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Abstract — Radiolytic fluorine gas production at temperatures of 40°C to 60°C was investigated for the
fluoride salts LiF, BeF, UF, ThF, and 71.7LiF-16BeF»-12.3UF, (FliBe-UF,) by gamma irradiation of
powdered samples using spent fuel elements from the High Flux Reactor (HFR) Petten as the irradiation
source; work of a similar nature was previously performed at Oak Ridge National Laboratory in the period
1965 to 1995. Gamma irradiation was conducted for just over 41 days, with total absorbed gamma dose
ranging from ~45 MGy for the lightest salts to ~170 MGy for ThF ; and UF,. By measuring the gas pressure
within salt-filled capsules during irradiation, it was possible to quantify radiolytic gas production for all
salt samples except UF, Production rates are reported as the salt G-values, measured as number of
fluorine molecules produced per 100 eV of energy absorbed (molecules F,/100 eV). The G-values of the
salts were found to be G(LiF) ~0.004, G(BeF ) ~0.009, G(ThF,) ~0.021, and G(FLiBe-UF,) ~0.005.

Keywords — Gamma radiolysis, molten salt reactor, fluoride salt, nuclear reactor fuel, G-value.

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

The molten salt reactor (MSR) is considered
a favorable alternative to current mainstay solid fuel
nuclear reactor designs (i.e., pressurized water reactors,
boiling water reactors) and has received increasing
research and development (R&D) attention in the past
10 to 15 years (Refs. 1 through 4), driven by several
initiatives to design and realize MSR concepts with vary-
ing goals. This recent growth in interest also stems from
the recognition of MSRs by the nuclear Generation IV
International Forum as one of six promising reactor tech-
nologies for further R&D (Refs. 1 and 3).

*E-mail: davis@nrg.eu

MSRs offer numerous advantages when compared to
traditional solid fuel reactor designs, with the specific
draws being their ability to operate at significantly higher
temperatures (representing increased efficiency and
higher value heat) and lower operating pressures (repre-
senting a lower driving force behind the spreading of
activity and reduced loads on containment structures),
as well as passive safety features and the potential to
strongly reduce both fuel consumption and waste
production.” However, significant challenges related to
qualification of MSR fuels and materials exist due to
the requirements of high operating temperatures, intense
neutron radiation, and representative  corrosive
environment.

Radiolysis, the phenomenon of relevance in this
work, is the chemical bond cleaving effect induced by
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ionizing radiation occurring in molecular materials and
salts, including the halide salts intended for use in MSRs.
The conventional description of radiation-induced
damage in halide salt crystals starts with a primary pro-
cess that involves creation of interstitials (H-centers) and
vacancies (F-centers) in the halide sublattice,”*® referred
to as primary defects, with an insignificant effect on the
cation sublattice.”'® Complex intermediate processes fol-
low (described in detail elsewhere'"), leading to a late
stage in which extended defects are created in the form of
metallic colloidal precipitates and atomic or molecular
halogen (bubbles), by aggregation of F-centers and
H-centers, respectively.*”'*'? The halogen bubbles are
able to coalesce and diffuse to the grain boundaries of the
salt through a similar mechanism as that of dislocation
loop punching, observed for gases in irradiated
metals,'"'*'* and escape from the crystal surface.
Additionally, as the halide salt is subjected to progressive
radiation damage, interactions between primary and
extended defects lead to the formation and growth of
vacancy voids.”® In Ref. 15, a mechanism is proposed
in which the halogen bubbles/gas in irradiated halide salt
are/is expected to grow to a stable size at relatively low
irradiation dose, whereas vacancy voids grow in
a progressive logarithmic manner with increasing irradia-
tion dose.”'> As the vacancy voids grow within the salt
crystal, they collide with the finely dispersed halogen
bubbles, absorbing the halogen bubbles and filling the
void with halogen gas. When the dimensions of the gas-
filled vacancy voids exceed the mean distance between
metallic colloids and halogen bubbles (gas) in the crystal
lattice, the halogen gas and metallic colloids interact
within the vacancy void resulting in a powerful recombi-
nation reaction.® It should be stated that this overview of
the halide salt radiolysis process is largely based on
studies of alkali halide salts, and although the overall
process is expected to be similar for divalent (and higher
valency) halide salts due to the lesser role of the cation
sublattice, there are notable deviations, particularly in the
intermediate radiolysis stages. These deviations/differ-
ences are discussed in other work.'¢™'®

In 2019, the Nuclear Research & Consultancy Group
(NRG) completed the 2-year irradiation campaign of
SALIENT-01 (Ref. 19), a fluoride molten salt fuel irra-
diation experiment in the High Flux Reactor (HFR). The
SALIENT-01 experiment contained four 78LiF-22ThF,
salt samples in graphite crucibles; the main topics for
investigation were fission product speciation and reloca-
tion, interaction of the fuel salt with moderator graphite,
and spent fuel salt processing. During the preparation of
SALIENT-01, radiolytic production of corrosive fluorine
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(F,) gas from the fluoride salt was identified as both an
operational and an experiment risk, based on the preced-
ing work?>?? on fluoride salt irradiation conducted by
Oak Ridge National Laboratory (ORNL) during the
1960s within the Molten Salt Reactor Experiment
(MSRE) program.

Follow-up experimental work? on fuel salt radiolysis
was conducted by ORNL in the mid-1990s with specific
focus on the now stored spent fuel salt, which was used in
the MSRE during its operation. These ORNL experi-
ments had shown appreciable quantities of fluorine gas
produced from fluoride salts when subjected to gamma
and/or beta radiation fields below temperatures of 70°C
to 150°C. Fluorine production was also shown® to be
dependent on the state/nature of the salt (composition,
granularity, and grain size) and the rate of energy deposi-
tion into the fluoride salt.

In fuel irradiation experiments, low sample tempera-
tures are realized during reactor downtime for routine
refueling unless the samples can be heated externally. In
MSRs the low salt temperatures may generally be
avoided, but understanding and quantifying the radiolytic
production of F,(g) is still of importance for future safety
and licensing aspects (i.e., spent fuel salt storage, hand-
ling of fuel salt leaks, fuel salt behavior during postinci-
dent and accident scenarios, etc.) associated with the use
of fluoride-based fuel salts in MSRs.

Thus, in a collaboration with Research Center Rez
(CVR) and Freie Universitit Berlin (FUB), NRG has set
out to reproduce and expand on past experimental mea-
surements of F,(g) production under gamma irradiation
within the SAlt GAmma (SAGA) experimental project.
This contribution focuses on the description of the experi-
ment and the determination of radiolytic F5(g) production
efficiencies (G-values) at close to room temperature.

Il. EXPERIMENTAL

Il.LA. Sample Preparation

The five halide salt samples specified in Table I and
produced at CVR were inserted into the SAGA facility for
gamma irradiation using the spent fuel from the HFR as the
gamma source. The BeF, and LiF samples were prepared
from pure (>99.95% and 99.98% purity, respectively)
batches of BeF, and LiF purchased from Shanghai
Muhong Industrial Company, Ltd. The UF, and ThF, sam-
ples were obtained from batches synthesized at CVR and
found to be > 99.95% pure through X-ray diffraction ana-
lysis; however, differential scanning calorimetry

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2022
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TABLE I
Samples Irradiated in the SAGA Experimental Facility

Capsule Sample Physical Form Mass (g)
1 BeF, Fine powder 6.0+0.1
2 LiF Fine powder 85£0.1
3 He (empty reference)
4 71.7LiF-16BeF,-12.3UF, Fine powder 13.9 £ 0.1
5 UF, Fine powder 14.1 £ 0.1
6 ThF, Fine powder 12.4 + 0.1

measurements indicated the presence of trace UF3 in the
UF, samples. The LiF-BeF,-UF, sample, prepared from the
aforementioned salt sample batches, was molten, solidified,
and ground to a fine powder, producing mixed crystals.
These salt samples were placed in gas-tight, pre-
fluorinated Monel-400 capsules (see Fig. 1), of 100-mm
height and 9-mm inner diameter, connected to pressure
sensors (model PNA161, EFE sensors) using VCR connec-
tors, as shown in Fig. 2. Prior to fluorination, all compo-
nents were cleaned with a solution of 0.2% Galvaclean-20
in an ultrasonic bath, rinsed with deionized water, cleaned
with ethanol, and then finally dried in air. Thereafter, pos-
sibly developed oxide layers were removed from the inside
walls of the capsules by contacting, dissolving, and rinsing
the capsules with 0.5% HF solution (pH 1.6) for approxi-
mately 3 to 4 min. The components were then rinsed again
with deionized water and dried in an argon atmosphere
glove box. Fluorination of the inside of the capsules at
> 150°C was performed at FUB and subsequently repeated
at CVR. Upon completion of the fluorination, the salt
samples were loaded into the capsules, after which the
capsules were sealed inside a helium atmosphere glove

box. The connection of the capsules to the calibrated pres-
sure sensors was made through 50-cm-long minitubes. The
minitubes are required to distance and shield the pressure
sensors from the strong gamma field at the salt sample
position. The calculated internal volume of the capsules
including the minitubes and connection to the calibrated
pressure sensors was 8.4 + 0.2 cm’.

Each capsule, providing the first containment, was
then placed into a second containment that was then
sealed. To capture any fluorine gas that may escape the
first containment in the event of accidental capsule fail-
ure, 22 g of HTC™ NI 600 RP (Johnson-Matthey) acti-
vated catalyst of high nickel surface area on an alumina
substrate was placed in each of the second
containments.>* This catalyst was activated by reduction
under 95%Ar-5%H, at 275°C for 6 h. The plenum space
in the second containment was 175.5 cm® (excluding
addition of the capture catalyst). The five salt-filled cap-
sules and one He-filled capsule were then placed together
in an aluminum capsule holder of the larger, complete
SAGA facility, which provided the third containment
barrier, as shown in Figs. 2 and 3. The SAGA facility

Fig. 1. Salt-containing capsules: (a) BeF,, (b) LiF, (c) FLiBe-UF,, (d) UF,, and (e) ThF,,

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2022
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Fig. 2. SAGA assembly components: (a) salt capsule first containment, (b) pressure sensor connection to salt capsule through
a minitube, (c) minitube assembly, and (d) assembled SAGA capsule array inserted into third containment.

was filled with N, gas with a total plenum volume
of 3.5 L.

I1.B. GAMMA IRRADIATION SOURCE

The SAGA facility containing the salt samples was
placed in a central position surrounded by eight spent fuel
elements in the HFR spent fuel rack (SFR) and was
irradiated in this configuration, as shown in Fig. 4. In
aiming to reach a point of equilibrium of fluorine gas
production and adsorption/recombination in a reasonable
timescale, estimated to occur at a total absorbed dose of
around 200 MGy (Refs. 20, 21, 22, and 25) but depend-
ing on the sample, spent fuel elements with the highest
burnup and shortest cooling time were used.

The eight spent fuel elements used can be divided
into two fuel types: Type-1 (F1) is a spent fuel element
coming from the most recent HFR cycle, and type-2 (F»)
is a fuel element from the previous HFR cycle with an
additional decay time of 35 to 40 days. This fuel usage

@ANS

scheme ensured the highest possible gamma dose rates to
the salt samples during the irradiation period.

[1l. IRRADIATION

lI.LA. Pressure and Temperature Measurements

Pressure and temperature measurements from the
five salt capsules were taken at time intervals of 1 min
and recorded/logged by the HFR Data Acquisition
System (DACOS). The pressure measurements recorded
during the irradiation period are shown in Fig. 5. When
subjected to gamma irradiation, all salt samples besides
UF, exhibited a pressure increase of varying magnitude
from their ~ 1-bar starting pressure. As seen in Fig. 5, the
pressure increase is strongest for the ThF, sample, and in
addition, the pressure for this sample already increases
before the start of irradiation. This reveals
a nonnegligible gamma dose rate in the wider vicinity
of the SFR, which cannot be easily avoided.

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2022
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Instrumentation
feedthrough

Lead (instrumentation)
shielding

Capsule assemblies
(1t and 2" containments)

Position of salt capsules
in facility assembly
(held in aluminum holder)

Fig. 3. Assembled SAGA experimental facility.

The pressure development in the UF, is difficult to
account for: A < 1-bar capsule pressure was recorded at
loading, while a prompt increase to 1.85 bars was
observed before the start of irradiation, and a hyperbolic

pressure development was observed during irradiation.
The UF, pressure data were therefore considered unusa-
ble. It is not clear whether these deviations from expecta-
tion are due to errors related to the experimental
equipment used, i.e., capsule sealing, pressure sensors,
data acquisition system, and/or a combination of one or
more of these factors. Additionally, it is considered note-
worthy that unlike the other cations present in the salt
samples, uranium can change its oxidation state, %’
which may influence the energetics and kinetics of the
excited states in the crystal and thus its behavior during
radiolysis. One effect that has been observed in MSRE
spent fuel salt is the formation of UF¢(g) through the
reaction of radiolytic F, with UF, in the salt.?>*3

The SAGA facility was removed from its irradiation
position in the SFR on two occasions: the first removal
period, which lasted 1653 min, and the second removal
period, which lasted 54 min, indicated by points b to
c and d to e in Figs. 5 and 6, respectively. During these
removal periods, the facility was lifted to a temporary
storage position above and away from the SFR but
remained within the HFR pool. It was not expected that
these short breaks in irradiation would have noticeable
effects on the pressure measured in the capsule, as pres-
sure increases are related to the F, production via radi-
olysis of the fluoride salt and only minor temperature
reductions (3°C maximum) were observed on the sample
capsule surface during the removal periods compared to
the 40°C to 42°C irradiation temperature (Fig. 6).
Although the measured temperatures as shown in Fig. 6

SAGA irradiation
position

F1: Fuel type - 1
F2: Fuel type - 2

Fig. 4. SAGA experimental facility irradiation position.

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2022
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Fig. 5. SAGA salt capsule pressure measurements. Point
a: SAGA beginning of irradiation, point b: SAGA out of
irradiation, point ¢: SAGA in irradiation, point d: SAGA
out of irradiation, and point e: SAGA in irradiation.

0 5 10 15 20 25 30 35 40 45

39 '
38 '/i \v /

[ | BeF,
a7l ’ ——LIiF

L i . —— FLiBe-UF,
361 | g i —UF,

' i ThF,
35— s '
0 5 10 15 20 25 30 35 40 45

Time (days)

Fig. 6. SAGA salt capsule temperature measurements.
Point a: SAGA beginning of irradiation, point b: SAGA
out of irradiation, point ¢: SAGA in irradiation, point d:
SAGA out of irradiation, and point e: SAGA in
irradiation.
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are those of the sample capsules, based on thermal calcu-
lations it is expected that the maximum salt temperatures
are < 9°C higher than the measured capsule tempera-
tures and thus too low for significant recombination to
occur (i.e., > 150°C) (Ref. 25).

These expectations appear to hold for BeF, but not
for the other salts, which appear to exhibit an anomalous
trend following the first removal period, as shown in
Fig. 5 (after point c¢) and Figs. 9 through 12. The reason
for this anomalous trend is currently unclear. It is postu-
lated that this pattern indicating a pressure decrease and
recovery may be due to the complex radiation damage
accumulation and extended defect creation mechanisms
in the halide salt matrices, perhaps in combination with
hydraulic (mechanical) shock experienced by the samples
when lifting the facility out of its irradiation position.

[11.B. QUANTIFICATION OF GAMMA FIELD

During the SAGA irradiation period in 2019, three
gamma dose rate measurements were made at the sample
location to quantify the gamma field: before and after the
experiment, and in between two irradiation periods.
However, considering the poor statistics of these mea-
surements, an additional measurement campaign was
conducted during the period of September to
November 2021 to better characterize the gamma profile
of the spent fuel irradiation array. For ease of reference,
the 2019 and 2021 gamma dose measurements are here-
inafter distinguished as GM-19 and GM-21, respectively.

Gamma dose rate measurements were conducted by
inserting an air-filled gamma ionization chamber into the
central SAGA irradiation position in the SFR (Fig. 4) and
measuring the gamma dose at a number of elevations over
the total height of the irradiation position. The position-
dependent gamma dose measurements were then converted
to overall sample dose rates by mean-value integration of
each measurement set (of a given day) over the height of
the sample. By conducting these gamma measurements
over an extended period, a time-evolved dose rate profile
is generated, as measured during the GM-19 and GM-21
campaigns. Supplementary information pertaining to these
gamma measurements is provided online.

To further refine the gamma dose rate profile, the dose
rate curves provided by the GM-19 and GM-21 measure-
ments were curve fitted (exponential decay fit) and linearly
interpolated to produce an average gamma dose rate curve
for the SAGA irradiation, as shown in Fig. 7.

Since the irradiation of the SAGA facility only com-
menced ~19 days after the end of the HFR operational

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2022
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= == GM-21 (comp.)
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Fig. 7. Gamma dose rate (in air) versus time after fuel
discharge, as determined from two sets of ionization
chamber measurements. Point a: start of the SAGA
irradiation.

cycle, the characteristic equation of the average gamma
dose rate curve is time-adjusted to account for the exact
period elapsed between the end of the HFR cycle and the
beginning of SAGA irradiation (27 540 min), given by
DrlkGy/min] = (13.56)exp((—¢ + 27540)/14652.63)-
+ 0.51. The derivation process used for obtaining this
time-adjusted average gamma dose rate equation is pro-
vided as supplementary information which is available
online. The approximate maximum uncertainty in this
average curve is taken as ~3.5%, determined from the
mean of the maximum noted deviation between the com-
puted GM-19 and GM-21 curves from ¢ > 27 450 min
(insertion of SAGA into irradiation position).

IV. EXPERIMENTAL DATA PROCESSING

To convert the pressure measurements obtained for
each salt capsule throughout the irradiation period to F,
production quantities, the following calculation routine
was used:

Step 1: The pressure measurements recorded for each
salt capsule were temperature corrected using the ideal

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2022

gas equation of state (EOS), thereby obtaining the time-
evolved F, quantity in moles corresponding to each pres-
sure-temperature data point. In doing so, minor pressure
deviations due to temperature fluctuations are dampened/
normalized. The use of the ideal gas EOS is considered
a reasonable approximation to relate experimental pres-
sures and temperatures as F, exhibits near ideal behavior
(compressibility factor Z ~1) at SAGA experimental
conditions (i.e., pressure 1 to 10 bars, temperature 30°C
to 50°C) (Refs. 28 and 29).

Step 2: The F, production in each salt capsule (in
mmol) is then divided by the mass of the salt inserted into
the given capsule, giving F, per gram salt (mmol F,/g
salt).

Step 3: The salt capsule pressure measurements (con-
verted to mmol/g salt) were assessed for the time period
before ¢ = 0 (SAGA beginning of irradiation) to obtain
a background/baseline reading for each salt capsule.

Step 4: The baseline determined in step 3 is then
subtracted from each measurement point (mmol/g) over
the complete irradiation time period, producing normal-
ized F, production values.

To determine the F, production efficiencies
(G-values), the F, production curves should furthermore
be expressed in terms of dose absorbed by the salt sam-
ples. To accomplish this, first the gamma emission spec-
trum of the spent fuel elements was determined by
simulating the complete history of the elements in the
HFR core using a combination of MCNP4C3 (Ref. 30)
and FISPACT-2007 (Ref. 31) calculations to determine
fuel burnup and composition. This photon spectrum was
implemented as the irradiation source, which allows for
computation of the time-dependent dose rates in the salt
and He capsules. An MCNP calculation routine was then
employed to determine the effective time-dependent
energy deposition in the salt samples, with particular
attention being paid to the spatial distribution of the
gamma field inside the SAGA facility. This was done
by first developing an MCNP model of the experimental
geometry and materials, as shown in Fig. 8.

A geometrical model was also made for the air-filled
ionization chamber measurements, allowing for a direct
relation between physical gamma dose measurements
with an air-filled ionization chamber and the computed
dose rates in the samples. The computed dose rates for
the various salts are then divided by the computed dose
rates in the ionization chamber to obtain dose rate factors
for the salts. These factors are provided in Table II;
statistical uncertainties for these factors are < 2%.

By applying the dose rate factor for the given salt, the
cumulative absorbed dose (throughout the duration of the

@ANS
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TABLE II

Sample Dose Rate Factors Relative to the
Ionization Chamber Air Reference

Dose Rate
Capsule Sample Factor
1 BeF, 0.796
2 LiF 0.793
3 He 0.850
4 71.7LiF-16BeF,-12.3UF, 2.124
5 UF, 2.909
6 ThF,4 2.889
— Air (reference) 1.000

SAGA irradiation) can be converted to absorbed dose per
gram salt (in Wh/g).

V. RESULTS AND DISCUSSION

The F, production curves for the five fluoride salts
irradiated in SAGA are shown in Figs. 9 through 12. As
discussed in Sec. IIILA pertaining to the correlation
between the observed pressure decrease and recovery
pattern and the brief removal of the SAGA facility from
irradiation, F, production curves are far from the
expected near-exponential shape except in the case of
BeF,. This phenomenon does warrant future

Aluminum

BeF2 |

Fig. 8. Top view of SAGA sample holder in MCNP
model geometry.
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Fig. 9. BeF, fluorine production curve.

consideration but does not render the determination of
F, production efficiencies invalid.

It is assumed here that the pressures produced in the
capsules are only due to the production of F,(g). Minor
pressure contributions from radiolytically produced trace
gases (e.g., O,, H,O, HF) from impurities present in the
salt matrices and/or secondary reactions [e.g., F,

+ UF4; — UF6(g)] cannot be excluded with absolute
certainty. Mass spectrometry of evolved gases is planned
for future gamma irradiations. However, considering the
reported purity of the salts and handling processes during
the salt capsule filling, it is not expected that the pressure
contribution of trace gases would be significant.

The F, production efficiency (in molecules F, per
100 eV of energy deposited), also referred to as the
G-value, can be obtained by measuring the slope of the
linear-increasing portion of the F, production curve.?
The measured slope can be expressed as a G-value
using a unit conversion factor of 2.68, which is the ratio
of 6.022E20 F, molecules (per 1 F, mmol) over
(2.247E20) x 100 eV (per 1 Wh).

V.A. BeF,

The F, production curve obtained for the BeF, salt
sample resembles an upward exponential decay shape, as
shown in Fig. 9. The maximum G-value for the BeF, was
found to be ~0.009 molecules F,/100 ¢V, with this max-
imum occurring as expected in the early (initial) stages of
gamma absorption. It is not clear from the experimental
data if the BeF, reaches the F, production plateau (equi-
librium), as the irradiation ends before the tail end of the
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Fig. 10. LiF fluorine production curve.

data set could be resolved. It does however appear that at
the end of irradiation, BeF, was approaching a F, pro-
duction plateau as the production slope appears to be
flattening around 12.5 Wh/g salt (45 MGy) absorbed
dose.

V.B. LiF

The LiF production curve, shown in Fig. 10, exhibits
two distinct linear regions: One region is an initial slope
at the start of irradiation, and the other is a maximum
production slope occurring after absorbing a dose of ~8
Wh/g salt (28.8 MGy). The initial linear F, production is
interrupted by a period exhibiting a production plateau
after an absorbed dose of about 3.5 Wh/g salt, which is
directly following an interruption of the irradiation
(Sec. III.LA). The plateau period continues until an
absorbed dose of 8 Wh/g salt, leading to a strong linear
increase in F, production. This period of maximum pro-
duction continues up until an absorbed dose of ~11.4
Wh/g salt (41.04 MGy) before the production flattens,
followed by a pressure decrease beyond an absorbed dose
of 12.5 Wh/g salt.

It is not clear why the LiF exhibits these two distinct
F, production regions. One postulate considered is that
the first (and longest) removal period of the SAGA facil-
ity from its irradiation position may have induced
mechanical/hydraulic shock to the LiF salt crystals,
which favors the recombination (back) reaction, leading
to a period of minimal F, production, which is followed
by the resumption of strong F, production as higher
cumulative energy absorption occurs within the salt.
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Thus, for completeness, F, production efficiencies
(G-values) for LiF of both the initial production slope
and the maximum production slope were reported and
were found to be ~0.001 and ~0.004 molecules F,
/100 eV, respectively. Although no directly comparable
experimental work reporting a G-value for LiF can be
found in literature, ORNL conducted an irradiation of LiF
using soft X-rays with a maximum dose rate of 0.3 kGy/h
(Ref. 32). That experimental work reports no F, produc-
tion during irradiation. Considering the low dose rate
during X-ray irradiation in that ORNL work, the absence
of observed F, production/liberation is not a completely
unexpected result.

V.C. FLiBe-UF,

Similarly to the LiF (and ThF,) sample, the FLiBe-
UF, salt sample appears to have been affected by the
removal and reinsertion of the SAGA facility during the
irradiation period. As seen from the FLiBe-UF, produc-
tion curve in Fig. 11, this removal and reinsertion point is
noticeable from the vertical increase around 10.3 Wh/g
salt, after which the mentioned F, production decrease
and recovery occur, followed by what seems to be an
approach to equilibrium. Because of the uncertainties
introduced by this handling action and the lack of
a detailed model of the process, the F, production curve
beyond this vertical increase is not assessed further.

For this FLiBe-UF, data set, the maximum F, pro-
duction (maximum slope) does appear to occur in the
early stages of irradiation and is thus not influenced by
the handling error. A maximum F, production efficiency

0.020

0.015

0.008 —— FLiBe-UF,

Linear fit

F, production (mmol F,/g salt)

0.000

0 10 20 30 40
Dose absorbed (Wh/g salt)

Fig. 11. FLiBe-UF, fluorine production curve.
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(G-value) of ~0.005 molecules F,/100 eV is reported for
the FLiBe-UF, salt.

In experimental studies conducted by ORNL
(Refs. 23 and 32) and more recently the Kurchatov
Institute®> (KI), F, production efficiencies (G-values)
for a number of similar mixed salts to that of the FLiBe-
UF4 (71.7LiF-16BeF,-12.3UF,) irradiated in this work
have been reported. The results from these experimental
studies show significant scatter and are not directly com-
parable to the FLiBe-UF, irradiation in this work, as the
salt compositions (and particle sizes) vary. However, the
G-values reported in these studies for similar mixed salts
range from 0.005 to 0.045, and thus, the FLiBe-UF,
G-value in this work does fall within the lower end of
this wide range.

V.D. ThF,

The removal and reinsertion point for the ThF, can
be seen in Fig. 12 from the vertical increase around 14
Wh/g salt, after which the previously discussed F, pro-
duction decrease and recovery occur. The system is
clearly still far from equilibrium at the end of irradiation.

The ThF, production curve prior to the handling
activity discussed above exhibits two regions of linear
F, production: One is an initial slope, and the other
(maximum slope) occurs prior to the facility removal
activity. F, production efficiencies (G-values) for ThF,
of both the initial and maximum production slopes were
reported and were found to be ~0.007 and ~0.021 mole-
cules F»/100 eV, respectively. No directly comparable
experimental gamma radiolysis work on ThF4 has been
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Fig. 12. ThF, fluorine production curve.
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published in current literature. However, an ORNL
experiment’® in which ThF, was subjected to soft-X-ray
irradiation at a maximum dose rate of 2.9 kGy/h reported
a G-value of 0.005 molecules F,/100 eV.

V.E. Evaluation of F, Production Efficiencies

From the F, production curves for the four irradiated
salts (UF4 not reported), G-values were obtained and are
provided in Table III together with relevant literature
values.

Looking at Table III, no literature value is available
for comparison for BeF,, and the absence of F, produc-
tion reported previously for LiF may be explained on
account of the relatively low dose rate applied. For
FLiBe salt mixtures, the highest G-value reported in
literature?' was for that of the MSRE (ORNL) salt,
which was a LiF-BeF,-ZrF4-UF, eutectic, reported to be
0.045 molecules F,/100 eV. However, G-values in the
range of 0.01 to 0.02 were reported to be typical from
supplementary  studies®> of this MSRE salt.
Notwithstanding the current variance and uncertainties
associated with radiolytic F, production efficiencies of
fluoride salts, the G-values obtained from the SAGA
experiment appear to be within the bounds of expectation
for the salt samples investigated, with the current mea-
surement for FLiBe-UF, on the low end and for ThF, on
the high end of the range.

In short, results reported for MSR relevant fluoride
salts (Table III) show significant scatter. The scatter is
thought to be caused by differences in physical form
(grains versus fused ingots), grain sizes, sample tempera-
tures, and potential measurement errors.

An additional factor that may contribute to the var-
iance in reported G-values is the presence of cation
impurities in the salt matrix. It is well established that
cation impurities act as H-center traps at low
temperatures>? and subdue vacancy void growth,” both
suppressive effects in terms of halogen gas formation and
release. Salt impurities are thus of marked relevance, as
purity information of salts in MSR-related radiolysis
experiments®*~%*3 is not consistently given, and high
levels of cation impurities may result in an underestima-
tion of the reported G-value for a given pure salt matrix.
An interesting consequence would be that as fuel salts are
used within an MSR, through which impurity levels are
expected to increase due to corrosion and fission pro-
cesses, the resulting spent fuel in its frozen state would
be less sensitive to radiolytic halogen production and
release.
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TABLE III

F, Production Efficiencies (G-Values) Obtained for Salts Irradiated in This Work and a

Number of Comparable Salts Reported in Literature.

1"

Maximum
G-Value Irradiation Dose Rate
Salt Type Salt Form (Molecules F,/100 eV) Source (kGy/h) Conducted by
This Work Literature
BeF, Fine powder 0.009 HFR Fuel 33 NRG
LiF Fine powder 0.004 HFR Fuel 33 NRG
Not reported 0 Soft X-rays 0.3 ORNL
(Ref. 32)
71.7LiF- Fine powder 0.005 HFR Fuel 89 NRG
16BeF 2
-12.3UF,
65LiF-29BeF, Solid plug 0.005 to 0.031 | Post irradiation Not reported ORNL
-5ZrF, energy (Ref. 23)
-0.66UF 4
Solid plug 0.045 0Co source 6.3 ORNL
(Ref. 23)
Powder 0.012 HFR Fuel 175.4 ORNL
(Ref. 23)
Fine powder 0.005 to 0.04 | Soft X-rays 1.3 ORNL
(Ref. 32)
71.7LiF- Solid plug 0.006 In-core test Not reported KI (Ref. 33)
16BCF2
-12ThF,
-0.3UF,
66LiF-33BeF, Solid plug 0.01 In-core test Not reported KI (Ref. 33)
-1UF,
ThF, Fine powder 0.021 HFR Fuel 121 NRG
Not reported 0.003 to 0.008 | Soft X-rays 29 ORNL
(Ref. 32)
It has been qualitatively reported®>>¢ that the radiation ~ BeF,, produce charged defect pairs (anionic vacancies and

stability of (pure) inorganic salts is influenced by a number of
factors such as bonding nature, ionization energy, lattice free
volume, and nature/type of defects induced by radiation
damage. Radiation stability, which is a measure of
a substance’s ability to withstand radiation-induced structural
changes, can be taken as an inverse measure of radiation
yield. Thus, under the same irradiation conditions, salts with
lower radiation stability are expected to yield greater quanti-
ties of radiolytic products.

From the BeF, and LiF G-values reported in this work, it
appears that BeF, has a significantly higher (more than dou-
ble) F, production efficiency. In Ref. 37 it is proposed that in
radiolysis processes in which the primary defect production
occurs within the halide (anion) sublattice, the overall effi-
ciency of salt decomposition is proportional to the electron
affinity of the primary defect products. It has been
reported'®*® that halide salts of divalent cations, such as

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2022

interstitial halides) in the halide sublattice when irradiated, as
opposed to neutral primary defects produced by alkali halide
salts. Thus, through this mechanism, BeF, producing defects
with greater electron affinity would be expected to produce
greater radiolysis yields (higher G-value) as that of LiF.
Furthermore, in Refs. 35 and 39, a correlation is
made between radiolysis yield from an ionic salt and
the free volume of the salt’s lattice. The free volume
is defined as the difference between the lattice unit
cell volume and the ions occupying the unit cell,
representing the interactive behavior of the bonds in
the ionic salt.>* The radiation-damaged sublattice is
typically less strongly bound in salt crystals with
larger free volumes; thus, the probability for diffusion
and release of radiolysis products (i.e., halogen gas)
from the salt crystal is higher.>> The lattice parameters
(a, b, c, a, B, y) of BeF, and LiF lattices are (4.739 A,
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4.739 A, 5.1875 A, 90 °, 90 °, 120 °) and (4.027 A,
4.0247 A, 4.027 A, 90 °, 90 °, 90 °) (Ref. 40), respec-
tively. Using these lattice parameters as a measure of
free volume, it can be seen that BeF, is expected to
have a greater free volume than LiF and thus by this
measure should release greater quantities of radiolysis
products [i.e., F»(g)] compared to that of LiF.
Therefore, notwithstanding other variables and uncer-
tainties (i.e., grain sizes, differences in impurity type
and quantities), both the nature (charged) of the pri-
mary defects produced in irradiated BeF, and the
larger free volume of the BeF, lattice may be (quali-
tatively) contributory effects explaining the higher
G-value observed for BeF, as opposed to LiF.

Some radiolysis experiments of this nature have
reported delay of fluorine production at the start of the
salt irradiation, termed “induction period.”** This induc-
tion period is thought to be related to a complementary
effect of accumulation of fluorine gas within the crystal
lattice of the salt and the diffusion rate of halide gas
toward the salt crystal surface.””?° However, these
induction periods are not consistently noted in fluoride
salt radiolysis experiments, and they are absent in this
work.

Finally, it appears that the observed production
decrease and recovery following the movement of the
SAGA facility out of and back into the radiation field
are more significant for the heavier salts (FLiBe-UF,
and ThF,;) compared to LiF. This may be related to
higher accumulated radiation damage (due to higher
gamma absorption) in the heavier salts in the time
period up to the first facility removal operation. For
the halide sublattice of the heavier salts, the number of
primary defects (F-center and H-center), extended
defects (metallic colloids and halogen bubbles), and
associated vacancy voids within the salt crystal at the
time of the facility movement would be higher than that
of the lighter salts. Since vacancy void growth is pro-
portional to dose absorbed,” the vacancy voids are
expected to be larger in the heavier salt. The combined
effect of higher number density and larger dimensions of
extended defects (specifically metallic colloids) and lar-
ger vacancy voids increases the significance of the
recombination back reaction, which may explain the
observed pressure decrease of the heavier salt samples
upon removal from the gamma field. In addition, the F,
production curves for the heavier FLiBe-UF, (Fig. 11)
and ThF, (Fig. 12) salts indicate a marked F, increase
around the period during which the SAGA facility was
removed from the gamma field. In Refs. 41 and 42, it is
shown that the recombination reaction between metallic

@ANS

colloids and halogen gas filled vacancy voids is signifi-
cantly energetic, leading to a very rapid temperature and
pressure increase within the vacancy void. This may
provide a complementary/partial explanation for the
observed F, increase (spike) preceding the F, production
decrease. It is noteworthy to mention that a similar
observation was made in ORNL work®' following an
interruption of (°°Co) gamma irradiation of MSRE fuel
salt.

VI. CONCLUSIONS AND RECOMMENDATIONS

Powdered samples of the fluoride salts LiF, BeF,,
UF,4, ThF,, and 71.7LiF-16BeF,-12.3UF, (FliBe-UF,)
were subjected to gamma radiation from spent fuel ele-
ments of the HFR Petten, and pressure increase was
measured to obtain information on radiolytic fluorine
gas production for these samples. Pressure development
observed for UF, cannot be easily explained and may be
due to a defective sensor. The absence of a clear pressure
increase may also be related to the existence of multiple
valence states for uranium, although the most likely effect
of this would be the formation of UF¢(g) (Refs. 22 and
23), which was not observed during post irradiation heat-
ing of the samples to above the boiling point.

For the other samples, the maximum production
rates, measured as the number of fluorine molecules
produced per 100 eV of energy absorbed (molecules
F,/100 eV), were found to be G(LiF) ~0.004,
G(BeF;) ~0.009, G(ThF,) ~0.021, and G(FLiBe-
UF4) ~0.005. The LiF, ThF,, and FLiBe-UF, samples
showed a complex pressure response to movement
(and assumed combinatory effects of mechanical
shock and salt crystal lattice defect mechanisms) of
the irradiation facility around the spent fuel pool.

A follow-up SAGA irradiation campaign will be
conducted in order to verify and refine the G-values
reported for these fluoride salts and the factors that
influence them. The following changes are made to
the experiment to improve measurements and scope:

1. When repeating the gamma irradiation, the facil-
ity should not be moved or disturbed during the irradia-
tion period.

2. The irradiation period will be extended in order
to verify the existence of equilibria between production
and adsorption/recombination.

3. One or more chloride salts will be added to the
experiment to obtain information on chloride radiolysis
(NaCl, KCIl, or a heavy chloride) since radiolytic gas
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production data on chloride salts are even more limited
than for fluoride salts.
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