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The long-lived xenon isomers '*™Xe and '3!™Xe are of interest for the GAMMA-MRI project, which aims at
developing a novel imaging modality based on magnetic resonance of polarized unstable tracers. Here, we
present the steps leading to and following the production of these two isomers via neutron irradiation of highly-
enriched 1%8Xe and '30Xe gas samples at two high-flux reactors, the High-Flux Reactor (Réacteur a haut flux,
RHF) at the Institut Laue-Langevin (ILL) and the MARIA reactor at the National Centre for Nuclear Research
(NCBJ). We describe the experimental setups and procedures used to prepare the stable xenon samples, to
open the irradiated samples, and to transfer xenon isomers into reusable transport vials. The activity of '*™Xe
and "3'™Xe was measured to be in the range of tens of MBq per sample of 0.8(1) mg, and was proportional to
thermal neutron flux density. A small activity of unstable contaminants was also visible in the samples, but
their level is not limiting for the GAMMA-MRI project’s objectives. In addition, the minimum thermal neutron
flux density required to produce '*™Xe and '*'™Xe sufficient for the project could be also determined.

1. Introduction at CERN. This study is part of the GAMMA-MRI project (GAMMA-

MRI Collaboration, 2023), whose aim is to develop a new imaging

Neutron activation in nuclear reactors is a well-known approach
to large-scale production of long-lived isotopes for medical diagnostics
and treatment. The best-known examples of such isotopes are **™Tc for
Single Photon Emission Computed Tomography (SPECT) imaging, 1311
for thyroid cancer treatment, and 177Lu for treatment of various types
of cancer (IAEA, 2003). However, nuclear reactors can be also used for
small-scale production of new isotopes for basic research or pre-clinical
studies. Here, we present the production of two such isotopes, long-
lived '¥™Xe (T /2 = 8.88days) and Blmye (T, /2 = 11.84days) isomers,
using neutron activation of enriched 128Xe and 13°Xe at two high-flux
reactors, with pre- and post-irradiation handling at the ISOLDE facility
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technique based on magnetic resonance imaging (MRI) using polarized
unstable tracers (GAMMA-MRI Collaboration, 2021).

The only xenon isotope — 133Xe — which is currently using in medical
application (SPECT imaging technique) is produced by uranium target
fission. After irradiation, the target is dissolved to extract and purify
xenon. This process is a part of other medical isotope (i.e: *™Tc)
production recovery technology from irradiated uranium target (IAEA,
2003; Tachimori and Amano, 1974). The gaseous samples are not
commonly used for production of xenon isotopes which can be used
directly in medical application. The highly enriched 1>4Xe is used for
1251 production for brachyterapy of prostate cancer, uveal melanomas
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Table 1
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Relative molar concentration (in %) of other gases in enriched 1?613°Xe samples used in irradiations (according to supplier: Isoflex, San Francisco,

USA, https://isoflex.com).

Xenon sample 124Xe 126Xe 128Xe 129%e 130xe 131%e 132Xe 134Xe 136%e
Xenon natural abundance 0.1 0.1 1.9 26.4 4.1 21.2 26.9 10.4 8.9

Enriched 26Xe 0.001 0.010 99.931 0.052 0.001 0.001 0.002 0.001 0.001
Enriched '3°Xe 0.003 0.003 0.003 0.023 99.947 0.012 0.003 0.003 0.003

Table 2

Relative molar concentration (in %) of xenon isotopes in natural (Kondev et al., 2021) and enriched '*%!3Xe samples used in irradiations
(according to supplier: Isoflex, San Francisco, USA, https://isoflex.com).

Xenon sample CO+N, CO, Ar CH, H,0 0, Kr C,Hg
Enriched 28Xe 0.004 0.008 < 0.002 < 0.001 < 0.001 0.002 < 0.004 < 0.002
Enriched 130Xe 0.003 0.011 < 0.006 < 0.001 < 0.009 < 0.005 < 0.006 < 0.005

and brain tumors (IAEA, 2003). For this purpose, 124Xe is enclosed
at 10 atm pressure in an aluminium capsule that is then irradiated.
However, this method cannot provide pure gaseous samples because
the main aim is iodine samples production (Joshi et al., 2012). In com-
parison, this manuscript presents a unique technique which allows pure
and efficient production of gaseous isotopes production for medical
applications.

2. Experimental setups and procedures

The production of *™Xe and '3!™Xe isomers at the High-Flux
Reactor (RHF) at the Institute Laue-Langevin (Guyon and Geltenbort,
2012), and at the MARIA reactor at the National Centre for Nuclear
Research (Migdal et al., 2021) and their preparation for further use
for the GAMMA-MRI project consisted of several steps spread over
several weeks. (a) First, the highly enriched stable 128Xe or 139Xe
gases were closed and flame-sealed in quartz vials at CERN. (b) The
vials with stable xenon were activated with neutrons for 3-13 days
at the RHF or MARIA reactor. 2-5 days after the end of irradiation
the activated samples were shipped back to CERN, where: (c) the
vials were cleaned from external contamination; (d) y-ray spectroscopy
measurement was performed on the vials; (e) the vials were opened
and xenon was transferred to a reusable leak-tight transport vial;
(f) y-ray spectroscopy was performed on the transport vial. In this way,
2-5 days after reception, '2™Xe or '*'™Xe samples were ready for the
next steps in the GAMMA-MRI project. To be conservative, we assume
10 days after the end of irradiation (EOI) the availability of '2™Xe or
13Im¥e samples for the GAMMA-MRI project. This corresponds to 54%
loss of 129mXe and 44% loss of 131mXe via radioactive decays. In the
following, we detail the essential steps and experimental setups.

2.1. Preparation of stable xenon samples for activation

In the first step, highly-enriched 128Xe or '39Xe (enrichment by
centrifuge method (Anon., 2023b)) was enclosed in quartz vials —
Suprasil 300 quartz glass for RHF reactor or CFQ quartz glass for
MARIA reactor — that were flame-sealed by a glass blower. Both, the
enrichment and the use of quartz aimed at minimizing the activity of
isotopes different than '2™Xe or '3'™Xe. The molar content of other
xenon isotopes and other gases in the containers with stable xenon was
below 0.1%, as shown in Tables 1 and 2.

The xenon samples were prepared for irradiation using a vacuum-
tight gas setup (able to reach 1- 107> mbar pressure on the pump side,
equivalent to 1 - 1073 mbar on the xenon bottle side) shown in Fig. 1.
The system is made of stainless steel tubing and metal seals (Swagelok,
OH, USA) to connect different elements, which guarantees low leak
rates and small inner volume, and thus leads to small losses of enriched
xenon in ‘dead’ volumes or outside the system.

The xenon filling procedure in the referenced system included the
following steps: (a) Two quartz vials (labelled 4. in Fig. 1, 120 mm in

length and closed at one end) were attached via Swagelok-type glass-
metal teflon seal to needle valves and through these to the filling setup.
(b) All valves in the setup (except the gas-bottle valve) were opened
and the whole setup was pumped down with a turbomolecular pump
for 48 h. At this point, the pressure measured next to valve number (3.)
was 1 - 107> mbar, i.e. about 1 - 103 mbar between the xenon cylinder
and the recovery loop (measured offline). (c) The system was purged
several times with argon gas at 1000 mbar pressure. (d) The valve to the
vacuum pumps (3.) was closed, and (e) the valve at the gas cylinder (1.)
was opened to introduce xenon until the gauge 2 (5.) showed 300 mbar
(the readout of this gauge was independent of the gas type), and thus
the whole setup was filled with 128Xe or 130Xe to that pressure. (f) The
needle valves above the quartz vials (4.) were closed to trap inside the
vials the quantity of the enriched xenon required for the irradiation.
() The u-shaped tubing (2.) was placed in a liquid nitrogen bath (LN,).
The remaining xenon was collected in this 'recovery loop’, since xenon
condenses below 165K. (h) The valve between the recovery loop (2.)
and the quartz vials (4.) was closed and the LN, trap was removed.
(i) The quartz vials with enclosed stable xenon were detached from the
setup (j) and sealed with a glass-blowing torch, creating a pair of two
50 mm-long quartz ampoules with about 0.5(1) cm® of highly enriched
128Xe or 139Xe at 300 mbar inside (Fig. 2). Finally, xenon trapped in
the volume of the u-shape could be used to fill the next two vials, once
steps (a) to (i) (except bottle opening at step (e)) were repeated.

After the vials were sealed, the created ampoules were individually
cleaned in an ultrasonic bath using consecutively nitric acid, water,
and ethyl alcohol. Additionally, ampoules were tested for leaks and
fractures by submerging them in water and by heating them in a
furnace. The pressure at which xenon was enclosed was chosen to
avoid over-pressurization of the ampoules in the reactor core. The
maximum pressure inside the vial during the irradiation (300 mbar
of enriched xenon in ambient temperature) is lower than 450 mbar
inside the RHF reactor (Guyon and Geltenbort, 2012) and 360 mbar
inside the MARIA reactor (Marcinkowska and Kulikowska, 2013). The
external dimensions of the ampoules, on the other hand, were driven
by the size of an enclosure in which the ampoules were placed for
the irradiations. Finally, the pressure of stable xenon inside the am-
poules of 300(10) mbar and their volume of 0.5(1) cm3 corresponded
to 0.8(1) mg or 6.1(8) pmol of xenon inside one ampoule.

2.2. Neutron activation at high-flux reactors

The xenon ampoules were irradiated at two high-flux European
reactors, RHF and MARIA, both of which are used for fundamental stud-
ies, nuclear physics investigations, as well as production of ‘standard’
and new medical isotopes.

The High-Flux Reactor (RHF) at the Institute Laue-Langevin (ILL)
located in Grenoble, France, is one of the most intense sources of
thermal neutrons (Guyon and Geltenbort, 2012). To reach thermal
conditions (E,, = 25meV, v,, = 2200ms~!), the energy spectrum of
fission neutrons is moderated by heavy water, D,0, which is also used
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Fig. 1. A schematic drawing (left) and an image (right) of the vacuum-tight gas system used to fill vials with stable xenon. The valves divide the setup into separate volumes.

Fig. 2. Several sets of flame-sealed quartz ampoules containing enriched stable xenon.
Their outer diameter was 6 mm, inner diameter was 4 mm, while their length was
around 50 mm (the spacing between background lines was 5 mm).

as a reactor coolant and neutron reflector (Stacey, 2018). At RHF,
the stable xenon samples were irradiated at several positions with the
most intense neutron flux density in the reactor, namely 0.7 — 1.1 -
105 cm=2s71.

The high-flux reactor MARIA (Migdal et al., 2021) is located at the
National Centre for Nuclear Research (NCBJ) in Swierk, Poland. MARIA
reactor neutron spectrum is moderated by beryllium blocks and light
water, H,O, that is also used as a reactor coolant (Stacey, 2018). This
configuration gives 0.5—2.4-10'* cm~2s~1 thermal-neutron flux density,
which was used to irradiate our xenon samples at several irradiation
positions.

The procedures and irradiation times were similar at both reac-
tors. After reception, the stable xenon ampoules were closed inside
aluminium capsule, and placed at the irradiation position, where they
were irradiated. At the end of the irradiation cycle the capsules were
retrieved from the irradiation point and opened. The ™Xe or 3!™Xe
ampoules were removed from the capsules and shipped to CERN-
ISOLDE Class A laboratories. A Posisafe KL-30 type “A” package (Lemer
Pax Inc., France) was used, which is a tungsten-shielded hermetic con-
tainer for the secure transport of all radioactive substances, including
gases.

Given the relative molar concentration of enriched xenon (!28:130Xe,
see Table 2) that is above 99.9%, cross section database (Mughabghab,
2018) and based on the neutron spectrum for both reactors (Guyon
and Geltenbort, 2012; Migdal et al., 2021), the following nuclear

reactions: 128Xe(n, y)!2™Xe or 13%Xe(n, y)!3!mXe, should dominate the
samples activation. Their cross-sections for thermal neutron energy
are presented in Table 3. In addition, other reactions occurring with
the nuclei present in the vials with stable xenon or with the nuclei
produced during the irradiation should be taken into account as a
source of radioactive xenon radioactive isotopes: 12%127.133.135137xe
xenon isomers; 25m.127m.133m.135mye 1251261y and stable contaminants
(Xe stable isotopes: 12+126,128-132,134,136¥ ) in activated samples. These
potential reactions with the corresponding cross-sections are listed in
Table 3.

2.3. Cleaning and opening of quartz ampoules, and collection of xenon
isomers in transport vials

Upon arrival at CERN, activated ampoules were cleaned from con-
taminants introduced during handling in the reactor hot cells. The
cleaning allowed recording of low-background y-ray spectra of the
gases inside the vials, avoiding further contamination, and facilitating
radioactive waste management. A standard procedure of decontamina-
tion was used: the ampoules were rinsed four times in an ultrasonic
bath using sequentially the following solvents: nitric acid 67% solution,
demineralized water, ethanol 99% solution, and again demineralized
water.

Next, y-ray spectra were recorded with a calibrated High-Purity
Germanium (HPGe) P-type extended range detector (model GX6020
by CANBERRA, Montigny-Le-Bretonneux, France), with a thin carbon
window (Anon., 2023a) for each cleaned ampoule in order to estab-
lish the produced activity of '*™Xe or ’'™Xe, as well as of other
possible unstable contaminants. Finally, the gases inside every quartz
ampoule were transferred into a reusable stainless-steel transport vial.
For this purpose, the ampoules were crushed and the released xenon
isotopes were collected in the transport vial immersed in a LN, bath.
Other produced isotopes, such as iodine and cesium are solid at room
temperature and thus remained in the opening setup.

To avoid contaminating the samples with gaseous air components
(N,, O,, etc.) the opening was carried out using a dedicated vacuum
setup (Fig. 3) at low pressure (5 - 10-° mbar, measured with gauge G2).
After the vacuum valves between the setup and the pumps were closed
(8.), the quartz ampoule was crushed by pushing down onto it with the
tip of a mechanical feedthrough (9.). The fact that the quartz ampoule
got opened was indicated by a drop in the dose rate measured on
the dose monitor 1 (2.). This meant that xenon isomers spread inside
the opening chamber. Next, a reusable stainless-steel transport vial
equipped with a valve (4.) was cooled in a LN, trap for 5 min to
perform an efficient xenon transfer from (1.) and collection in (4.). The
collection was performed until the dose rate shown by the dose rate
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Table 3
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Average cross sections of thermal-neutron reactions on isotopes present or produced in irradiated samples with enriched

128130¥e (Mughabghab, 2018).

Reaction Ty Cross section (b) Reaction T Cross section (b)
128Xe(n,y)!29mxe 8.88 d 0.48 (10) 128Xe(n,y)1%%Xe stable 3.0(7)
130Xe(n,y)!31mXe 11.84 d 0.45 (10) 130Xe(n,y)!3! Xe stable 3.1 (7)
124e(n,y)125mXe 57 s 28 (5) 124Xe(n,y)'*Xe 169 h 122 (21)
125%e(n,y)! 26 Xe stable < 5600 126Xe(n,y)1¥mXe 69.2 s 0.25 (13)
126Xe(n,y)12Xe 36.4 d 2.2 (3) 129%Xe(n,y)13Xe stable 21 (3)
131Xe(n,y)!32Xe stable 93 (9) 132Xe(n,y)!33mXe 2.2d 0.005 (1)
132Xe(n,y)133Xe 52d 0.40 (6) 133Xe(n,y)134Xe stable 190 (90)
134Xe(n,y)1mXe 9.1h 0.003 (1) 134Xe(n,y)135mXe 15.6 min 0.003 (1)
134Xe(n,y)!3°Xe 9.14 h 0.26 (3) 135Xe(n,y)!30Xe stable 2.65 (11)
136Xe(n,y)!13"Xe 3.8 min 0.26 (2)
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Fig. 3. Schematic drawing (left) and photograph (right) of the setup used for opening quartz ampoules.

monitor 2 (5.) was close to that observed originally at the dose rate
monitor 1 (2.) and did not change further. At that point, the needle
valve on the transport vial was closed. Next, the rest of the system was
pumped and the transport vial was detached from the setup.

After the opening procedure, the filled transport vials were moved
to the y-ray spectroscopy station for activity measurements of the
trapped gases. Based on those measurements and the measurements
performed earlier on the decontaminated quartz ampoules, a collection
efficiency (e,,;) was established for each sample.

3. Results
3.1. Cross sections for '?™Xe and '3'™Xe production

The y-ray spectroscopy measurements performed on decontami-
nated quartz tubes showed activities above 40 MBq per sample for
129m¥e and 13'™Xe produced in both reactors. These activities exceeded
the requirement of the GAMMA-MRI project for the minimum to-
tal activity of 10 MBq measured 10 days after the end of irradia-
tion (EOI) (GAMMA-MRI Collaboration, 2021). Figs. 4 and 5 show the

experimental results from a dozen ampoules irradiated at RHF and
MARIA reactors. The measured activities are determined for the end
of irradiation and normalized to the number of moles (MBq - pmol‘l).
The activities uncertainty includes vial volume uncertainty (10%) of
the enclosed stable xenon gas, as well as a smaller contribution from
the uncertainty of gamma spectroscopy measurement. The neutron
flux densities are extracted from calculations made in Monte Carlo N-
Particle Transport Code (MCNP) (Calzavara et al., 2011; Marcinkowska
and Kulikowska, 2013) with uncertainty based on the fluctuation of the
reactor exploitation parameters (about 10%-15%).

Fig. 4 shows experimental data for '>™Xe (blue dots with error
bars). Based on measured activities and linear activation law (IAEA,
1990), the cross-section for radiative neutron capture reaction on 126Xe
in a Maxwellian thermal neutron flux was fitted (solid orange line with
orange uncertainty area), o-y(IZSXe) = 0.29(1) b. Fitted cross-section
is 40% lower than the recommended literature value (Mughabghab,
2018). Finally, considering neutron capture on '2*™Xe, the simulta-
neous contributions of neutron captures on 28Xe and '*™Xe (“de-
stroying” '2°™Xe) (Cetnar, 2006) were fitted. This approach gave the
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Fig. 4. '®™Xe production rates (molar activities at the end of irradiation) for samples irradiated in different neutron flux densities in the RHF and MARIA reactors (blue points
with uncertainties — see text for details about uncertainties). Fitted cross-section for radiative neutron capture reactions on 26Xe (solid orange curve) with uncertainty range
(orange area). Fitted upper limits for radiative neutron capture reaction on '?"Xe (dotted green curve). Calculated activities (dashed red curve) with uncertainty range (pink area)

based on Mughabghab (2018).

unchanged value for ¢,(1?8Xe) compared to the linear activation law
and allowed to set an upper limit, defined as fitted value (close to zero)
plus one standard deviation value, for radiative cross-section on !2°™Xe,
o,('¥"Xe) < 31 b (dotted green line).

Data for '3!™Xe, presented in Fig. 5, shows a good agreement
between molar activities at the end of irradiation expected from lit-
erature cross-section value (dashed red line with pink uncertainty
area) (Mughabghab, 2018) and experimental data (blue dots with
error bars). Fitted experimental cross-section for radiative neutron
capture on '30Xe in Maxwellian thermal flux (solid orange line) is
c,(3%Xe) = 0.41(2) b. Taking into account radiative cross-section on
13Im¥e (Cetnar, 2006) gives the similar result for radiative neutron
capture on stable 13°Xe and allows to estimate the upper limit, defined
as fitted value (close to zero) plus one standard deviation value, for
radiative cross-section on '3!™Xe, ¢, (131mXe) < 75 b (dotted green line).

3.2. Radionuclide purity

The y-ray spectroscopy measurements allowed also to determine
the radionuclide purity of >™Xe and !3!™Xe samples, expressed as a
percentage of the radioactivity of the desired radionuclide to the total
radioactivity of the source. Radionuclide purity is important for iso-
topes that are planned to be used in medical applications as the present
impurities may increase the effective dose rate received by the patient,
thus degrading the quality of any imaging procedure performed (IAEA,
2023). The limits set for '*™Xe and '3!™Xe samples are presented in
Table 4.

3.3. Xenon collection efficiency

The main parameter that can characterize the setup used to open the
irradiated ampoules and to enclose xenon in reusable metallic transport

vials (Fig. 3), is the xenon collection efficiency (¢.,;). The parameter ¢,

was determined based on y-ray spectroscopy measurements performed
on sealed quartz ampoules with activated '**™Xe or !3!™Xe and then on
corresponding transport vials with transferred xenon. To factor out the
loss in activity due to radioactive decay, the measured activities after
transfer have been recalculated to the start time of the measurement
on the corresponding quartz vial. For that, it is required to have a good
estimation of y-ray efficiency of the relevant y-ray lines of '2™Xe and
13Im¥e for both geometries (i.e. quartz ampoules and metal container).
Our estimates are based on the Nucleonica package, followed by a more
precise determination using Geant4 simulations. The value of €., is
relevant for the GAMMA-MRI project since its high value allows to
maintain a high level of '2™Xe or ¥!MXe activity received from the
reactors to make it available for further use within the project. Based
on a dozen collections, the average value of ¢.,, was around 75(4)%.

3.4. Minimum thermal neutron flux density requirements

Based on GAMMA-MRI project requirements (mentioned in Sec-
tion 3.1) the minimum xenon isomers activity required for the project
is 10 MBq (A,,;,) 10 days after the end of irradiation (t,). Following
this requirement and neutron activation principles, the minimum re-
quired thermal neutron flux density (¢,,) for continuous irradiation is
described by the equation (IAEA, 1990):

Amin

¢;h Z il
€cot * Oy N Ng- (I —exp(=2; - 1;,)) - exp(=4; - 14)

where ¢, ; — cross section for radiative neutron capture reaction on iso-
tope i (128Xe or 130Xe) obtained from experimental data (Section 3.1),
n - number of moles of isotope i presents in irradiated sample, N,
— Avogadro number, t;,, — irradiation time, 4; — decay constant of
produced isomer j (®™Xe or '¥'MXe), ¢, — xenon collection effi-
ciency (Section 3.3). The graphical representation of minimum thermal
neutron flux density required for GAMMA-MRI project, calculated for
6.1 pmol (average irradiated quantity of stable xenon - Section 2.1), is
presented in Fig. 6.
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Fig. 5. 3!mXe production rates (molar activities at the end of irradiation) for samples irradiated in different neutron flux densities in the RHF and MARIA reactors (blue points
with uncertainties — see text for details about uncertainties). Fitted cross-section for radiative neutron capture reactions on !3°Xe (solid orange curve) with uncertainty range
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Table 4

Applied Radiation and Isotopes 205 (2024) 111174

Radionuclide purity of 12™Xe and '3'™Xe samples, produced in high-flux nuclear reactors, 5 days and 10 days after the end of irradiation (EOI).
Isotopes other than xenon (e.g I and Cs) remained in the glass ampoules so were no visible in transport vials. All values have been determined
from gamma spectroscopy measurements. These without an asterix are based on fitting a visible gamma peak. For those with an asterix, no
gamma peak was visible at the expected energy, and thus their upper limits were based on the estimation of the Minimum Detectable Activity

(MDA) (Debertin and Helmer, 2001).

Date Sample 129my e 138lmye 12550 127xa 13350 133mye 135ya

EOI+5 days 129mxe > 99.72% < 0.21%* < 0.005% < 0.03% < 0.01%* < 0.02%* < 6E-04%*
EOI+10 days 129mye > 99.72% < 0.23%* < 5E-05% < 0.04% < 0.008%* < 0.006%* < 1E-07%*
EOI+5 days 131Im¥e < 0.05%* > 99.91% < 0.005%* < 0.004%*" < 0.007%* < 0.02%* < 0.005%*
EOI+10 days 13Imye < 0.05%" > 99.94% < S5E-05%* < 0.004%* < 0.005%* < 0.006%* < 7E-08%*

4. Conclusions and outlook

In the above manuscript, we have described the experimental setups
and procedures (Section 2.1) which allowed to obtain samples of '2™Xe
and 13!™Xe for the GAMMA-MRI project via irradiation of enriched
128¥e and 13%Xe at high-flux reactors (Sections 2.2 and 2.3). The setups
use commercial vacuum elements and Swagelok-type tube connectors,
which allow achieving 10~> mbar pressure on the side of the vacuum
pumps and 103 mbar on the other extreme (see Figs. 1 and 3). Liquid
nitrogen traps were used to collect stable and unstable xenon gases in
the desired volumes.

We have also shown the production rates, i.e. activities normalized
to the number of moles of stable xenon inside samples at the end of
irradiation, for !2*™Xe and !3!™Xe. These results allowed to calculate
cross-section for radiative neutron capture on 128Xe (0.29(1) b) and
130Xe (0.41(2) b). Additionally, upper limits for cross sections for
radiative neutron capture on '?™Xe (< 31 b) and '3'™Xe (< 75 b) were
established (Section 3.1).

The radionuclide purity of *™Xe and '3'™Xe produced in nuclear
reactor have been defined (Section 3.2, Table 4). Furthermore, the
minimum thermal neutron density required to produce intense '*™Xe
and 3!™Xe samples for the future of GAMMA-MRI project have been
established (Section 3.4, Fig. 6).

An efficient production method of '>™Xe and '3!™Xe in high-flux
neutron reactors was established for the GAMMA-MRI project. This
approach already provides high-activity and relatively high-purity sam-
ples. To characterize the samples in more detail and to maximize the
available activity, the next steps in the project are analysis of sample
composition before irradiation, longer y-ray measurement for irradiated
ampoules, upgrading the experimental setups allowing to reach better
vacuum and higher efficiency of xenon transfer. Also, thermal neutron
cross-section studies should be performed to better understand the
sources of unstable contaminants and the ways to minimize them.
These studies can allow the prediction of the composition of 129m131mxe
samples at different reactor facilities and, subsequently, the irradiation
optimization.
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