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8Kr is a major radioactive byproduct released during nuclear fuel reprocessing and an important
atmospheric indicator for nuclear safety and environmental monitoring. In this work, we report on online
monitoring of atmospheric 8°Kr activities with time resolution of 1.5 hours. An automated Kr purification
system and an atom trap based 8°Kr measurement system work synchronously in the experiment. The Kr
purification system features temperature-controlled cryogenic distillation and gas chromatography,
which allows direct sampling of ambient air and continuous operation. The separated Kr is fed into an
atom trap capable of measuring the abundance of 85Kr with micro-L size Kr samples. The sample
consumption is 3 L STP of air per measurement with a 1.5 hour processing time. Compared to the

conventional monitoring method based on proportional counting, both the measurement time and
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1 Introduction

8Kr is an important gas radioactive byproduct of the nuclear
industry. It has a half-life of 10.74 years and beta decays to
85Rb.! Today the largest *°Kr emission sources are the nuclear
fuel reprocessing plants in the UK and France.> Compared to
pre-1950s, its concentration in the air has increased by more
than 5-6 orders of magnitude. Its current activity in the air is
about 1.5 Bq m>*>* The atmospheric *Kr has been monitored
because of its potential impacts on human health and the
environment.>” Being a good environmental tracer, **Kr is also
used to date young groundwater and seawater.*'> Moreover,
8Kr has been suggested for validating atmospheric transport
models and for investigating atmospheric and inter-
hemispheric transport proceses.”***

The conventional method for measuring atmospheric **Kr
activity is proportional counting. Due to the extremely low
concentrations of **Kr in the atmosphere (isotopic abundance
~ 2 x 107", large amounts of air (10 m® in one week) are
needed.”*** It is possible to measure smaller air samples (a few
liters) in underground low level counting (LLC) laboratories.
However, the long measurement time (a few days) limits the
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tracing of atmospheric circulation patterns.

throughput and online operations.”**® Therefore the LLC
method is often used for measuring groundwater samples
rather than measuring air samples. The laser-based Atom Trap
Trace Analysis (ATTA) technology is a method for measuring the
85Kr activities of small air samples (liters) quickly.>*?® In ATTA,
the ®Kr atoms are selectively captured by a resonant laser trap
and counted by detecting their fluorescence. Analysis of **Kr in
environmental samples with ATTA has been realized.***” More
recently, fast ATTA analysis of ®°Kr activities at the 3% precision
level on a 1 L STP (Standard Temperature and Pressure) air
sample with 1.5 hour turnaround time has been realized in Gao
et al. 2021.>° However, continuous operation has not been
possible in that work since air sampling, Kr extraction and *Kr
measurement work separately on discrete sample with attended
operation. It is worth further developing to realize online
measurement of atmospheric *Kr activities. Such capability
can be used to monitor nuclear fuel reprocessing plants
remotely, validate air diffusion models and evaluate impact
zones in case of a nuclear accident.” Moreover, weekly averaged
atmospheric **Kr activities in central Europe reported in
previous studies showed large fluctuations above the base-
line.>** Therefore for monitoring stations near the source,
higher temporal resolution can allow more effective detections
and reveal more details of the emission pattern.

We report on online monitoring of atmospheric *Kr activi-
ties based on the ATTA technology.” An automated system
capable of direct sampling of the ambient air and measuring

This journal is © The Royal Society of Chemistry 2023
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the isotopic abundance of **Kr has been realized. The system
links the purification setup and the ATTA instrument directly
and allows them to work in a synchronized manner. To increase
time resolution, we developed a purification setup that features
a combination of cryogenic distillation and gas chromatog-
raphy (GC) and a correction model to correct the memory effect
in the ATTA system. We demonstrate unattended continuous
measurement of atmospheric ®°Kr activities for over 24 hours.
The measurement precision is about 3% with a time resolution
of 1.5 hours and the air sample consumption for a single
measurement is 3 L STP.

2 Experimental

The measurement system consists of two major parts. The first
part is an automated air sampling and Kr separation system
that can directly sample the air and perform Kr extraction. The
second part is an automated ATTA instrument that can perform
85Kr atom counting on Kr samples. These two parts are linked to
each other and operate synchronously under computer control.

2.1 The automatic air sampling and Kr separation system

The automatic Kr separation system consists of three stages:
a temperature-controlled cryogenic distillation stage, a gas
chromatography stage, and a getter & collection stage. Fig. 1 is
the schematic diagram. The whole setup is made of stainless
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steel parts based on press fitting tubing systems. All valves are
air-actuated and controlled by a computer.

Before entering the main separation sections, the air sample
flows through a U-shaped trap filled with molecular sieve
(MS5A) to remove H,0 and CO,. About 3 L STP of dry air are
frozen into the temperature controlled trap (trap 1) from the
right side through a Mass Flow Controller (MFC1). During the
cryogenic distillation, trap 1 is pumped from the left side. The
same MFC1 is used to control the flow speed at 500 mL min ™"
for both, freezing and pumping.

Trap 1 is made of a U-shaped stainless steel tube (4 mm
inner diameter, 30 cm length) filled with activated charcoal
(grain size, no. 16-32; 3 g). A layer of heating wire is wrapped
around the cold trap for temperature control purposes. During
operation, the cold trap is immersed in an alcohol tank cooled
by liquid nitrogen. The temperature of the trap is monitored by
a platinum resistance temperature sensor and regulated by
a temperature controller (LakeShore Model 331). By changing
the power applied to the heating wire, the temperature of the
trap can be varied between 83 K and 370 K with a stability of 1 K.

2.1.1 Temperature-controlled cryogenic distillation. In
order to remove the bulk gas other than Kr in trap 1,
temperature-controlled distillation is performed. During this
process, the temperature of the cold trap is kept at a fixed
temperature (100-120 K) while being pumped by a dry pump.
Because N,, O, and Ar have lower boiling points than Kr, their
vapor pressure will be higher than that of Kr during the

ATTA
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Fig.1 Schematic of the automatic Kr separation system. About 3 L STP of dry air are frozen into the temperature controlled trap (trap 1) for the
cryogenic distillation. Then residual gas is separated by two successive gas chromatography (GC) cycles. Krypton gas is collected in trap 3 waiting

for ATTA measurement.
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distillation. As a result more N,, O, and Ar will be removed than
Kr. The remaining gas in the trap is therefore enriched in
Kr.5,30—32

The distillation method has several advantages over the
recently reported Kr separation method based on Ti-oven and
GC in terms of online monitoring of atmospheric **Kr.>® First, it
only consumes liquid nitrogen, whereas the Ti-oven needs to be
refilled with Ti sponges after processing a certain amount of air
(the air processing capacity of Ti sponges is about 60 L STP per
kg). Second, the cryogenic distillation can remove not only most
of N, and O,, but also part of Ar. As a result this reduces the
number of GC cycles required to separate Kr from Ar.

After the distillation the gas composition is analyzed by
a quadrupole mass spectrometer (QMS). Fig. 2 shows the Kr
enrichment factor and the Kr recovery under different distillation
temperatures. Here, the Kr enrichment factor is defined as the
ratio of the Kr volume fraction before and after the distillation.
From Fig. 2 it can be seen that the Kr enrichment factor is quite
sensitive to the distillation temperature between 103 K to 108 K. A
higher distillation temperature results in a higher Kr enrichment
factor. Above 108 K (up to 113 K) the Kr enrichment factor levels
off. On the other hand the Kr recovery decreases at higher
distillation temperature, as more Kr is pumped away during the
distillation. We choose 109 K as the final working temperature
since it is a good balance between the Kr enrichment and the
recovery. Under this condition, the initial 3 L STP air sample is
reduced to about 10 mL STP. The Kr enrichment factor can be
estimated as follows. The Kr recovery is about 48 + 6% (see Table
1), which is mainly determined by the efficiency of the cryogenic
distillation step, as the Kr losses are negligible during the GC
steps. From these numbers, the Kr enrichment factor in the
cryogenic distillation step is 3 L/0.01 L x 0.48 = 140.

The isotopic fractionation during the distillation is esti-
mated to be less than 1%,**** which is much smaller than the
uncertainty of the ®°Kr activity measurement later on, and
therefore can be neglected.
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Fig. 2 Kr enrichment factor and Kr recovery at different cryogenic
distillation temperatures. The typical error for the Kr recovery
measurement is 6%. Limited by the construction of the setup, the
enrichment factors and the recovery were measured in the purification
system and the ATTA system respectively in separate experiments.
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Table 1 Typical performance of the automated Kr separation system

Air sample size Kr extracted

(L STP) (uL STP) Recovery (%) Purity (%) Time (min)
2.8 1.7 55 81 80
2.7 1.3 44 80 73
2.7 1.3 44 80 79
2.8 1.3 42 79 75
2.7 1.6 54 80 78

Upon the end of the temperature-controlled cryogenic
distillation, trap 1 is heated to 370 K. The released gas is then
transferred completely into trap 2, a cold trap (same dimen-
sions as trap 1) immersed in liquid nitrogen, before the
following gas chromatography.

2.1.2 Gas chromatography. At the GC stage, a modified
commercial gas  chromatography instrument (FULI
GC9790plus) is used for further Kr separation. The separation
column is a stainless steel tube (4 mm inner diameter, 3 m
length) filled with 30-60-mesh molecular sieves 5A and kept at
a constant temperature about 333 K in an insulation box. At the
beginning of the GC cycle, helium (99.999% purity) carrier gas
flows through the four-way valve and trap 2 at 85 mL min "
controlled by MFC2. At the same time, trap 2 is heated and kept
at 313 K in order to transfer the enriched gas sample completely
into the separation column. After the gas leaves trap 2, the trap
is cooled by liquid nitrogen again so that it can recollect the Kr
gas coming out of the GC. The entire gas separation procedure
is monitored by a QMS. At the end of the GC cycle, the three-way
valve is switched to steer the gas to trap 2 right before the Kr gas
comes out of the separation column. This allows trap 2 to
recapture the Kr from the separation column. Depending on the
needs of the separation, multiple GC cycles can be carried out in
the experiment.

In order to have a good separation between Kr and other
gases, two GC cycles are implemented. Fig. 3 shows the gas
composition changes for a typical run. The shaded regions
mark the period where the gas samples are re-collected in the
liquid nitrogen cooled trap 2. After two GC cycles, the remaining
gas contains about 1.4 pL STP of Kr and tens of pL of active
gases (N,, O,). To remove the residual active gases, the sample
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Fig. 3 Two gas chromatography cycles monitored by the QMS. In the
shaded area, Kr is collected into trap 2.
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then passes through a Zr/Al getter before it is collected into trap
3.

Table 1 shows a few typical runs of the Kr separation system.
Krypton can be extracted with efficiency >40% and a purity
around 80% from 3 L STP of air. This corresponds to more than
1.2 pL STP krypton and can be readily measured by the ATTA
system.

2.2 %°Kr activity measurement by the Atom Trap Trace
Analysis (ATTA) system

The separated Kr sample in trap 3 is fed into the ATTA instru-
ment for **Kr isotopic abundance measurement. ATTA is an
ultra-sensitive tracer analysis method based on laser trapping
and atom counting. It is capable of detecting **Kr at 10
abundance level.**?** During the analysis the atoms of the target
8Kr isotope are selectively steered by lasers and trapped in
a Magneto-Optical-Trap (MOT). The number of the 3°Kr atoms
in the MOT is counted by detecting their fluorescence. The
details about the apparatus can be found in Gao et al. 2021.*°
The ATTA instrument is capable of capturing and measuring
different Kr isotopes selectively. During the analysis, the rare
8Kr isotope is measured by the atom counting method while
the reference **Kr isotope is measured by the quench fluores-
cence method.”® Based on these measurements the **Kr/**Kr
ratio of the sample is calculated. The ATTA instrument is cali-
brated with a series of standard Kr samples with known %°Kr
isotopic abundances. The measured ®°Kr/**Kr ratio can be
converted to the isotopic abundance of ®*Kr in the Kr sample
and the ®Kr activity in the original air sample. The isotopic
abundance of the ®*Kr is reported in units of dpm cm* (decay
per minuets per cubic centimeter of Kr) following the tradition
of the LLC (Low-Level Counting) community. The conversion
between the isotopic abundance and dpm cm 2 is 100 dpm
em ® = 3.03 x 10~ ', The *°Kr activity in the air can be calcu-
lated as well using the latest measured Kr concentration in the
air (1.099 £ 0.009 ppm).** The conversion is 100 dpm cm > =
1.83 Bq m ® (Bq m*, becquerels per cubic meter of air).

2.3 Measurement protocol

Online monitoring of the atmospheric *’Kr activity was carried
out in the laboratory in Hefei, China on Aug. 17-18 2020, lasting
30 hours. The experiment was performed under the following
protocol. During the online measurement, samples were
collected and measured successively. The operation of the Kr
separation system and the ATTA measurement system were
synchronized during the experiment. While a sample is being
analyzed by the ATTA system, the next air sample is being
purified by the Kr separation system. To ensure that the sample
measured is from the ambient air, a tube is plugged into the
vent of the laboratory room, which brings fresh air from
outside. The air was sampled through the tube under the
control of a Mass Flow Controller. For each sampling, about 3 L
STP of air was collected in 6 min. As the variation of the
atmospheric ®Kr activity in Hefei is small, standard samples
with ®°Kr activities significantly different from the air samples
were substituted in the measurement queue during online

This journal is © The Royal Society of Chemistry 2023
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measurement to test the sensitivity of the system and the effect
of cross-sample contamination. The standard samples (labelled
Kr2007 and Kr2015 hereafter) were prepared by mixing
commercial Kr gas with ultra-high purity nitrogen (99.999%
purity), so that the Kr volume fraction is similar to the air. These
commercial Kr gases were acquired in 2007 and 2015. Their
activities are measured in our laboratory using the ATTA
instrument (34.51 & 0.24 dpm cm > and 54.95 + 0.59 dpm cm ®
in August 2020, respectively). The %°Kr activities of these two Kr
samples are much lower than the Kr in the modern air of 2020
in Hefei (around 80 dpm cm?3).

3 Results and discussion

The online monitoring results are displayed in Fig. 4. The open
symbols are data obtained directly from the measurements. The
data show that the ®°Kr activities of the Hefei air (blue open
circles) are relatively stable over the time of the online moni-
toring experiment. The activities of the two standard Kr samples
(orange and green open circles), are much lower, as expected.
The uncorrected results for the two standard Kr samples are all
significantly higher than their expected values (orange and
green dashed lines), due to cross-sample contamination. This is
not surprising as there is no Xe discharge cleaning process to
reduce the cross-sample contamination between successive
measurements as in the normal procedures of ATTA.** To
mitigate this problem, we have developed a model to make
corrections to the results and remove the effect due to the cross-
sample contaminations.
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Fig. 4 Results of the online monitoring experiment of atmospheric
85Ky activities. Open circles are uncorrected results from the
measurements. Solid diamonds are results after cross-sample
contamination corrections (for clarity, the data points after correction
are shifted right horizontally by 0.5 h). Blue: Hefei air samples; orange:
standard Kr sample, Kr2007; green: standard Kr sample, Kr2015.
Orange and green dashed lines are expected ®Kr activities of the
Kr2007 and Kr2015 standard samples respectively. The blue shaded
area is the average of all air samples with contamination corrections.
The gray shaded area is the weekly average of the atmospheric 8°Kr
activity based on measurement on air collected from Aug. 14, 2020 to
Aug. 21, 2020. The atmospheric 8°Kr activities on the right are calcu-
lated based on the Kr concentration in the air (1.099 + 0.009 ppm).**
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3.1 The correction model

The cross-sample contamination can be modeled as a binary
mixing process between the sample Kr gas and the Kr
contaminant outgassed into the vacuum system during the
measurement. The true ratio of 3°Kr/**Kr of the sample Kr gas
(Rsample) can be expressed as,

Romple = % (1)
where Ryqw and Reop are the **Kr/**Kr ratio measured directly in
the experiment and the **Kr/*’Kr ratio of the Kr contaminant
respectively. 1 is the volume fraction of the contamination.

Since all samples have similar sizes and are measured under
the same conditions, the contamination fraction n for each
sample should be similar as well. Therefore a single parameter
7 is used for all samples in the contamination correction model.
The ®Kr/*Kr ratio of the contaminant (R.,,) depends on the
previous samples measured by the ATTA system and can be
expressed as a weighted average of their **Kr/**Kr ratios. The
contribution of each previously measured sample is propor-
tional to its outgassing rate in the current measurement. The
physical processes of outgassing include desorption, diffusion
and permeation. The behavior of the outgassing over time
under constant pumping can be generally described with
a power law model Q, x ¢ %, where Q, is the initial outgassing
rate right after the measurement. The power index « depends
on the outgassing process. The value of « is about 1 if the
outgassing is mainly due to desorption and is 0.5 if diffusion is
dominant.®® Based on this model, the *Kr/®*Kr ratio of the
contaminant in the n™ measurement (R on(72)) can be expressed
as the following,

—1
con § raw

R () V (i)[(n — )]
i=1

Dn—-0i)T

/ZQO (n—=)T@)]™

ZV (n—1)]

3 -
[

(2)

Here Ry.,(i) is the ®*Kr/**Kr ratio measured directly in the 1
measurement. Q,(i) is the initial outgassing rate due to the i
measurement and is proportional to the sample size V(7). (i) is
the measurement time of the /™ measurement and is the same
in our experiment.

Corrections for all measurements are calculated based on
eqn (1) and (2). To determine the parameter « and 7 in our
correction model, we calculate the corrected ratio Rgample for the
three Kr standard sample measurements between 12:00 to 21:00
on Aug. 17, 2020 (Fig. 4), and minimize the sum of squares to
their expected values. These data are used because the *Kr/**Kr
ratio of these samples differ significantly from other air
samples, therefore are more sensitive to cross-sample contam-
ination and can provide better constraints to the model
parameters. The procedure gives a set of values: « = 0.36 and 7
= 0.40. This result suggests that the cross-sample contamina-
tion in our measurement is controlled by a diffusion like
process.
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This set of model parameters is then used in the correction
calculation for all samples. The corrected results are shown in
Fig. 4 (closed diamonds). As one can see, the effects of cross-
sample contamination have been largely removed and the cor-
rected ®°Kr activities of the two standard Kr samples measured
from 5:00 to 12:00 on Aug. 18, 2020 (not used in determining
a and n) agree with the expected value within measurement
uncertainties. For the Hefei air samples, most of their ®*Kr
activities went up slightly after the correction. The measure-
ment uncertainties also had increased moderately (from 3% to
5%). The results agree with the atmospheric ®°Kr activity
(shaded band) in Hefei based on the measurement of the weekly
average air collected over a period (from Aug. 14, 2020 to Aug.
21, 2020) that covers the online monitoring experiment. It
seems that the *°Kr activities in the online measurement might
be higher than the weekly average value. However, as the
difference is comparable to the measurement uncertainties and
the two measurements cover different time spans (30 hours vs.
one week), it is hard to conclude whether it is real or due to
statistical fluctuations.

In conclusion, we have demonstrated continuous online
monitoring of atmospheric ®*Kr activities with 1.5 hour-time
resolution. For each measurement, 3 L STP of air is needed.
The whole measurement process is fully automated and only
consumes liquid nitrogen. The detection limit of the system is
about 5% of the current atmospheric *°Kr activity (~ 0.075 Bq
m ). The technology can be used for remote online monitoring
of atmospheric ®*Kr emitted by nuclear fuel reprocessing plants.
As the ®Kr emission event usually happens in a short time span
and has its own emission pattern, the high time resolution and
online operation allows more effective monitoring and charac-
terization of the ®°Kr source.? The monitoring station can also
be located further away from the source because the instant
emission events won't be averaged out as in the traditional
weekly average measurements.*’

For future improvements, one possible upgrade is to intro-
duce the all optical excitation method in the ATTA measure-
ment. With the optical excitation method, the discharge source
that causes cross sample contamination in the ATTA system can
be removed. This will reduce the cross sample contamination by
several orders of magnitude.®® It will eliminate the need to do
corrections on the measurement results, and hence smaller
uncertainties. The progress in this direction will rely on the
development of the narrow band 124 nm VUV lamp, which
currently is limited by its lifetime of a few hundreds of hours.
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