements even these 15 

counts can be discriminated. The software 

performing this operation offline has been already 

developed. 

As expected the Kr isotope ratios of Stannern 

dramatically differ from terrestrial samples. An 

example of the values determined at each heating 

step is presented in the Fig.2b) where 
83

Kr/
86

Kr ratios 

are plotted vs 
82

Kr/
86

Kr. Terrestrial air ratios are 

marked by a doted line. The linear array suggests that 

only two gas components are present in different 

proportions: terrestrial air and spallation krypton. Our 

data correlates remarkably well with the two values 

determined by Y.N. Miura et al. [10] (453 mg and 

330 mg samples) – demonstrating the absence of any 

odd-even isotopic effect. The CRE age 35.1±0.7 My 

has been also determined by this group [10]. In 

principle, the amount of 
81

Kr detected in our 

experiments makes the CRE ages possible to 

determine using all the 6 gas releases. Our 

preliminary age calculations give the same value. 

However more precise measurements will be possible 

when DC current heating of the filament mounted 

grains is replaced by continuous wave laser heating, 

allowing more gas releases to be done as the 

temperature steps would be easier to control. A cw 

Nd:YAG laser (1064 nm, 20 W) has been already 

ordered and will be in operation early in 2010. Laser 

heating will also enable analysis of micron-size 

samples e.g. IDP or SiC grains providing the laser 

beam is single mode operated (TEM00) and focused 

correspondently. 
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Fig. 2 Krypton isotope ratios of an 18 mg sample of 

the Stannern meteorite measured using stepwise 

heating   technique: a) TOF spectrum integrated over 

5 minutes (3000 desorption laser shots). The 

radiogenic 
81
Kr peak (inset) corresponds to ~1000 

atoms. b) 
83/86

Kr vs 
82/86

Kr for 6 temperature steps. 

Two opened dots are literature data. The air ratios 

are marked by doted line.  
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