
See	discussions,	stats,	and	author	profiles	for	this	publication	at:	https://www.researchgate.net/publication/280627784

Real-Time	stack	monitoring	at	the	BaTek
medical	isotope	production	facility

Article		in		Journal	of	Radioanalytical	and	Nuclear	Chemistry	·	July	2015

DOI:	10.1007/s10967-015-4348-2

CITATIONS

4

READS

183

19	authors,	including:

Some	of	the	authors	of	this	publication	are	also	working	on	these	related	projects:

Xenon	radionuclides	monitoring	View	project

Consortium	for	Verification	Technology	View	project

Gatot	Suhariyono

Badan	Tenaga	Nuklir	Nasional

24	PUBLICATIONS			5	CITATIONS			

SEE	PROFILE

Justin	McIntyre

Pacific	Northwest	National	Laboratory

153	PUBLICATIONS			2,895	CITATIONS			

SEE	PROFILE

Agung	Agusbudiman

Badan	Tenaga	Nuklir	Nasional

1	PUBLICATION			4	CITATIONS			

SEE	PROFILE

Johannes	Robert	Dumais

Badan	Tenaga	Nuklir	Nasional

4	PUBLICATIONS			7	CITATIONS			

SEE	PROFILE

All	content	following	this	page	was	uploaded	by	Gatot	Suhariyono	on	04	August	2015.

The	user	has	requested	enhancement	of	the	downloaded	file.

https://www.researchgate.net/publication/280627784_Real-Time_stack_monitoring_at_the_BaTek_medical_isotope_production_facility?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/280627784_Real-Time_stack_monitoring_at_the_BaTek_medical_isotope_production_facility?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Xenon-radionuclides-monitoring?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Consortium-for-Verification-Technology?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Gatot_Suhariyono?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Gatot_Suhariyono?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Badan_Tenaga_Nuklir_Nasional?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Gatot_Suhariyono?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Justin_Mcintyre?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Justin_Mcintyre?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Pacific_Northwest_National_Laboratory?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Justin_Mcintyre?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Agung_Agusbudiman?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Agung_Agusbudiman?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Badan_Tenaga_Nuklir_Nasional?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Agung_Agusbudiman?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Johannes_Dumais?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Johannes_Dumais?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Badan_Tenaga_Nuklir_Nasional?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Johannes_Dumais?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Gatot_Suhariyono?enrichId=rgreq-d8c354dea7f7d55c3666a6f4eb957afa-XXX&enrichSource=Y292ZXJQYWdlOzI4MDYyNzc4NDtBUzoyNTg1NzMxNDU5OTczMTJAMTQzODY2MDA1MDg2OA%3D%3D&el=1_x_10&_esc=publicationCoverPdf


1 23

Journal of Radioanalytical and
Nuclear Chemistry
An International Journal Dealing with
All Aspects and Applications of Nuclear
Chemistry
 
ISSN 0236-5731
 
J Radioanal Nucl Chem
DOI 10.1007/s10967-015-4348-2

Real-time stack monitoring at the BaTek
medical isotope production facility

Justin I. McIntyre, Agung Agusbudiman,
Ian M. Cameron, Johannes R. Dumais,
Paul W. Eslinger, Abdelhakim Gheddou,
Kirill Khrustalev, et al.



1 23

Your article is protected by copyright and

all rights are held exclusively by Akadémiai

Kiadó, Budapest, Hungary. This e-offprint is

for personal use only and shall not be self-

archived in electronic repositories. If you wish

to self-archive your article, please use the

accepted manuscript version for posting on

your own website. You may further deposit

the accepted manuscript version in any

repository, provided it is only made publicly

available 12 months after official publication

or later and provided acknowledgement is

given to the original source of publication

and a link is inserted to the published article

on Springer's website. The link must be

accompanied by the following text: "The final

publication is available at link.springer.com”.



Real-time stack monitoring at the BaTek medical isotope
production facility

Justin I. McIntyre1 • Agung Agusbudiman2 • Ian M. Cameron1 • Johannes R. Dumais2 •

Paul W. Eslinger1 • Abdelhakim Gheddou3 • Kirill Khrustalev3 • Pujadi Marsoem2
•

Harry S. Miley1 • Mika Nikkinen4 • Amanda M. Prinke1 • Michael D. Ripplinger1 •

Brian T. Schrom1
• William A. Sliger1 • Ulrich Stoehlker5 • Gatot Suhariyono2 •

Glen A. Warren1 • Susilo Widodo2 • Vincent T. Woods1

Received: 10 July 2015
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Abstract Radioxenon emissions from fission-based

radiopharmaceutical production are a major source of

background concentrations affecting the radioxenon

detection systems of the international monitoring system

(IMS). Collection of real-time emissions data from pro-

duction facilities makes it possible to screen out some

medical isotope signatures from the IMS radioxenon data

sets. This paper describes an effort to obtain and analyze

real-time stack emissions data with the design, construction

and installation of a small stack monitoring system devel-

oped by a joint CTBTO-IDC, BATAN, and Pacific

Northwest National Laboratory team at the BaTek medical

isotope production facility near Jakarta, Indonesia.

Keywords Medical isotope production � International

monitoring system (IMS) � Stack monitoring �
Radioxenon � CTBTO

Introduction

The production of fission-based radiopharmaceuticals is a

major source of anthropogenic radioxenon in the atmo-

sphere. Production of 99Mo, the precursor for 99mTc, is of

particular interest, because it is typically generated by

irradiating a uranium target. Molybdenum-99 comprises

about 6 % of the fission atoms produced in this process,

and the global demand for 99Mo is on the order of 10,000

6-day curies (Ci) per week [1], enough for approximately

20 million patient doses per year. The two noble gas iso-

topes 133Xe and 135Xe are also produced in similar quan-

tities [2] and they are released to the air when the uranium

is chemically dissolved. Without a trapping scheme, prac-

tically all of the xenon produced during radiopharmaceu-

tical creation will be released to the atmosphere.

These emissions affect the radioxenon detection systems

of the international monitoring system (IMS) [3], causing

several thousand detections a year at the radioxenon sta-

tions [4, 5]. Some of these emissions are large enough to

have the potential to mask small radioxenon emissions

from underground nuclear explosions [6, 7].

With careful atmospheric modeling (ATM) it is possible

to distinguish between radioxenon releases from nuclear

explosions and civilian activities [8] if several isotopes are

measured simultaneously within the same air sample. This

is possible because emissions from nuclear power plants

and medical isotope production facilities have different

isotopic mixes.

Medical isotope production facilities use different irra-

diation profiles and separations processes, thus it is useful

to develop facility-specific radioxenon isotopic signatures.

When real-time release data are available, it may be pos-

sible to use ATM and isotopic ratios to screen out radio-

pharmaceutical medical isotope radioxenon signatures

from the daily world-wide IMS radioxenon data sets [4].

Past efforts working with several medical isotope produc-

tion facilities have proven very successful in terms of stack

monitoring, and in one case an efficient xenon retention

system has abated stack emissions to less than 5 9 109 Bq
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per day [9], a level that has been determined to have little

impact on IMS detection systems [10].

In 2012, a joint CTBTO-BATAN-PNNL team developed

and deployed a simple stack monitor at the PT. BATAN

Teknologi (BaTek) medical isotope production facility near

Jakarta, Indonesia. The stack monitor was designed to pro-

vide near-real time gamma-ray spectroscopic data so four

radioxenon isotopes (131mXe, 133mXe, 133Xe, and 135Xe)

could be identified and quantified throughout the uranium

dissolution process cycle at the facility.

Experimental

The project team set a goal of developing a low-cost stack-

air monitoring system that integrated with existing facility

infrastructure and equipment with a minimum of impact on

operations while providing high-quality data. The follow-

ing five general design requirements were identified: (1)

Provide a known volume and geometry for stack gases to

occupy during counting, (2) design the sample holder to

mate with a LaBr3(Cl) detector, (3) measure the air flow

through the system and provide active airflow assistance to

facilitate rapid sample turnover, (4) use a modest amount

of lead shielding to reduce the non-sample-related radio-

metric background, and (5) incorporate a charcoal filter

unit upstream of the sampling volume to reduce potential

contamination by other isotopes.

A schematic of the sampling system is provided in

Fig. 1. The overall cost in parts was less than $26,000

(U.S.) and included $11,000 for the LaBr3(Cl) detector,

manufactured by Saint-Gobain, with multichannel spec-

troscopic readout and a laptop PC [11]. The sample volume

was a 1-l gas-tight Marinelli GA-MA G-133N beaker

surrounded by 2.5 cm of lead. The air flow and temperature

were continuously measured by a Red-yTM unit (manu-

factured by Vögtlin Instruments AG-flow technology) that

interfaced with the PC via a USB connector. The detector

housing was a model DC2011 manufactured by Canberra

Packard. A compressor pump was used to exchange air

volumes in the 1-l sample volume. A charcoal filter was

placed upstream to significantly reduce the amount of

radioiodine in the airflow because radioiodine will plate out

on the Marinelli beaker and interfere with some of the

radioxenon decay peaks.

A scintillator detector was selected over other detector

designs due to expected high count rates, a long deploy-

ment time and the lack of daily technician support. The

LaBr3(Cl) detector was the highest resolution commer-

cially available scintillator at the time of purchase.

The BaTek facility had commercial radiation health and

safety monitoring equipment integrated into the airflow of

the stack; the new sampling and detection system was

installed in the existing airflow system with minimal

changes to the existing piping.

Detector and counting cell geometry calculations

The LaBr3(Ce) detector was modeled using GEANT4,

version 9.5 patch 1 [12] to estimate its detection efficiency

for various decay energies. The detector geometry consists

of the 3.8 cm diameter by 3.8 cm long LaBr3(Ce) crystal, a

photomultiplier tube and base, a detector container, the

sample beaker and lead shielding. The photomultiplier tube

is a simple aluminum cylinder, although for modeling

purposes the density of the aluminum was chosen to have

the same mass as an annulus with the same outer diameter

Fig. 1 Schematic of the

gamma-ray detector/air

sampling system
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and 1-mm thick walls. The modeled detector enclosure was

a simplified geometry of the Canberra DC2011 scintillator

enclosure. No holes for gas tubes were included in the

model.

Four noble gas sources and four check sources were

simulated. The energy deposition in the LaBr crystal was

recorded during the simulations; the optical photons were

not modeled. The noble gas sources (133Xe, 135Xe, 85Kr

and 88mKr) were distributed uniformly within the sample

beaker, whereas the check sources used for benchmarking

measurements (60Co, 133Ba, 137Cs and 241Am) were placed

in the center of the top of the beaker. The lead shielding

was removed from the model while modeling the bench-

marking measurements. Energy resolution was not incor-

porated into the modeled response because the

comparisons focused on the strengths of selected peaks.

Benchmarking measurements

A series of measurements with check sources was con-

ducted after the system was delivered to the BaTek facility.

The sources consisted of 60Co, 133Ba, 137Cs and 241Am.

Each measurement was conducted over a 600-s time

interval. A comparison of the peak strengths from the

GEANT4 simulations and the measurements is shown in

Table 1. The quantity recorded in the table is the number of

counts per one thousand decays. For the measurement

spectra, the strengths of the peaks were determined using

fits to the data assuming a quadratic background. The

average result over the available runs for each isotope is

reported in Table 1 along with one standard deviation

error bars.

The simulated and measured results for the 384-keV

peak of 133Ba are different enough that the 384-keV result

was excluded from the analysis. The relative strength of

the 384- to 356-keV peaks is 0.144 [13], while in the

simulation it is 0.196 (assuming essentially no difference in

detector efficiency for the two energy levels). This differ-

ence suggests that the simulated strength of the 384-keV

peak is too strong.

The energies of the calibrations are clustered together by

source type, with little overlap between sources. This

clustering makes it difficult to ascertain whether the

apparent energy dependence of the ratio is due to an

incorrect energy dependence of the simulation, experi-

mental issues related to the use of the sources, or a source-

dependent normalization problem. For purposes of this

analysis, a simple average of the ratios of the simulated

strengths to the measured strengths was 1.04 with a stan-

dard deviation of 0.15.

Energy calibration

Several additional GEANT4 simulations were conducted to

estimate the efficiency of the detector to photons at various

energies. The simulations randomly generated the initial

position of the photons inside the beaker and assumed an

isotopic angular distribution. The calibrations were con-

ducted with version 9.5 patch 2 of GEANT4, using the

physics libraries distributed with that version. This is a

change from previous simulations, which used version 9.5

patch 1. No significant differences for simulated 133Xe

results were observed between the two different versions.

Detector efficiencies for a range of energies are provided in

Table 2.

Results and discussion

Gamma spectra were collected and digitally stored from

February 1, 2013, to December 22, 2013. The detector

collected data approximately 80 % of the time the facility

Table 1 Comparison of simulated and measured peak strengths

Energy (keV) Source Measurement

(Cts/k-decay)

Simulation

(Cts/k-decay)

Ratio of simulated

to measured

59 241Am 3.32 ± 0.10 3.151 ± 0.010 0.949 ± 0.029

81 133Ba 2.782 ± 0. 087 2.213 ± 0.008 0.796 ± 0.025

276 133Ba 0.345 ± 0.011 0.335 ± 0.003 0.971 ± 0.031

303 133Ba 0.824 ± 0.025 0.923 ± 0.005 1.120 ± 0.034

356 133Ba 2.432 ± 0.073 2.727 ± 0.009 1.121 ± 0.034

384 133Ba 0.316 ± 0.010 0.535 ± 0.004 1.694 ± 0.056

662 137Cs 1.774 ± 0.063 2.297 ± 0.008 1.295 ± 0.046

1172 60Co 1.165 ± 0.036 1.231 ± 0.006 1.057 ± 0.033

1332 60Co 1.034 ± 0.032 1.076 ± 0.006 1.041 ± 0.033
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was operating. The stored data sets were analyzed at

Pacific Northwest National Laboratory (PNNL). Xenon

radionuclides analyzed for this publication are listed in

Table 3 along with the relevant physical and detector

characteristics.

The measurement campaign collected approximately

25,000 individual gamma-ray spectra at 10-min intervals.

Individual spectra were integrated to provide a collection

period of 1 h and releases were then calculated for specific

isotopes with known emission energies. The estimated

amount of each isotope was based on a separate energy

peak. The emission profile under inspection was fit to

specific peaks using a polynomial background description

and a Gaussian curve component using the following

equation:

FpðxÞ ¼ c0 þ c1xþ c2x
2 þ Ape

� x � lpð Þ2

2r2
p : ð1Þ

The background is estimated by fitting a quadratic

equation to adjoining samples on both sides of the peak

while omitting data in the peak. The background values are

subtracted before the Gaussian (exponential) term in

Eq. (1) is fit to the data. The mean value of the specific

peak, lp, and the spread parameter, rp, are estimated from

the background-adjusted data along with the coefficient Ap.

If the mean of the Gaussian term in Eq. (1) was more than

5 keV away from the theoretical peak or the spread was

more than 15 keV, then the data spectrum was discarded as

not containing the isotope of interest.

A typical gamma spectrum is shown in the left pane of

Fig. 2. The right pane of Fig. 2 illustrates the region of

interest for 135Xe, with the data, polynomial background fit

and resulting Gaussian fit.

The spectra were analyzed for the noble gas radioiso-

topes 133Xe and 135Xe. These radioisotopes were typically

observed in the range of 103–107 counts per hour, as

illustrated in Fig. 3.

Release estimates (Bq) were calculated for each hour

using the formula

Rp ¼ Cp

Bratio � Deff

� Flowstack � Dt ð2Þ

The coefficient Cp is the number of counts in the peak

obtained from summing the Gaussian fit from Eq. (1) at the

set of discrete energy levels near the peak, Bratio is the

branching ratio for the isotope for the specific energy peak,

Deff is the detector efficiency at the specific peak energy,

Flowstack is air flow rate through the stack (m3 h-1) and

Dt is the sample collection time (h). The facility air flow

rate is a constant 2.2 9 104 m3 h-1.

As a validation exercise, the amount of 133Xe produced

during the irradiation process is calculated from the amount

of 99Mo produced and compared to the release estimates.

The medical isotope production facility has the capacity to

produce about 100 6-day Ci of 99Mo (T1/2 = 2.75 days)

per week although the historical production averages near

40 6-day Ci of 99Mo per week. If there are 100 Ci

(3.7 9 1012 Bq) of 99Mo remaining 6 days after being

packaged for distribution, then about 1.68 9 1013 Bq of
99Mo was present at the time of packaging. If packaging

occurs approximately 1 week after discharge from the

reactor, then about 9.82 9 1013 Bq of 99Mo was present at

the time of discharge from the reactor. We assume that the

activity of 133Xe is equal to the activity of 99Mo at the time

of discharge from the reactor [2]. Although the duration of

cooling periods and the timing of chemical dissolution and

air venting actions vary from batch to batch, we make the

assumption that the majority of the resulting 133Xe is

vented through the stack halfway between discharge from

the reactor and the time of packaging. Using this crude

timing assumption, about 6 9 1011 Bq of 133Xe may be

vented for every 6-day Ci of 99Mo produced.

The stack data for June 15–21, 2013 show a release of

1.84 9 1013 Bq of 133Xe. Concentrations of 133Xe in the

Table 2 Detection efficiency

for different gamma energies
Energy (keV) Efficiency (%)

50 2.39

75 2.72

100 2.79

125 2.77

150 2.65

200 2.41

250 2.05

300 1.75

400 1.31

500 1.03

750 0.661

1000 0.495

1500 0.335

2000 0.249

2500 0.188

3000 0.153

Table 3 Xenon isotopes

identified from gamma spectra
Isotope Peak energy (keV) Half-life Branching ratio (%) Detector efficiency (%)

135Xe 249.8 9.14 h 90.0 2.05
133Xe 81.0 5.25 days 36.9 2.75
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air are available at the same time from a xenon sampler

located 14 km from BaTek. An optimization process [14]

using atmospheric transport modeling and the sampler air

concentrations produced a release estimate of

1.88 9 1013 Bq. The same optimization process yielded a

release estimate of 1.70 9 1013 Bq for a different week in

2012. The stack release value and the two optimized esti-

mates are all within 10 % of each other.

Except for one 3-day period, the stack sampler collected

data for the entire months of February, March and April of

2013. The facility produced 590 6-day Ci of 99Mo over this

three-month period. The calculated stack releases over

these 3 months results in an estimated release of

4.3 9 1011 Bq of 133Xe per 6-day Ci of 99Mo. This is 72 %

of the approximate release value derived from fission and

rough decay time arguments, and indicates good agree-

ment, especially when 1 day of delay in the release of
133Xe reduces the released quantity by over 12 %. The

stack sampler measured an average daily release of

2.8 9 1012 Bq of 133Xe for February, March and April of

2013. The average daily release of 135Xe was

6.5 9 1012 Bq for the same time period.

Although a detailed system-level uncertainty analysis

was not performed for these calculations, there is about a

15 % uncertainty associated with the calculations prior to

using Eq. (2) to convert counts in the sampler to activity

released from the stack. The dominant, but unknown,

uncertainty in Eq. (2), and the dominant uncertainty in

estimates of releases to the environment, is the flow rate of

air through the stack. The good agreement between the

calculated releases and estimates of possible releases based

on the fission yield indicates that the nominal air flow rate

assumed for this work is reasonable.

Conclusions

A small stack monitoring system developed by a joint

CTBTO-IDC, BATAN, and PNNL team was deployed at

the BaTek medical isotope production facility near Jakarta,

Fig. 2 Left pane Typical gamma spectra. Right pane Example of the fitting algorithm results for the 135Xe peak fit

Fig. 3 Hourly count data for
133Xe and 135Xe
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Indonesia. The low-cost stand-alone monitoring system

proved reliable in operation and minimal facility changes

were required for installation in an existing exhaust air

system. The detector system used commercially available

components and a portable computer. This type of system

could easily be deployed in other facilities without an

active monitoring system.

The average daily release from the BaTek medical isotope

production facility for February, March and April of 2013

was 2.8 9 1012 Bq of 133Xe and 6.5 9 1012 Bq of 135Xe.

These releases are reasonable given the production of 590

6-day Ci of 99Mo during this time period and a facility design

that does not significantly delay the release of exhaust air to

allow decay to reduce activity of the released isotopes.
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