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ABSTRACT

A new ana ly t i ca l technique based on resonant ion izat ion of
krypton with a vacuum u l t r a v i o l e t (VUV) l a ser source was used to
determine low- l eve l 8 i Kr concentrat ions in groundwater. The long
h a l f - l i f e (210,000 years) and low concentration (1 .3 x 103 S^Kr atoms
per l i t e r of modern water at 10 degrees Cels ius) make the de tec t ion of
°*Kr by rad ioac t ive counting techniques extremely d i f f i c u l t . In t h i s
method, krypton gas was removed from water taken from an underground
Swiss aquifer us ing standard cryogenic and chromatographic techniques .
Stable krypton i so topes were then reduced by a factor of 1 0 ' by a
two-stage i s o t o p i c enrichment cyc l e using a commercially a v a i l a b l e
mass spectrometer. The enriched gas containing about 108 s t a b l e
krypton atoms and about 10^ atoms of 8 1Kr was implanted into a s i l i c o n
d i s c . This d i s c was then placed in the high vacuum final counting
chamber and the krypton was re l eased by laser anneal ing. This chamber
contained a quadrupole mass spectrometer which used a pulsed VW l a s e r
source as the i o n i z e r . The measured signal ind ica ted that the sample
contained 1200 (±300> atoms of 8 1 Kr.

INTRODUCTION

The primary source of atmospheric 8 1Kr i s due to s p a l l a t i o n and
neutron capture in terac t ions by cosmic rays with stable krypton
i so topes . This source of production in conjunction with a 8*Kr ha l f -
l i f e of 213,000 years (Reynolds, 1950; Eastwood, 1964) leads to a very
low atmospheric s p e c i f i c a c t i v i t y . Two measurements of th i s a c t i v i t y
have been made (Loos l i , 1967; Barabanov, 1973; Kuzminov, 1983) and a
simple average of these determinations g ives a 8 1Kr a tmospher ic
a c t i v i t y of 0 .088 dpm/1 krypton. This corresponds to a Kr/8lKr r a t i o
in modern a i r of 1.9 x 10*2 where Kr represents a l l i sotopes of
krypton. Modern a ir i s 1.14 ppm krypton and conta ins only 1.6 x 10*
8 1Kr atoms/1 a i r . As a r e s u l t , the radioact ive counting a c t i v i t y
measurerments required about 10^ 1 of a ir to be processed in order to
separate out the approximately one l i t e r of krypton gas (lO1** 8 1Kr
atoms) needed. The same radioact ive counting techniques applied to
water samples which contain 1300 8 1 K r / l of modern water at 10 degrees
Celsius or ice core samples which contain about 1600 8 1Kr/kg i ce
(Lehmann, 1985) would require processing of 10^ metric tons of
materia l . These extremely large sample q u a n t i t i e s make i t completely
impractical to measure 8 1Kr concentrat ions in the kilogram water or
ice samples of geophysical i n t e r e s t .



If the dif f iculty in actually determining 8*Kr concentrations
could be overcome, it has long been recognized that this isotope would
be extremely useful in measuring the age of groundwater and polar ice
core samples over a time?;scale from about;50,000 to 1,000*000 years.
This i s a much longer range and covers an older period of time than i s
accessible using ™C dating. "̂ -Kr would also have definite advantages
over other dating methods as a result of the inert chemical character
of krypton- the long-term constant concentration in the atmosphere
which serves as the. main reservoir (Oeschger, 1970; Kuzminov, 1983)
and the probability that underground production from such sources as
the spontaneous f i ss ion of uranium wil l be small (Workshop, 1978;
Davis and Bentley, 1984). The existence of stable krypton isotopes
also means that in principle only a relative rather than an absolute
number of atoms has. to be counted.

The reason such large samples of °̂ Kr are required for counting .
measurements i s that for typical laboratory time frames (about one
week) it takes lO-^ 8*Kr atoms to produce about 1000 decay events.
This is about the minimum number required to produce a reasonable
signal-to-noise ratio as well as useful counting s ta t i s t i cs . ' However,
in this method most of the 81Kr, about 99.99999%, i s "wasted" and does
not contribute to the measured signal since i t has not decayed. A
more eff ic ient method would be to develop a technique that would be
able to count 8*Kr without waiting for the atoms to decay. If this
could be done, sample sizes of a few kilograms of water or ice would
be sufficient for many dating purposes. In addition, direct physical
counting of individual atoms would have another advantage over
radioactive decay low-level counting. This i s because it would not be
as sensitive to very small amounts (-0.2%) of contamination due to the
anthropogenic 8*Kr activity of modern air (Lehmann, 1984).

There are two major d i f f i cu l t i e s associated with the detection of
81Kr for geophysical dating purposes. The f i r s t i s the requirement to
be able to count only a few thousand atoms. The second i s t h e l a r g e
Kr/81Kr ratio of 1.9 x 10*2 for modern air . Krypton has six stable
isotopes which are 78Kr ( 0 . 3 5 * ) , 8 0 K r (2.25%), 8*Kr (11.6%). 83Kr
(11.5%), 84Kr (57.0%) and 86Kr (17.3%) where the numbers in
parenthesis indicate the isotopic abundance. In addition man-made
8->Kr which hus an 11.7 year ha l f - l i f e i s present in the modern
atmosphere at concentrations about 25 times higher than 81Kr.
Therefore, the required detection technique must have very high
isotopic se lec t iv i ty as well as extreme sens i t iv i ty (Loosli, 1970).

Several modern experimental techniques now exist which have very
high (~10*2) isotopic separation ratios . However, they are not useful
for the 8 iKr problem since the cyclotron method requires large samples
(Workshop, 1978) and the tandem electrostat ic accelerator technique
requires negative ions (Suter, 1985) which krypton does not readily
form. Our experimental procedure overcomes these problems by using a
multistep mass spectrometer isotopic enrichment scheme in conjunction
with a final counting stage that depends on laser resonance ionization
spectroscopy (RIS) of krypton.



EXPERIMENTAL METHOD

A small f r a c t i o n of a i r equ iva lent to that ex trac ted from a two
l i t e r water sample was used as the s t a r t i n g m a t e r i a l . The water
sample i t s e l f came from a sandstone aquifer near Zurich Switzer land
(AQUI) where underground ^*Er product ion i s b e l i e v e d to be
ir .s ignif i c a n t . Air was removed from the water by bubbling helium gas
through the l i q u i d and trapping the ex trac ted a i r in a l i q u i d n i t r o g e n
cooled charcoal trap (Lehmann, 1 9 8 5 ) . ^5g r measurements using another
sample from the same source indicated t h a t there was no modern
contamination. Kr was then separated from the a i r sample us ing
getters, cryo-dist i l lat ion and gas chromatography. At this stage
after using conventional gas separation techniques the sample
contained 2 x 10~4 cm3 STP of krypton (5.1 x 1015 Kr) which would
include about 2700 83-Kr atoms if the water had been completely modern.
The separated gas sample also contained other gases such as argon,
however, these contaminants were present in low enough amounts that
they did not influence subsequent processing of the sample.

The f i r s t cycle of isotope enrichment was performed with a
quadrupole mass spectrometer (Extranuclear Corporation) which used i t s
conventional electron-impact ionization source (Eugster, 1967; Chen,
1984a). A schematic of a device similar to that used in this work i s
shown in Fig. 1 . The vacuum chamber could be pumped below 10~~° torr
by using a closed cycle helium cryopump.
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Fig. 1. Pre-enrichment c e l l Fig. 2. RIS chamber

This pump was valved off from- the mass spectrometer before the gas
sample was introduced. The vacuum was maintained using a room
temperature ST 101 zirconium/aluminum getter pump (SAES Getters,
S.P.A.) which does not remove krypton. For pressures below about 10~^
torr the mass spectrometer had a throughput of about 0.004 amps/torr
with an abundance sensi t iv i ty of 4 x 10^ (Chen, 1984a). Since at
higher system pressures both of these important parameters
deteriorated, it was decided to operate the 3 - l i t e r volume chamber at
a pressure of 6 x lO"" torr. This meant that only 2 x 10"^ cm3 STP or
lOTo of the original sample could be introduced into the chamber at any
one time. Therefore the in i t ia l enrichment procedure had to be
repeated 10 times in order to process the entire sample.



Once inside the mass spectrometer enrichment cnomber, the krypton
gas was ionized by electron bombardment. The krypton ions then
entered the quadrupole mass spectrometer which was set to pass only
ions of mass corresponding to 8*Kr. After leaving the mass separator
the 81Er ions and any residual krypton ions of other masses were
accelerated by a potential of -10 ki lovolts and focused onto a target.
The target was a kapton film (Dupont Corporation) which had a
60-nanometer thick aluminum film on the side which the ions struck
(Willis, 1984a). The mean implantation depth of 10 KeV Kr ions is
about 10 nanometers in aluminum and i t i s known that under these
conditions the implantation efficiency is close to 100% (Eastwood,
1964; Lai, 1969; Hurst, 1985). Therefore over time the krypton in the
gas phase was depleted since ths ions were being implanted in the
fo i l . Also, the krypton ions in the foil were isotopically enriched
in 8-Kr since they.had passed through the mass separator.

Since the quadrupole mass f i l t e r transmits basically only ions of.
the chosen mass, most of the other ions are neutralized in the f i l t e r
and remain in the gas phase (Chen, 1984a). Therefore as one continues
to enrich in this static system, the source gas becomes progressively
enriched in the stable isotopes and the effect ive enrichment factor
for the implanted isotope actually decreases with time. The strategy
for the enrichment process thus involves a trade-off between
tirichment factor, and sample losses . However this effect i s not too

severe since 9 5% collection efficiency only degrades the enrichment by
a factor of 3 . A suitable compromise which was used for this work was
to run the i n i t i a l implantation step for one hour. From calibration
runs, pressure and ion current measurements and calculations, i t was
determined that this would give a ^Kr enrichment of about 2000.

After each hour of running the mass spectrometer, .the remaining
gas was pumped out and another 10% fraction of the in i t ia l sample was
separated. The ions from each fraction were a l l implanted into the
same f o i l . After al l 10 fractions were separated, the foil contained
2.6 x 10^2 krypton ions. Since the ions were implanted over an r.rea
of about 0.1 cm2, the foil was not saturated (Eastwood, 1964).

After working.at the relat ively high Kr pressure of almost 10~^
torr, the ion source but not the quadrupole mass spectrometer i t s e l f
gets contaminated with krypton (Willis, 1984b; Chen, 1984a). As a
result, the system cannot be used immediately for another enrichment
cycle. To eliminate the contamination, the ion source had to be
disassembled and electropolished. After this was done, the ion source
was put back into place and a system high vacuum was again established
in the s tat ic pumping mode.

The krypton was freed from the foil by vaporizing the aluminum
film with the low-powei; output (<0.1 J/cm2 fluence at the fo i l ) of the
second-harmonic beam (0.53 microns) of a Q-switched Nd:YAG laser.
Previous studies had indicated that this procedure yielded essent ia l ly
100% recovery into the gas phase (Willis, 1984a; Hurst, 1985). Other
atoms and molecules were also released but most of them could be
removed by the getter pump. The enrichment cycle was then repeated.



Since the total krypton gas pressure was now much lower al l of the
remaining samples could be separated in a single step. However, in
this step the implantation target, which after the run contained 1.3 x
lO^Kr atoms (1500 ?*Kr^assuming,modern water), was a piece of an
electronics-grade s i l icon wafer rather than the kapton f o i l . Si l icon,
like aluminum, has a high implantation efficiency for 10 EeV krypton
ions near normal incidence.

After implantation the s i l i con wafer was removed and placed in
the ultrahigh vacuum final RIS counting chamber depicted schematically
in Fig. 2 . After suitable preparation, the vacuum in this s ta t i c
system pumped only by a room temperature getter could be kept below
10"8 torr for days. The total krypton outgassing rate was measured to
be ~50 Kr atoms/sec (Chen, 1984b). The enriched sample krypton was
released from the s-ilicon by melting and annealing the surface of the
wafer with the focused output (1 J/cir/ flue nee at the target) of the
second-harmonic beam of a Q-switched Nd:YAG laser (Burst, 1985). The
s i l icon was much cleaner than the kapton fo i l and very l i t t l e
background gas was released during the annealing process.

In this apparatus a multistep laser ionization process i s used to
produce the krypton ions wMch then are separated in a quadrupole mass
spectrometer laser. RIS combines the se lec t iv i ty of optical
spectroscopy with - the sensi t iv i ty of ionization detectors (Kramer,
1980). Using pulsed tunable lasers to ionize atoms of a selected
element enables single atom detection in as many a 10^ background
atoms or molecules (Kramer, 1978; Hurst, 1979). The resonant
multistep ionization scheme used to ionize Kr in this work i s shown in
Fig. 3 . Since even the lowest excited states in krypton l i e in the
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Fig. 3. Kr ionization Fig. h. Laser apparatus for krypton

vacuum ultraviolet region, i t was necessary to develop a system to
produce the short wavelength necessary for the ionization process
(Kramer, 1983). This apparatus i s shown in Fig. 4 . A commercial
(Quanta-Ray) Nd:NAG laser-based system was used to produce up to 700
nJ per pulse at 116.5 nm to select ively excite krypton atoms from the
ground state to the 4p 5 5s( l /2) i state . The arrangement makes use of



several nonlinear optical processes such as frequency doubling,
frequency mixing, Raman shift ing, and four—wave mixing. A second
resonant step at 558.1 nm promotes krypton atoms to the 4p^6p(l/2)o
state, and ionization is completed by residual l ight of the Nd:YAG
fundamental at 1064 nm. -Since isotope effects in atomic spectra are
small and we work with relat ively broad band l ight (1.5 cm""* at 116.5
rim), al l isotopes of krypton are ionized simultaneously. With 0.1-cm
beam diameters, the ionization efficiency was 10% for any Kr atom in
the beam. In order to get i sotopic se lec t iv i ty , the RIS technique is
used as an ion source for a conventional quadrupole mass spectrometer.
For xenon, this had already been demonstrated (Chen, 1980). As in the
pre-enrichment instrument the selected ions are accelerated and
implanted into a s i l icon target after exiting the mass spectrometer.

With our best RIS scheme, we can only excite krypton atoms in a
volume of abouf5 x 10~^ cm .̂ The probability of ionization for one
krypton atom in our closed system of ~3000 cm^ i s , therefore, only
1.67 x 10~' per pulse. In other words, i t would require 6 x 10"
pulses for a one e-fold counting or about 280 hours at a repetit ion
rate of 6 Hz. Obviously, such a system would not be very ef fect ive .
Therefore, we developed an "atom buncher" consisting of a very well
defined liquid-helium-cooled cold spot (0.1-cm diameter) just below
the focus point of the RIS lasers (Hurst, 1984) . Krypton atoms are
continuously trapped on this cold surface and can be released by
heating with a l-|isec pulse from a flashlamp^pumped dye laser fired
along the axis of the quadrupole mass f i l t e r about 10 usec before the
RIS lasers f i re . In this way we are able to release krypton atoms in
"bunches" into the ionization laser beams which pass about 0.1 cm
above the cold finger and we can increase the probability of
ionization for one atom per pulse by a factor of about 500. We can
then count 8*Kr atoms (one e-fold) in less than 1 hour.

During the implantation process, into the s i l icon .target the
krypton ions produce secondary electrons. These electrons are counted
using the electron multiplier shown in Fig. 2 . The krypton density is
low enough so that on average less than a single ion i s produced per
laser pulse. Therefore digital counting techniques can be used.
Also, since the source laser i s pulsed i t i s possible to use fast-time
discrimination to eliminate noise counts. This i s more d i f f i cu l t to
do using ordinary electron bombardment ionization'.: In addition the
RIS source does not require a biased heated filament as ordinary
sources do so outgassing and memory effects are reduced.

Fig. 5 shows the RIS ionization mass spectrum of this AQUI gas
sample after i t had been introduced into the final counting chamber by
laser annealing of the pre-enriched s i l icon target disc. Most of the
sample is s t i l l ^2Kr whose peak is off scale on Fig. 5 but there is a
definite peak at mass 81 which corresponds to 1200 (±300) atoms of
81Kr. It was originally planned to run a third cycle of enrichment in
the °*Kr detector, but due to the very good abundance sens i t iv i ty (2 x
105) of the quadrupole system when operated with the laser/buncher ion
source, we were able to detect "̂ Kr atoms without another cycle of
enrichment. It is possible to check if the signal at mass 81 is



produced by krypton atoms since a slight detuning of the 558.1 nm or
VW light causes the signal to decrease to the backg.ound level which
was ~5 counts per 200 laser pulses in this situation. It is
worthwhile noting that the abundance sensitivity of the spectrometer
using the RIS source was about 50 times better than that obtained
using the ordinary electron filament ionization source. This is
probably due to a better defined initial energy and spatial extent of
the ions. Further improvement may be possible by phase locking the
short (5 nanosecond) laser- ionization pulse to the radio frequency (2
megahertz) quadrupole field (Kramer, 1983).

After taking the data shown in Fig. 5, mass 81 ions were
implanted for 1 hour into a silicon target. As can be seen in Fig. 6,
8*Kr atoms were indeed removed from the system.. The 8^Kr level
remained essentially unchanged. The observed decrease of the 8*Kr
signal after 1 hour of implantation is in agreement with our value for
the ionization probability from which we calculate a one e-fold
courting time of 35 minutes at a pulse repetition rate of 6 Hz.
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Fig. 5. Kr signal after target
annealing in RIS chamber

Fig. 6. Kr signal after
implantation

CONCLUSIONS

This work has shown for the f i r s t time tha t 8 1 E r atoms
or ig ina t ing from a groundwater sample of only a few l i t e r s can be
detected. The complete chain of sample process ing , including sampling
and degassing of water, separa t ion and p u r i f i c a t i o n of noble gases,
two cycles of isotope enrichment, and the f ina l de tec t ion of 8 1 Er
atoms, has been successful ly completed. The fact tha t we were able to
detect 1200 (±300) atoms of 8 1 E r from an i n i t i a l ca lcula ted l eve l of
1500 atoms proves tha t l o s se s in the two isotope enrichment cyc les ,
where, ions are implanted i n t o and recovered from di f ferent t a r g e t s ,
can be kept reasonably smal l . Since these losses are not yet
quant i f ied and since the overa l l accuracy was not very high in t h i s
f i r s t demonstration, i t i s too early to ass ign any " age" to our 8 1Kr
determinat ion. We might a t bes t est imate a rough upper l i m i t for the
age of t h i s sample or get a prel iminary ind ica t ion t h a t 8 1Kr
underground production in t h i s sandstone aqui fe r i s small .
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Several future improvements in the counting system are currently
under development. It is possible to achieve higher throughputs and
abundance sensitivities during the initial pre-enrichment stage using
a closed cycle plasma source .(Colntron Corporation) and velocity
filter (Willis, 1984; Lehmann; 1986); An internal relative
calibration will be achieved by using stable '*Kr as an internal
standard. The TniUal modern 28Kr/81Kr ratio of 6 .0 ĉ 109„..•;;•:•:will be
reduced by a known factor in each enrichment step by pimply;switching
for short time intervals^from mass channel 81 to channel 78. In the
final counting step both ***Er and ^Kr will be determined. The
78Kr/81jj. ratio measurement will then be the basis for dating. Tliis
procedure eliminates t!ie nesd to determine actual collection
efficiencies at each enrichment step. "^Kr couid also be counted
directly to eliminate the possibility of modern contamination during
the measurement process. In our initial work, the final system
counting efficiency was determined by using a "•'•Kr calibration gas.
This was necessary since the number of secondary electrons produced by
10 KeV Kr ions impacting silicon is only about 1.5 (Hurst, 1985) which
is too low to give 100% counting efficiency. At this level about 30%
of the incident ions will not produce any secondary electrons. In
order to eliminate the need for a calibration measurement, an
activated copper-beryllium target which has a higher probability for
secondary electron emission while maintaining a high implantation
efficiency may be used for the final counting target where recovery of
the implanted ions will not be necessary. Use of this metal target
will insure that each "•'•Er is counted only once with 100% efficiency.
In addition, measurements will have to be made on other water samples
to definitively eliminate the possibility of significant underground
production of °^Kr.

With an improved calibration and counting method and with the
capability of processing samples in a more routine manner, it should
be possible to make °*Kr dating an important tool for geological
studies. In addition, this technique is also useful in other low-
level °̂ Kr measurements such as those required for solar neutrino
studies (durst, 1984) or for measurement of other gases such as Xe
(Kramer, 1984).

This research was sponsored by the Office of Health and
Environmental Research, U.S. Department of Energy under contract DE-
AC05-840R21400 with Martin Marietta Energy Systems, Inc., by the
Nationale Genossenschaft fur die Lagerung radioaktiver Abfalle
(Switzerland), and by the Scripps Institution of Oceanography.
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